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… zonder dat een mens het werk, dat God gemaakt heeft, 
kan uitvinden, van het begin tot het einde toe.
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The ability of the immune system to eliminate a wide spectrum of pathogens is de-
pendent on the presence of a considerable and diverse peripheral T-cell pool. The 
importance of this is clearly illustrated in patients who suffer from aids, scid or other 
immunodeficiency syndromes, which make them vulnerable to many kinds of 
infections, generally resulting in death due to opportunistic infections1;2. More insight 
in the processes that regulate the size and diversity of the immune system can be 
helpful for the development of T-cell reconstitution approaches. 
In adults the number of functional T cells is preserved throughout life by a dynamic 
self-regulating process, in which cell production is counterbalanced by cell loss3. 
Usually, disruption of T-cell homeostasis by massive expansion of antigen-specific T 
cells during immune responses is followed by a return to the previous equilibrium. 
This steady state causes continuous rejuvenation of the immune system and is 
important for the maintenance of T-cell diversity during life. 
 
Naive T-cell homeostasis 
The murine naive T-cell pool is generally considered to exist in two sub-populations: 
recent thymic emigrants (RTE) that originate in the thymus and resident naive T cells 
that emanate from peripheral self-renewal (Fig.1). The life span of both subsets is 
determined by the rate of cell death and differentiation into effector/memory T cells. 
 

 
 

Figure 1 Schematic representation of T-cell dynamics. By definition RTE can only derive from the 
thymus. These cells are either lost or incorporated in the resident naive T-cell pool. Peripheral 
self-renewal contributes to the maintenance of both resident naive and effector/memory T cells. 
Each T-cell subset has its own average life span, which is determined by the rate of cell death 
and differentiation. 
 

 
Thymus: Thymic output is the only source of new T-cell specificities. Mature thymo-
cytes leave the thymus after a differentiation process of 3 weeks4. Each day 
approximately 1% of murine total thymocytes (in adult mice corresponding to about 
106 cells) is exported5;6. The importance of the thymus in naive T-cell homeostasis is 
demonstrated by experiments in which thymic output is modulated: 1. Grafting addi-
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tional thymus lobes causes a significant increase in the number of naive T cells in 
the periphery, proportional to the number of grafted thymi5. 2. Thymectomy of adult 
mice results in 70% reduced naive T-cell counts, suggesting that the majority of the 
naive T cells is directly dependent on thymus output7. 3. Mice with a 100-fold 
reduced thymic function exhibit only 12- and 23-fold reduced naive CD4+ and naive 
CD8+ T-cell counts respectively, suggesting either excessive thymus production 
under normal conditions or the induction of homeostatic compensatory mechanisms 
at low naive T-cell numbers8. In case of reduced or absent thymocyte production, 
such as in old mice or after thymectomy, not only naive T-cell numbers are declined, 
but the pool also shows holes in the TCR repertoire as T-cell specificities are ulti-
mately lost in a situation of negligible thymus output7;9. 
 

Self-renewal: The observation that naive T cells not entirely disappear in the ab-
sence of a thymus suggests that peripheral mechanisms contribute to naive T-cell 
maintenance. In thymectomized mice, naive T cells were indeed shown to take up 
BrdU label, a drug incorporated into dividing cells, suggesting self-renewal of these 
cells10;11. Under lymphopenic conditions dividing naive T cells acquire a memory 
phenotype12-14. These memory-like T cells eventually can revert back to the naive 
phenotype15. In a rather full T-cell compartment however, self-renewal of naive T 
cells seems not to change phenotype10;11, suggesting that naive T-cell proliferation is 
contributing to naive T-cell maintenance under healthy conditions. 
 

Longevity: In addition to thymic output and self-renewal, the homeostatic regulation 
of life span contributes to naive T-cell maintenance. Instead of having an intrinsic life 
span, competition for space or niches may determine how long naive T cells live7. 
Survival of these cells requires both interaction with self-peptide MHC complexes16;17 
and the pro-survival cytokine interleukin 7 (IL-7)18;19. At low naive T-cell densities, 
competition for these factors is low, allowing cells to live longer, whereas at higher 
densities cells have a shorter life span as consequence of increased competition 
between the cells20;21. The availability of pro-survival cytokines affects the average 
life span of the naive T-cell pool. Indeed, naive T cells in old mice, and in thymec-
tomized mice, both exhibiting lower cell densities, have a longer average life span 
than those in young control mice22-24. Competition for self-peptide MHC complexes 
permits small numbers of individual T-cell clones to survive simultaneously in sepa-
rate niches, thereby maximizing the diversity of the naive T-cell pool21. 
 
Memory T-cell homeostasis 
Differentiation: Due to MHC-specific competition for survival signals, the frequency 
of peptide-MHC specific naive T cells is kept extremely low, their total number in a 
mouse being estimated between 20 and 200 cells for naive CD4+ and between 80 
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and 1200 cells for naive CD8+ T cells25-28. Appropriate activation of naive T cells 
requires peptide-MHC interaction, costimulation and pro-inflammatory cytokines29;30. 
Since considerable numbers of antigen-specific T cells are necessary for a success-
ful immune response, differentiation of naive T cells into effector/memory T cells is 
accompanied by a programmed massive clonal expansion31, each naive CD4+ and 
CD8+ precursor population in the end eventually being amplified about 300- and 
>50,000-fold, respectively26;28. Consequently, up to 106 – 107 antigen-specific CD4+ 
and CD8+ cells can be detected at the peak of the immune response32-34. 
Irrespective whether or not the pathogen is cleared 90-95% of these cells die during 
a programmed contraction phase35;36. Whereas memory CD4+ T cells show a gra-
dual attrition over time in the absence of new antigens32, the clonal size of antigen-
specific memory CD8+ T cells remains approximately 1000-fold higher than that of 
the original naive precursors for long time periods 26;32;37;38. New immune challenges 
with heterologous viruses have been described to both qualitatively and quanti-
tatively change pre-existing immunity38;39 so that the effector/memory T-cell pool 
remains as diverse as possible. The erosion is however not so absolute as previous-
ly thought, since introduction of new effector/memory T-cell specificities leads to only 
moderate attrition in the number of pre-existing memory T cells40. This demonstrates 
that the size of the effector/memory T-cell compartment grows in size according to 
the immunological experience of the organism. Due to the ongoing exposure to 
pathogens during the lifetime of a mouse, the total number of effector/memory T 
cells indeed gradually accumulates during ageing41. 
 

Self-renewal and longevity: Although memory T cells provide life-long protection 
against previously encountered antigens, the individual cells are not long-lived. BrdU 
labeling experiments revealed that 80% of memory CD4+ and 50% of memory CD8+ 
T cells acquire label during a five week labeling period11. This rapid turnover rate 
indicate that memory T-cell population is particularly sustained by ongoing self-
renewal. In contrast to naive T cells, both memory CD4+ and CD8+ T cells that are 
formed after acute infection are not maintained via MHC contacts42-45, but rather by 
cytokine signaling via the common cytokine receptor -chain ( c), where IL-7 especi-
ally stimulates survival and IL-15 predominantly regulates homeostatic proliferation 
of the memory T cells46. The cytokines are exchangeable, as increased levels of IL-7 
can overcome the requirement for IL-15 and vice versa47-49. Only in the absence of 
both cytokines lymphopenia-induced proliferation is impossible47;49. 
 
Ageing, chronic immune activation and T-cell homeostasis 
Ageing: Due to increased medical opportunities to treat infectious diseases, the life 
expectancy of people has increased, resulting in a higher proportion of elderly in the 
world population. It is well-known that old people show a reduced immune respon-
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siveness and are hence more susceptible to infections and less protected by vacci-
nations50. This urges the need for investigation how the immune system is main-
tained in the elderly. De novo production of naive T cells by the thymus is clearly 
reduced in aged mice and is correlated with thymic involution6. This multifactorial 
process involves both a reduced number of bone marrow-derived early T-lineage 
progenitors and changes in the thymic micro-environment51-53. Interestingly, bone 
marrow precursor cells from aged mice are able to generate functional CD4+ 
memory T cells54. Alterations in the endocrine system contribute to thymic atrophy, 
as treatment of old mice with growth factors can stimulate thymopoiesis55;56, 
whereas sex steroids accelerate thymic involution57, and surgical castration results 
in thymic regeneration in old male mice and after bone marrow transplantation in 
young male mice58.  
Besides the lower production of thymic emigrants, resulting in holes in the naive T-
cell repertoire9, both naive and memory CD4+ T cells show a reduced functionality in 
aged mice, demonstrated by incomplete differentiation, hypo-responsiveness, 
diminished cytokine production and poor proliferative responses of the CD4+ T 
cells59;60. Although the frequency of antigen-specific CD8+ T cells is reduced causing 
a delayed and reduced immune response, the functionality of naive, effector and 
memory CD8+ T cells is comparable in young and old mice61-63. The reduced 
production of thymic emigrants, the gradual differentiation-induced loss of naive T 
cells and clonal expansions are thought to be responsible for the reduced repertoire 
diversity in the murine naive T-cell pool9;64, whereas the diversity in the memory T-
cell pool is compromised by the occurrence of age-associated oligoclonal expan-
sions65-67. 
 
Chronic immune activation: The effect of antigen persistence and the concomitant 
presence of pro-inflammatory cytokines on the differentiation rate of naive T cells is 
largely unknown. During persistent murine cytomegalovirus infection the memory T-
cell population is partly maintained by continuous recruitment of naive T cells68. As 
long as this differentiation process is antigen-specific and the pro-inflammatory 
environment does not impair naive T-cell production, there is no apparent risk that 
the total naive T-cell pool may shrink via differentiation-induced depletion. However, 
TCR-dependent differentiation of naive T cells by chronic stimulation via CD70, 
leads to a progressive depletion of these cells69. This suggests that chronic immune 
activation may result in bystander activation, possibly induced by increased cytokine 
levels, finally resulting in naive T-cell depletion and premature death. 
Maintenance of memory T cells after acute infections when the pathogen is cleared 
differs essentially from that of chronic infections. Whereas the homeostatic cytokines 
IL-7 and IL-15 are essential for memory T-cell maintenance after acute infection46, 

Ineke BW 15-5.indd   13Ineke BW 15-5.indd   13 26-05-09   12:0526-05-09   12:05



14 Chapter 1

 6

memory CD8+ T cells that are generated during pathogen persistence are unable to 
undergo homeostatic proliferation in the absence of antigen70;71. Transfer of virus-
specific memory T cells, generated during chronic infections, into naive hosts, leads 
to disappearance of the memory T cells, demonstrating that the life span of the cells 
is rather short in the absence of antigen70;71. Thymectomy before immunization with 
LCMV has little impact on the number of LCMV-specific memory T cells over 
prolonged periods of time72, despite the observation that naive T cells could be 
recruited to the memory T-cell pool by low levels of persisting antigen73. Although 
insufficient for maintenance of steady memory T-cell numbers70, thymic emigrants 
could contribute to the heterogeneity of the population73. Specific antigenic peptide 
is needed to maintain steady memory T-cell numbers, whereas inflammatory signals 
alone are insufficient under conditions of chronic immune activation70. The presence 
of persistent antigen leads to extensive antigen-specific proliferation70, probably 
resulting in functional exhaustion, characterized by high expression levels of PD-174. 
In vivo blocking of the PD-1/PD-1L pathway leads to a restored T-cell function75, 
whereas IL-10 receptor blockade prevents viral persistence and hence the 
establishment of chronic infections76;77, suggesting that T-cell unresponsiveness can 
be reversed. 
 
Scope of this thesis 
Mouse data often form the basis for understanding human immunological processes, 
although extrapolation is often not verified. Here we compared the turnover rates of 
both naive T cells and granulocytes in humans and (adult and old) mice using stable 
isotope labeling (Chapter 2, 3 and 5). Since T-cell turnover rates based on labeling 
approaches differ considerably in the literature, we investigated whether the 
parameter estimates are dependent on the length of the labeling period (Chapter 4). 
To quantitate the relative contribution of thymic output, peripheral self-renewal, 
longevity and differentiation in the maintenance of naive T cells, mathematical 
comparisons were performed between control and thymectomized wild-type mice 
(Chapter 5). A similar approach was used in CD70Tg mice that intrinsically show a 
hyperactive immune system, to study the influence of chronic immune activation on 
T-cell homeostasis, (Chapter 6). And finally, a general discussion of the preceding 
findings is presented (Chapter 7). 
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ABSTRACT 
 

In mice recent thymic emigrants (RTE) make up a large part of the naive T-cell pool 
and have been suggested to be a distinct, short-lived pool. In humans however, the 
life span and number of RTE are unknown. While 2H2O labeling in young mice 
showed high thymic-dependent daily naive T-cell production, long term up- and 
down-labeling with 2H2O in human adults revealed a low daily production of naive T 
cells. Using mathematical modeling, we estimated human naive CD4+ and CD8+ T-
cell half lives of 4.2 and 6.5 years, respectively, while memory CD4+ and CD8+ T 
cells had half lives of 0.4 and 0.7 years. The estimated half life of recently produced 
naive T cells was much longer than these average half lives. Thus, our data are not 
only incompatible with a substantial short-lived RTE population in human adults, but 
also suggest that the few naive T cells that are newly produced are preferentially 
incorporated in the peripheral pool. 
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INTRODUCTION 
 

The role of the thymus in HIV infection is still poorly understood1;2. On the one hand, 
thymic failure has been suggested to play a crucial role in CD4+ T-cell loss during 
HIV infection3, and rapid thymic rebound has been proposed to be responsible for T-
cell reconstitution during anti-viral treatment4. On the other hand, it has been argued 
that thymic output in adults might be too low to have a large impact on CD4+ T-cell 
depletion5. In general these issues are addressed with estimates of thymic output, 
and naive and memory T-cell production rates and life spans which are simply 
extrapolated from observations in mice, monkeys, and lymphopenic or irradiated 
humans6-11. 
Naive T cells are generally thought to turnover relatively slowly, but it has been 
suggested that in mice, a considerable part of the naive T-cell pool consists of RTE 
with relatively rapid turnover7;11;12. In humans naive T-cell numbers, T-cell receptor 
excision circles (TRECs) and expression of CD31 have been used to measure 
thymic output9;13;14. Dion et al4 observed rapid changes in the Sj/Vbeta TREC ratio 
within 3 months after infection with HIV, which suggested the presence of a rapidly 
turning over RTE pool in human adults containing most of the TRECs in the 
periphery, similar to young rodents and chickens15;16. However, because TRECs are 
long-lived, none of these approaches is specific for T cells that have recently 
emigrated from the thymus1;2;5, and therefore they fail to quantify thymic output in 
humans. 
Peripheral T-cell proliferation might also contribute to the maintenance of the naive 
T-cell pool in human adults, however, it is unclear which fraction of these cells 
remains in the naive T-cell pool17. The contribution of RTE and peripheral T-cell 
proliferation to the maintenance of the naive T-cell pool can only be determined by 
studying the fate of newly produced T cells. In vivo labeling with stable isotopes in 
combination with appropriate mathematical analysis of these data provides a way to 
obtain T-cell decay and production rates, and to follow the fate of recently produced 
T cells. Data on stable isotope labeling of naive and memory human T cells18-22 are 
available, but several short-comings of these studies hamper their interpretation: (i) 
the short-term labeling period, which did not allow for sufficiently high labeling levels 
of naive cells19;20;22, and (ii) the lack of delabeling curves in long-term labeling 
studies18, which would have shown whether recently produced T cells contribute to 
the T-cell pool under investigation, or rapidly disappear by death or activation, and 
(iii) the frequent use of the precursor-product relationship18;23;24 leading to 
underestimation of the extent of T-cell turnover25. Using the precursor-product 
relationship one measures the net accrual of label and ignores the possibility that 
cells were produced and lost during the labeling period, because of a short life span. 
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Here we combined long term in vivo stable-isotope labeling and label-decay studies 
of T cells, to obtain sufficient levels of labeling and sufficient data points to allow for 
reliable parameter fitting using a mathematical model to estimate naive T-cell 
production and loss rates. Our analyses showed a slow accumulation of label within 
the naive T-cell pool, due to low daily production of naive T cells with a very long half 
life. These data are incompatible with the presence of a substantial short-lived RTE 
pool in humans. 
 
 

RESULTS 
 

Thymic output in mice 
Since the main focus of this study was to establish the role of thymic output and 
peripheral T-cell proliferation in the maintenance of the naive T-cell pool, we first 
established if thymic output - and more specifically, a rapidly turning over RTE pool - 
could be detected using the 2H2O-labeling technique. It is generally accepted that 
young rodents have considerable thymic output26;27. BrdU-labeling studies, TREC 
dynamics and thymic engraftment in mice have revealed that the RTE pool of mice 
has a fast turnover11;16, with an average life span of only 3 weeks7;12. We first 
investigated whether this rapidly turning over RTE pool can be detected in young 
male mice using the 2H2O-labeling technique, and compared euthymic and 
thymectomized mice to establish to what extent RTE affect the labeling within the 
naive T-cell pool. 
Thymectomy of 7-week-old mice resulted in a severe and significant reduction in 
absolute CD4+ and CD8+ T-cell counts in lymph nodes (LNs) and spleen in com-
parison to both age-matched controls (Fig.1, A) and sham-thymectomized mice 
(data not shown). Taking into account the natural reduction in T-cell numbers in 
peripheral lymphoid organs during aging, the fastest decrease in T-cell counts was 
seen in the first 3 weeks after thymectomy. Between 3 and 8 weeks post-
thymectomy, the number of naive CD4+ and CD8+ T cells continued to decline more 
rapidly than in euthymic mice, while at later time points they decreased at 
approximately similar rates in thymectomized and euthymic mice. 14-16 weeks after 
surgery naive CD4+ T cells were reduced by 73% (p=0,029) in spleen and 77% 
(p=0,029) in LNs, while naive CD8+ T cells were reduced by 67% (p=0,029) in 
spleen and 70% (p=0,029) in LNs (Fig.1, B; and data not shown). 
2H2O labeling of young (12-13 week old) euthymic mice for 9-10 weeks resulted in 
71 ± 3 % up-labeling for naive CD4+ T cells and 50 ± 1 % for naive CD8+ T cells in 
the spleen (Fig.1, C). Comparable fractions of labeled cells were found in the LNs 
(data not shown). This high degree of labeling in T cells could be due to substantial  

Ineke BW 15-5.indd   22Ineke BW 15-5.indd   22 26-05-09   12:0526-05-09   12:05



No substantial short-lived RTE pool in humans 23

 
5

 
 

Figure 1 Thymic output is important for the maintenance of the naive T-cell pool in young mice 
and can be quantitated using 2H2O-labeling A,B) Absolute numbers of total (A) and naive (B) 
CD4+ and CD8+ T cells in spleen of 3 control (black bars) and 4 thymectomized (open bars) 
animals 14-16 weeks after time of surgery. C) Accumulated 2H2O-labeling in naive CD4+ and 
CD8+ T cells of the same euthymic and athymic mice after a 9-10 week labeling period. Data are 
displayed as mean ± standard error of the mean (n = 3-4). p  0.05 is considered significant (*). 
D) Percentage of Ki67+ cells within the naive CD4+ and naive CD8+ T-cell pool of control ( ) and 
thymectomized (+) mice at different time points before and after thymectomy. 
 

 
peripheral proliferation of naive T cells and/or reflect output of labeled thymocytes. 
To discriminate between these possibilities, mice were thymectomized at the age of 
7 weeks and submitted to the long term 2H2O-labeling protocol 5 to 6 weeks later. In 
the absence of thymic output the fraction of labeled naive T cells after 10 weeks up-
labeling was 2-3 fold reduced (23 ± 3 % for naive CD4+ T cells; 24 ± 1 % for naive 
CD8+ T cells, Figure 1C, p=0.05). Interestingly, the fraction of cycling (Ki67+) naive T 
cells was not altered in athymic mice (Fig.1, D). This indicates that the difference in 
labeled naive T cells between euthymic and thymectomized mice reflects the 
amount of label that was acquired while dividing in the thymus. Collectively, these 
data demonstrate that thymic output can be measured using 2H2O labeling. 
Furthermore, the observation that thymectomy led to a significantly reduced fraction 
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of labeled cells and a significant loss of naive T cells, confirms that in young mice 
RTE contribute substantially to the naive T-cell pool. 
 
2H2O labeling in human volunteers 
Next we aimed to determine the role of thymic output and peripheral T-cell 
proliferation in the maintenance of the naive T-cell pool, and the turnover rate of the 
memory T-cell pool in 5 adult humans, aged between 20 and 25 years. During the 9-
week up-labeling period and subsequent 16 week down-labeling period blood 
samples were drawn at 14 time points. Absolute numbers of CD4+ and CD8+ T cells 
and the fraction of naive CD45RO-CD27+ and memory CD45RO+ CD4+ and CD8+ T 
cells were measured and these fractions were sorted for measurement of deuterium 
enrichment in the DNA. In addition, we measured ex vivo proliferation by the expres- 
 

 
 

Figure 2 Best fits of the naive and memory CD4+ and CD8+ T-cell enrichment curves. Label 
enrichment was scaled between 0 and 100% by normalizing for the percentage label obtained in 
granulocytes (see Methods). In the graph the end of the labeling period is marked by a vertical 
line. 
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sion of the proliferation marker Ki67 within these same naive and memory T-cell 
populations to exclude the possibility that episodes of overt immune activation 
affected turnover rates. Characteristics of the healthy volunteers are given in 
supplementary Table S1. 
 
Body water and granulocyte enrichment 
As a measure for body water enrichment during up- and down-labeling, we 
quantified 2H2O enrichment in urine at each time point. At the earliest time points 
after start of 2H2O labeling, body water enrichment had not yet reached its maximum 
level, while shortly after cessation of label body water was still found to be enriched. 
We therefore modeled the body water enrichment curves (see Methods and 
supplementary Figure S1) and corrected for these best fits when analyzing the 
enrichment in the different cell populations. Since granulocytes are known to turn- 
 
Table I Turnover rates (p) and loss rates of labeled cells (d) per day. 

 A B C D E Median 

p 
0.0009 

(0.0007-
0.0015) 

0.0005 
(0.0004-
0.0005) 

0.0003 
(0.0002-
0.0005) 

0.0004 
(0.0003-
0.0004) 

0.0006 
(0.0005-
0.0006) 

0.0005 
Naive 
CD4 

d 
0.0040 

(0.0000-
0.0106) 

0.0009 
(0.0000-
0.0029) 

0.0000 
(0.0000-
0.0083) 

0.0000 
(0.0000-
0.0026) 

0.0000 
(0.0000-
0.0010) 

0.0000 

p 
0.0004 

(0.0003-
0.0006) 

0.0003 
(0.0002-
0.0003) 

0.0005 
(0.0003-
0.0010) 

0.0003 
(0.0001-
0.0005) 

0.0003 
(0.0002-
0.0004) 

0.0003 
Naive 
CD8 

d 
0.0000 

(0.0000-
0.0050) 

0.0000 
(0.0000-
0.0000) 

0.0000 
(0.0000-
0.0119) 

0.0024 
(0.0000-
0.0132) 

0.0000 
(0.0000-
0.0000) 

0.0000 

p 
0.0067 

(0.0059-
0.0081) 

0.0058 
(0.0052-
0.0068) 

0.0034 
(0.0026-
0.0044) 

0.0017 
(0.0014-
0.0022) 

0.0045 
(0.0040-
0.0052) 

0.0045 
Memory 
CD4 

d 
0.0203 

(0.0158-
0.0250) 

0.0198 
(0.0163-
0.0227) 

0.0145 
(0.0069-
0.0230) 

0.0115 
(0.0070-
0.0161) 

0.0126 
(0.0094-
0.0154) 

0.0145 

p 
0.0021 

(0.0018-
0.0025) 

0.0060 
(0.0043-
0.0083) 

0.0034 
(0.0029-
0.0046) 

0.0019 
(0.0014-
0.0028) 

0.0028 
(0.0025-
0.0034) 

0.0028 
Memory 
CD8 

d 
0.0065 

(0.0041-
0.0096) 

0.0304 
(0.0192-
0.0436) 

0.0089 
(0.0040-
0.0133) 

0.0161 
(0.0077-
0.0262) 

0.0098 
(0.0071-
0.0127) 

0.0098 

Depicted are turnover rates (p) and loss rates of labeled cells (d) per day as estimated by the mathematical 
model. The 95%-confidence intervals were determined by bootstrapping46, resampling the residuals 500 
times. 
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Table II  Half lives of naïve and memory CD4+ and CD8+ T cells. 

 A B C D E Median 

naive CD4 801 1517 2374 1899 1187 1517 

naive CD8 1737 2762 1341 2398 2374 2374 

memory CD4 104 119 204 402 155 155 

memory CD8 327 116 202 359 244 244 
Depicted are half lives (ln2/p) in days derived from the mathematical model. 
 

 
over rapidly, labeling of the granulocyte population of each individual was measured 
to estimate the maximal level of label intake that cells could possibly attain (see 
Methods and supplementary Figure S1). Furthermore, because DNA baseline 
enrichment is not only determined by naturally occurring extremely low 2H2O 
enrichment, but also by the more abundant naturally occurring heavy carbon atoms, 
we also longitudinally measured a negative control who did not drink 2H2O, which 
pointed out that background fluctuations were negligible (data not shown). 
 
Turnover of naive and memory CD4+ and CD8+ T cells 
First of all, all labeling data of the different T-cell subsets were divided by the esti-
mated maximum granulocyte enrichment of each volunteer (see Methods). The 
mathematical model was used to fit the corrected data, and to determine the 
average turnover rate (p) and the average rate at which labeled cells were lost from 
the population (d). It is important to realize that the accrual of label during label  
 
administration is truly representative of the T-cell population as a whole, while the 
loss of label after label cessation is only based on those cells that have picked up 
label by cell division. We therefore based our analyses on a so-called kinetic 
heterogeneity model in which the average turnover rate of the T-cell population is 
not necessarily equal to the loss rate of labeled cells28. 
The median turnover rates of naive CD4+ and CD8+ T cells were found to be as low 
as p = 0.0005 and 0.0003 per day, corresponding to median half lives of 1517 and 
2374 days for naive CD4+ and CD8+ T cells, respectively (Fig.2 and Tables I and II). 
The turnover rates of memory CD4+ and CD8+ T cells were found to be approxi-
mately 10-fold higher, i.e. p = 0.0045 and 0.0028 per day, corresponding to half lives 
of 155 and 244 days for memory CD4+ and CD8+ T cells, respectively. 
Using the individual naive CD4+ and CD8+ T-cell counts revealed a median naive 
CD4+ T-cell production of 8.2 x107 cells per day and a median naive CD8+ T-cell 
production of 2.4 x107 per day (Table III). Since this daily production of new naive T  
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Table III Total production of naïve T cells per day. 

 A B C D E Median 

CD4 11.50 5.36 2.24 8.19 13.10 8.19 

CD8 2.53 1.51 2.39 2.07 3.53 2.39 

Total 14.03 6.87 4.63 10.26 16.63 10.26 
Total production of naïve T cells per day (*107), calculated as p* [the naive cell count per liter blood] * [5 liter 
blood] * 50, assuming that 2% of lymphocytes reside in the blood47. 
 

 
cells is the sum of thymic output and homeostatic proliferation within the naive T-cell 
pool, our data provide an upper estimate of daily thymic production of 1.7x108 T cells 
per day (see Table III). 
 
The median rates at which labeled memory CD4+ and CD8+ T cells were lost from 
the memory population were found to be 0.0145 and 0.0098 per day, respectively. 
Interestingly, in none of the individuals did we find a significant loss of labeled naive 
CD4+ or CD8+ T cells during the 16 weeks after cessation of label (Fig.2 and Table 
I), indicating that newly produced naive T cells – whether produced by the thymus or 
by peripheral T-cell proliferation – had a longer expected life span than the average 
naive T cell. Our data are therefore not compatible with the presence of a substantial 
short-lived RTE pool in adult healthy humans. 
 
 
DISCUSSION 
 

By in vivo labeling of T-cell subsets using 2H2O, and mathematical analysis of label 
enrichment, our data provide reliable estimates for the average turnover rates of 
naive and memory CD4+ and CD8+ T cells in healthy adults. Although isotope 
labeling studies in humans are typically restricted to blood, it has previously been 
reported that labeling kinetics in human T cells derived from blood and lymphoid 
tissues are comparable29. Label incorporation in T cells derived from mouse peri-
pheral lymph nodes and spleen was also similar (unpublished results). Seemingly 
there is little difference in labeling of the analyzed T-cell subsets derived from the 
different lymphoid compartments. 
 The very low accumulation of label in naive T cells (<5%) that we observed after 9 
weeks of up-labeling is compatible with the data reported by Hellerstein et al18. Our 
median estimated half lives between 1517 and 2374 days for naive T cells and 
between 155 and 244 days for memory T cells are, however, much longer than 
previous estimates based on stable-isotope labeling, which varied from 112 days to 
361 days for naive T cells, and from 14 days to 235 days for memory T cells25. The 
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use of T-cell death rates, which overestimate T-cell turnover because of the bias 
towards cells that have recently divided30, and the lack of data points during the 
uplabeling phase in previous short-term labeling experiments might explain these 
discrepancies. Michie et al10 used the presence of T cells with dicentric chromo-
somes after radiation to measure the half life of naive and memory T cells. They 
estimated a half life of 182 days for CD45RO+ and 630 days for CD45RA+ T cells. 
Given the notion that CD45RA+ T cells can contain a substantial fraction of effector 
(CD45RA+CD27-) cells we additionally used CD27 expression on CD45RA+ T cells 
to identify naive T cells. This difference in definition of the naive subset may explain 
the difference in the estimated life spans between these studies. Furthermore, it is 
conceivable that the half lives of T cells were affected by radiation. 
The origin of variation in the calculated half lives of the adult humans is unknown: no 
relation was found between this parameter and T-cell counts, Ki67 expression or 
age. The relative differences in calculated half lives were however in the same range 
as the differences in the other parameters that we and others have measured31.  
The maximum total daily naive T-cell production in our 5 healthy volunteers of 13.1 x 
107 CD4+ T cells and 3.5 x 107 CD8+ T cells implies that the thymus in human adults 
is exporting maximally 1.7 x 108 T cells per day. Part of the labeling of the naive T-
cell population may, however, also be due to peripheral T-cell proliferation. The 
estimated total daily naive T-cell production is in close agreement with the daily 
accumulation of 108 naive T cells in patients with a depleted T-cell pool8;32, which 
suggests that thymic output and naive T-cell proliferation do not homeostatically 
respond to that level of peripheral T-cell depletion. Still the production of naive T 
cells in such depleted situations might be underestimated because naive T cells may 
transit more rapidly to the memory pool. 
Our analyses also enabled us to follow the fate of recently produced cells. In the 
memory T-cell population we found that the decay rate of labeled cells is higher than 
the average production rate, indicating that the turnover of cells that picked up label 
was higher than the turnover of the average cell in the memory population. This 
finding is in line with previous labeling studies, which all showed that the loss of 
labeled cells exceeded their production28;30;33. Unexpectedly, we found that this was 
not the case for the naive T-cell population, as no significant loss of labeled cells 
was observed in any of the 5 individuals during the 16 weeks after label cessation. 
Thus, newly produced (i.e. labeled) naive T cells, whether produced by the thymus 
or by peripheral proliferation, tended to live longer than the average cell in the naive 
T-cell population. This implies that newly produced naive T cells were preferentially 
incorporated into the peripheral naive T-cell pool, which contradicts the notion of a 
substantial short-lived RTE pool in human adults. 
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To be sure that administration of 2H2O would efficiently label thymic emigrants, we 
performed 2H2O labeling in euthymic and thymectomized mice. Studies have shown 
that thymic output in young rodents is substantial26;27, and TREC dynamics, BrdU 
labeling and thymic engraftment have demonstrated that the RTE pool in mice has a 
fast turnover7;11;12;16. In line with previous studies, we found that thymectomy in 
young mice gives a considerable reduction in peripheral naive T-cell numbers 
already within 3 weeks after thymectomy34;35, indicating an important contribution of 
RTE to the naive T-cell population in young mice. Thymectomy induced a 2-3 fold 
decrease in labeled naive T cells, showing that the 2H2O protocol successfully 
labeled RTE in euthymic mice. 
In thymectomized mice T-cell numbers were severely reduced. It has been 
described that under lymphopenic circumstances homeostatic naive T-cell prolife-
ration and conversion to a memory phenotype occurs36. Whether reversion of 
memory T cells to a naive phenotype occurs, is still unclear37. Since no increase in 
the fraction of Ki67+ naive or effector/memory T cells was observed in thymecto-
mized mice, the residual labeling of naive T cells is most likely not due to 
homeostatic proliferation or reversion. For the human study, we can formally not rule 
out the possibility of conversion, but since we performed the study in healthy 
persons with normal T-cell counts, one may expect very low conversion and 
reversion rates. 
 
Our data shed a different light on thymic output and RTE dynamics. In contrast to 
the observations by Berzins et al which suggested that in young mice an excess of 
short-lived RTE is produced, which are displaced three weeks after export from the 
thymus12, we found that in human adults RTE are rare and long-lived, and thus 
remain in the peripheral T-cell pool. The advantage of a short-lived RTE pool has 
been proposed to be the continuous supply of T cells with a diverse repertoire to the 
long-lived resident naive T-cell pool38. The preferential incorporation of RTE into the 
resident naive T-cell pool that we here describe for human adults seems a much 
more efficient way to continuously rejuvenate the naive T-cell pool and repertoire 
than a daily excess production of RTE with a very short life span. The unfortunate 
consequence of this sparse production of long-lived naive T cells may be, however, 
that naive T-cell supply may be limiting in clinical conditions of chronic T-cell 
depletion, and – due to the increasing life expectancy – even in healthy elderly, 
which may have severe clinical consequences. 
Taken together, our data confirm the presence of a significant RTE pool with rapid 
turnover in young mice, while in human adults recently produced naive T cells are 
rare and long-lived. 
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MATERIALS AND METHODS 
 

Mouse studies 
Mice 
C57Bl/6 mice were maintained by in-house breeding at the Netherlands Cancer 
Institute (Amsterdam) under specific pathogen-free conditions in accordance with 
institutional and national guidelines. To exclude possible gender effects, we only 
used male mice in this study.  
 
Thymectomy 
7-week-old male C57Bl/6 mice were anesthesized by i.p. injection with Hypnorm (0.4 
mg/kg fentanyl citrate and 12.5 mg/kg fluanisone, Janssen Animal Health, 
Buckinghamshire, UK) and Dormicum (6.3 mg/kg, Roche Nederland BV, Woerden, 
The Netherlands). The mouse was placed in supine position and its limbs and 
maxilla were taped to a surgical board. The skin was prepped with 70% alcohol. A 
midline incision was made from the lower cervical region to the level of the fifth rib. 
The skin was loosened and the salivary glands were pushed laterally. Directly 
adjacent to the sternum the two upper ribs were cut, thereby exposing the thymus. 
Vacuum suction was applied to remove the organ. The skin was closed by 
interrupted sutures and the animals were warmed until recovery from anaesthesia. 
Post-operative survival was 85%. The completeness of thymectomy was confirmed 
by visual inspection, both directly after removal of the organ and at the conclusion of 
the experiment. 
 
2H2O labeling protocol 
12-13 week old animals obtained one boost injection (i.p.) of 15 ml/kg with 99.8 % 
2H2O (Cambridge Isotopes, Cambridge, MA) and were subsequently fed with 4% 
2H2O for 9 or 10 weeks (control and thymectomized mice respectively). 
 
FACS staining and cell sorting 
Due to the limited amount of blood that can be drawn from mice, and the amount of 
cells needed for GC/MS analysis, we were unable to isolate enough cells of each T-
cell subset from blood derived from (thymectomized) mice. Therefore, thymus, 
spleen and (axillary, brachial, inguinal and superficial cervical) LNs were isolated 
from 21-23 week old thymectomized and control C57Bl/6 mice. Single cell 
suspensions were obtained by mechanical disruption. Red blood cells were lysed 
with ammonium chloride solution (155 mM NH4Cl, 10 mM KHCO3 and 0.1 mM 
EDTA, pH 7.4). Cells were washed, resuspended in IMDM/7% FCS and counted. 5 
105 cells/well were seeded in 96 well plates in FACS staining buffer (PBS/1% FCS) 
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and stained with CD4-PerCP or CD8-PerCP, CD44-APC and CD62L-PE (BD 
PharMingen, San Diego, CA) in the presence of blocking 2.4G2 mAb (CD16/CD32). 
Following incubation with Cytofix/cytoperm solution (BD) the cells were incubated 
with -Ki67 or -IgG (BD) in 0.1% saponin (in FACS staining buffer). Cells were 
analyzed on a LSR II flow cytometer and BD FACSDiva software. For logistical 
reasons, splenocytes were left overnight at room temperature and stained the next 
day for CD4-PerCP, CD8-FITC, CD44-APC and CD62L-PE (BD). Cell recovery after 
overnight storage was usually 77%, preferential loss of particular T-cell subsets was 
not observed. Naive (CD62L+, CD44-) cells were sorted using a FACSAria cell sorter 
and FACSDiva software (BD). Purity of the sorted cells was 81-97% for naive CD4+ 
T cells (average: 96% for control vs. 83% for Tx mice) and 86-99% for naive CD8+ T 
cells (average: 98% for control vs. 88% for Tx mice). Granulocytes were isolated by 
density gradient centrifugation of blood using a combination of histopaque-1119 and 
Ficoll-paque, followed by red blood cell lysis. Granulocytes and thymocytes were 
frozen until further processed. 
 
Statistical analysis 
The Mann-Whitney test was performed to determine differences between mouse 
groups. All statistical analyses were performed using the software program SPSS 
12.0 (SPSS Inc, Chicago, Illinois). Differences with p  0.05 were considered 
significant. 
 
Human studies 
Subjects and in vivo 2H2O labeling protocol 
Five healthy male volunteers (characteristics of the T-cell compartment of these 
volunteers are given in supplementary Table S1) were submitted to the AMC 
hospital to receive the initial administration dose of 10 ml 2H2O per kg body water in 
small portions throughout the day. Body water was estimated to be 60% of body 

weight. As a maintenance dose, the subjects daily drank 1/8 of this initial dose at 
home for 9 weeks. Blood and urine were collected before labeling and 6 times 
during the labeling protocol. In addition, during the down-label phase of 16 weeks 
blood and urine was collected 7 times. All patients were healthy and were asked to 
answer a questionnaire to exclude (a high risk of) infections and immuno-modulatory 
medication. This study was approved by the medical ethical committee of the AMC 
and written informed consent was obtained from all volunteers. 
 
Flow cytometry and cell sorting  
Absolute CD4+ and CD8+ T-cell counts were determined by dual-platform flow-
cytometry. 
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Peripheral blood mononuclear cells (PBMC) were obtained by Ficoll-Paque density 
gradient centrifugation from heparinized blood and cryopreserved until further 
processed. Peripheral blood T-cell proliferation in CD4+ and CD8+ T-cell subsets 
was studied by flow-cytometric measurements of Ki67 nuclear antigen, as described 
previously39-41. 
To measure the fraction of labeled cells within the naive (CD45RO-CD27+) and 
memory (CD45RO+) CD4+ and CD8+ T-cell population, cryopreserved PBMC were 
thawed and incubated with monoclonal antibodies (mAb) to CD45RO-FITC (Caltag 
Laboratories, Burlingame, CA), CD27-PE, CD4-PerCP and CD8-APC (BD). The 
specified cell fractions were isolated by cell sorting on a MoFlow high speed cell 
sorter or on a FACSAria (BD). Purity of the sorted cells was on average 96% for 
naive CD4+ and CD8+ T cells, 95% for memory CD4+ T cells and 91% for memory 
CD8+ T cells. 
 
Measurement of 2H2O enrichment in body water and DNA 
Deuterium enrichment in urine was measured by a method adopted from Previs et 
al42. The isotopic enrichment of DNA was measured according to the method 
described by Neese et al21 with minor modifications. Briefly, DNA was enzymatically 
hydrolyzed into deoxyribonucleotides after which the deoxyadenosines were purified 
using a SPE column. The adenosine residue was captured by cation resin and the 
deoxyribose was derivatized to deoxyribosepentane-tetraacetate (PTA) before 
injection into the gas chromatograph (6890 series, Agilent Technologies, Palo Alto, 
CA). The mass of the derivate was measured by positive chemical ionization mass 
spectrometry (5973 MSD, Agilent Technologies) at m/z 245 (M0) and 246 (M1). Since 
M1 is known to be concentration-dependent, we first used the peak area at M0 to 
determine the suspected natural abundance for each sample43. The enrichment 
(EM1) was subsequently determined by dividing the peak area at M1 by the total 

peak area (M1 + M0), after subtraction of the corrected natural abundance from the 
measured M1 enrichment. We first fitted the urine enrichment data of each individual 
to a simple label enrichment/decay curve (see Supporting Information, 
supplementary Figure S1 and supplementary Table S2). The best fits for urine 
enrichment were incorporated when analyzing the enrichment in the different cell 
populations. Up- and down-labeling of the granulocyte population of each individual 
was analyzed mathematically to determine the maximal level of label intake that 
cells could possibly attain (see Supporting Information, supplementary Figure S1 
and supplementary Table S3). The average turnover rate and the loss rate of 
labeled cells in each T-cell subset were determined after normalization by this 
granulocyte maximum (see Supporting Information). For ease of the procedure 
mouse thymocytes were used (if available) to determine the maximal level of label 
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intake. In thymectomized mice the enrichment of fully turned-over granulocytes was 
used as indicator, as maximal label enrichment in mouse thymocytes and 
granulocytes was found to be similar. 
 
Mathematical modeling  

Since the fraction of heavy water in body water is similar to that in urine44, we model 
the measured up- and down-labeling of the urine enrichment by the following 
differential equations for normal water, w, and heavy water, h, in the urine 

 −−= wsf  
t
w )1(

d
d  and  −= h fs 

t
h

d
d  during label intake (t  τ), and 

 −= w s 
t
w

d
d  and  −= h  

t
h

d
d   after label intake (t > τ), 

where f represents the fraction of 2H2O in the drinking water, t represents time in 
days and labeling was stopped at t = τ days, δ represents the turnover rate of body 
water per day, and s is the amount of water consumed in liters per day. These 
equations can be solved analytically, and rewritten in terms of the fraction, U(t), of 
2H2O in the urine. The baseline urine enrichment, U(0)=β, that is attained after the 
boost of label by the end of day 0 determines the initial conditions, i.e.,  w(0) = (1-
β)s/δ and h(0) = βs/δ,  such that: 

tt f tU δδ β −− +−= e)e1()(     during label intake (t  τ), and        (Equation 1a) 

[ ] )(e e)e1()( τδδττδ β −−−− +−= tf  tU  after label intake (t > τ).            (Equation 1b) 

The parameter estimates of the best fits for the urine curves are given in 
Supplementary Table S2. 
 
To model the label enrichment of adenosine in the DNA of cells we assume identical 
reaction kinetics of hydrogen and deuterium, and of labeled and unlabeled 
adenosines. Further, we extended the model of Asquith et al.28 to include the 
dependence on the actual enrichment of the body water (as estimated by U(t)).  
Since the adenosine deoxyribose (dR) moiety contains seven hydrogen atoms that 
can be replaced by deuterium, one expects an amplification factor, c > 1, in the 
enrichment of dR in DNA relative to the body 2H2O enrichment. At the low levels of 
body 2H2O enrichment that one typically achieves (U(t) < 2%), the likelihood of 
double labeling is very low21;45.  Theoretically, the fraction of adenosine dR moieties 
that have exactly one enriched hydrogen atom is expected to be 

( ) 67
1 ))(1)(( tUtUc −≅ . However, because of dilution by the purine nucleoside 

pathway, one typically measures the amplification factor c from the enrichment in dR 
in the DNA of cells with a rapid turnover, like granulocytes or monocytes21;45. 
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Consistent amplification factors of c = 3.5 to c = 4 for body water enrichment levels 
of 2-3% have thus been reported21. 
 
Following Asquith et al.28 label enrichment of adenosine in the DNA of a population 
of cells was modeled by 

 −= dlAt pcU 
t
l ))(

d
d  

where l is the total amount of labeled adenosine in the DNA, p is the average 
production rate of that population, c is the amplification factor, A is the total amount 
of adenosine in the DNA of that population, and d is the death rate of cells carrying 
labeled adenosine. Basically one writes that each adenosine residue replicates at 
rate p and will incorporate a deuterium atom with probability cU(t). For naïve T cells 
this replication may occur both in the periphery and the thymus. Scaling this 
equation by the total amount of adenosine in the DNA, i.e., defining L = l/A, yields 

 −= dLt pcU 
t
L )(

d
d                     (Equation 2) 

throughout the labeling and de-labeling period, where L represents the fraction of 
labeled deoxyribose residues of adenosine in DNA. The corresponding analytical 
solutions for the enrichment of adenosine in DNA are 

−+−−−
−

= −−−− )e(e)e1()e1()( tdtttd

fdd
cpf  tL δδ βδ

δ
             (Equation 3a) 

during label intake (t  τ), and 

−+−−−
−

= −−−−−−−− )e(e)ee()ee()( )()( tdttttdtd

fdd
cpf  tL δδτδτ βδ

δ
   (Equation 3b) 

after label intake (t > τ). Note that the amplification factor and the division rate 
always appear together, and that pc can therefore only be estimated as a parameter 
combination. 
 
Equations 3a and 3b were fitted to each individual's granulocyte enrichment data, 
yielding 0.299  pc  0.419 per day, and death rates 0.078 < d < 0.103 per day (see 
the Supplementary information). Assuming that the granulocytes are fully turned-
over, i.e., assuming that p = d for the granulocytes, we estimate amplification factors 
of c = 4.46, 4.93, 5.15, 3.78 and c = 4.03 for the five individuals (which is indeed 
lower than the theoretical maximum of 7).  
 
Next, Equations 3a and 3b were applied to calculate the average turnover rate p and 
the loss rate of labeled cells d in each T-cell population. The parameter p in Equation 
(2) represents T-cell production resulting from both T-cell proliferation and thymic 
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output. Since p determines the average T-cell turnover rate, pN (the average number 
of naive cells produced per day) provides an upperbound for the number of T cells 
exported from the thymus per day. To correct for the body water enrichment as 
measured by U(t) and the amplification factor, c, of each individual person, all data 
were normalized by dividing by the maximum cf. Doing the same for the granulocyte 
data the maximum label enrichment in granulocytes was basically scaled to 100%. 
 
Cells that divided during the first days of the labeling period will have incorporated 
less deuterium than those that divided later. If such cells were to die earlier than 
cells that divided later, the loss of label during the chase phase need not be 
exponential because poorly labeled cells would die earlier. However, since we are 
assuming an exponential distribution of expected life spans in these models, cells 
are assumed to have death rates that are independent of their age. 
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SUPPLEMENTARY INFORMATION 
 

 

 
Supplementary Figure S1 Best fits of the fraction of 2H2O in urine and the percentage of labeled 
deoxyribose residues of adenosine in granulocytes after scaling by the maximum enrich-ment 
level p /d  of the granulocyte population (see Methods). In the graph the end of the labeling 
period is marked by a vertical line. 
 
 
 

δ β
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Supplementary Table S1 Characteristics of healthy volunteers. 

 A B C D E 

Age at start of the 
protocol 24 22 25 20 22 

CD4+ count per l 
blood 

890  
(810-1040) 

690 
(663-808) 

830 
(780-990) 

1300 
(1080-
1730) 

1320 
(1130-
1500) 

CD8+ count per l blood 
470 

(420-550) 
355 

(320-413) 
500 

(460-590) 
440 

(410-530) 
820 

(660-910) 

% naive CD4 
60 

(54-66) 
68 

(65-71) 
37 

(34-41) 
69 

(67-73) 
68 

(63-71) 

% memory CD4 
40 

(34-45) 
32 

(29-34) 
54 

(48-56) 
31 

(27-33) 
31 

(28-36) 

% naive CD8 
54 

(50-58) 
68 

(63-70) 
37 

(31-41) 
65 

(62-71) 
59 

(52-62) 

% memory CD8 
35 

(29-40) 
17 

(14-18) 
18 

(15-21) 
12 

(11-14) 
20 

(19-21) 

% Ki67+ within CD4 2.75 
(2.33-3.19) 

1.86 
(1.47-2.25) 

2.13 
(1.82-2.30) 

1.36 
(0.59-2.18) 

1.61 
(1.37-2.12) 

% Ki67+ within naïve 
CD4 

0.76 
(0.39-1.05) 

0.91 
(0.65-1.24) 

0.77 
(0.59-0.99) 

0.29 
(0.21-1.40) 

0.43 
(0.33-0.73) 

% Ki67+ within memory 
CD4 

5.00 
(4.29-5.02) 

3.42 
(2.93-4.45) 

3.18 
(2.87-3.52) 

1.82 
(1.55-2.50) 

3.84 
(3.05-4.24) 

% Ki67+ within CD8 
1.65 

(1.45-1.88) 
1.46 

(1.26-1.92) 
2.29 

(1.68-2.78) 
1.26 

(0.85-1.72) 
1.34 

(1.14-1.81) 

% Ki67+ within naïve 
CD8 

0.94 
(0.57-1.12) 

0.73 
(0.57-1.13) 

0.97 
(0.63-1.21) 

0.47 
(0.22-0.68) 

0.50 
(0.42-0.65) 

% Ki67+ within memory 
CD8 

1.87 
(1.61-2.05) 

2.35 
(1.98-2.97) 

NA 
1.51 

(1.22-2.51) 
3.54 

(2.46-4.01) 
Depicted are median values and interquartile ranges over follow-up. 
 
 
 
Supplementary Table S2 Parameter estimates of the urine enrichment curves, where f repre-
sents the fraction of 2H2O in the drinking water, δ is the turnover rate of body water per day, and β 
represents the baseline urine enrichment attained after the boost of label by the end of day 0. 

Individual f δ β 
A 0.0170 0.064 0.0080 
B 0.0129 0.088 0.0070 
C 0.0173 0.075 0.0082 
D 0.0138 0.128 0.0074 
E 0.0150 0.119 0.0059 
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Supplementary Table S3 Parameter estimates of the granulocyte enrichment curves (before 
scaling), where d represents the loss rate of labeled granulocytes and p combines granulocyte 
turnover and the maximum number of deuterium atoms that can be incorporated in the deoxy-
ribose residue of adenosine. 

Individual p d 

A 0.384 0.086 
B 0.419 0.085 
C 0.402 0.078 
D 0.299 0.079 
E 0.415 0.103 
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ABSTRACT 
 

The emerging concept for a role of granulocytes in immune regulation is difficult to 
reconcile with the generally accepted life span of circulating granulocytes of 12-14 
hours. Circumventing the artifacts associated with the conventional ex vivo label-
ing, we determined the average granulocyte life span using in vivo incorporation of 
deuterium from 2H2O into DNA of proliferating granulocyte precursors. Our study 
demonstrated an average circulating granulocyte life span of 6.3 days in humans 
and 21.6 hours in mice, and a transit time through the bone marrow consistent 
with previous reports. These data are consistent with a role for granulocytes in 
complex long-term processes such as immune regulation and recirculation. 
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Granulocytes are terminally differentiated cells of the innate immune system. They 
comprise up to 60% of circulating white blood cells in humans and are essential for 
first-line defense against invading micro-organisms. There is an emerging concept 
that, apart from their well established anti-microbial functions, granulocytes can 
influence adaptive immune responses through cytokine production, pathogen shutt-
ling to draining lymph nodes, antigen presentation and modulation of Th1/Th2 
responses1-3. These novel functions do not cohere with the generally accepted cir-
culating life span of 12-14 hours4, which was determined using transfer of in vitro 
labeled granulocytes. In these transfer experiments possible retention of leukocytes 
in lungs, liver and spleen, due to activation during ex vivo manipulation5, may have 
led to underestimation of granulocyte life span. In addition, the relatively short 
duration (< 3 days) of the experiments precluded detection of granulocytes that re-
circulate to the blood6.  
To circumvent the complications introduced by in vitro labeling, we labeled the gra-
nulocyte pool in vivo in healthy mice and humans by administration of 2H2O. Using a 
combination of gas chromatography and mass-spectrometry (GC/MS) the fraction of 
2H-labeled adenosine in the DNA of the proliferating granulocyte pool was measured 
and the kinetics of the granulocyte pool was determined7. The disappearance rate of 
the granulocytes was estimated using a mathematical model that takes into account 
the availability of 2H2O as measured in urine or plasma, for men and mice res-
pectively. 
Since granulocytes are solely produced in the bone marrow (BM) in the mitotic 
phase, the rate at which granulocytes enter the circulation is characterized by i) the 
rate of division in the mitotic phase, ii) the delay of newly-formed granulocytes enter-
ing the post-mitotic pool (PMP), and iii) the delay in mobilization to the blood (Fig.1, 
D).  
 
To be able to compare granulocyte dynamics in BM and blood we used mice as a 
model system. We administered 2H2O for 7 days and simultaneously measured the 
accrual and loss of label in plasma, BM-derived and blood-derived granulocytes. 
Isolation of the BM PMP revealed a transit time of 1.6 days in the PMP, in addition to 
0.7 day residence time in the mitotic pool. The resulting combined delay of 2.3 days 
in the BM was confirmed by mathematical modeling of the blood data, which 
revealed a similar delay of 2.2 days. The average life span of circulating granu-
locytes in mice was estimated to be 21.6 hours. 
 
In the human study blood samples were drawn during a 9-week labeling and a 16 
week down-labeling period. When the mathematical model was applied to 2H2O  
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Figure 1 Average granulocyte life spans determined by in vivo 2H2O labeling. Cross-sectional up- 
and down-labeling of murine (A) BM PMP and (B) blood granulocytes. (E) Representative 
example of longitudinal up- and down-labeling of human blood granulocytes (for other examples 
see Reference 7). Dashed lines indicate the time of label cessation on day 7 (A-C) or day 63 (E, 
F). Maximum labeling from mice that had been exposed to 2H2O from the moment of their 
conception is indicated by a dotted line (B). Curves were fitted as described in methods and 
corrected for the enrichment curves in (C) plasma or (F) urine. (D) Model and estimates of 
average granulocyte life spans in days. MP and BM PMP represent the mitotic and post-mitotic 
pool in the bone marrow, respectively. Murine estimates in BM and blood could be directly 
measured, and human data were mathematically modeled from the data obtained from circulating 
human granulocytes by the model validated in the mouse (see methods). 
 

 
labeling data from the five healthy individuals7, we estimated an average life span of 
6.3 ± 1.5 days (mean ± SD) for circulating  granulocytes, and a delayed exit from the 
BM PMP of 4.8 ± 1.7 days (mean ± SD). This delay was similar to the transit time 
through the PMP that was previously reported based on in vivo 3H-thymidine label-
ing of BM in humans4. 
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Our BM transit times in mice and humans are in good agreement with previous 
reports4;8. The average granulocyte life span in mice of 21.6 hours is similar to that 
in earlier findings8. The average life span of 6.3 days in humans is 10 times higher 
than previous estimates, however4. This difference is likely due to differences in 
experimental approach, such as lack of activation induced by the in vitro labeling 
and the extended labeling period, preventing dilution of labeled blood granulocytes 
by recirculation of unlabeled cells from tissues. 
Finally, an average human granulocyte life span of 6.3 days would support the 
emerging concept that neutrophils participate in complex long-term processes such 
as immune regulation and recirculation. 
 
 

METHODS 
 

Human volunteers 
Characteristics and experimental procedures of the five male healthy volunteers 
were described previously7. 
 
Mice 
C57Bl/6 mice were maintained by in-house breeding at the Central Animal Facility of 
Utrecht University under specific pathogen-free conditions in accordance with insti-
tutional and national guidelines. 12-week old mice obtained a boost injection (i.p.) of 
16.5 ml/kg of 90% 2H2O in PBS  (Cambridge Isotopes, Cambridge, MA), followed by 
subsequent feeding with 4% 2H2O in drinking water for one week. To determine the 
maximum possible amount of labeled DNA under these feeding conditions, mice 
were labeled by maternal intake of 4% 2H2O from preconception to the time of wean-
ing and subsequent administration of 4% 2H2O in drinking water of the offspring. 
Maximally labeled granulocytes were isolated from 5-week old offspring. 
 
Granulocyte isolation 
Human granulocytes were isolated by means of a Ficoll-Paque gradient, followed by 
hypotonic lysis of erythrocytes as previously described7. This method yields a granu-
locyte purity of >95%. Isolation of the murine PMP-BM pool was performed by 
centrifugation over various Percoll-gradients9. Isolation of circulating murine granu-
locytes was performed with a BD FACS vantage based on their distinct forward and 
sideward scatter. 
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Measurement and mathematical modeling of 2H2O enrichment in serum and 
DNA 
Deuterium enrichment in DNA, plasma and urine was determined as previously 
described7. Enrichment data were fitted using a previously developed mathematical 
model7, which was extended by allowing for a delayed appearance of labeled DNA 
in the compartment under investigation. 
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ABSTRACT 
 

Our limited knowledge of the expected life spans of naive and memory T cells during 
health and disease hampers our understanding of the functioning of the immune 
system. Life spans have been estimated in mice and men with various labeling 
approaches, with disturbingly different outcomes. Even results based on stable-
isotope labeling, which provides the most reliable tool to measure lymphocyte life 
spans that is currently available, differ significantly between laboratories. Here we 
show that variation in the length of the labeling period may be responsible for these 
differences. When applied to kinetically heterogeneous cell populations, such as the 
effector/memory T-cell pool in mice, the average life span may be underestimated 
when labeling periods are long, because sub-populations with the highest rates of 
turnover may approach maximum label intake during the labeling period. Such 
problems do not arise in kinetically homogeneous cell populations, such as the naive 
T-cell pool in mice and men. We introduce a new modeling strategy that can be used 
to estimate labeling-time-independent average life spans of heterogeneous cell 
populations. 
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INTRODUCTION 
 

Knowledge on the average life spans of different leukocyte populations has impor-
tant consequences for our insights in diverse immunological processes. The long life 
span of naive T cells for example suggests that priming of a specific naive T cell is a 
rare event and reconstitution of these cells after depletion, such as in HIV infection, 
takes considerable time. Leukocyte life spans are generally estimated by in vivo 
labeling experiments of traceable components built into the DNA of proliferating 
cells. Recently, the non-radioactive stable isotopes 2H2-glucose and 2H2O have been 
introduced for in vivo DNA labeling and quantification of leukocyte production and 
death in humans. The average life spans of naive, memory and total CD4+ and CD8+ 
T cells that have been estimated using these two compounds, however, differ con-
siderably between different laboratories1. The origin of these differences has so far 
not been explained. 
It has been shown before that, if cell populations are kinetically heterogeneous, the 
rate at which label is lost after label cessation tends to decrease when the length of 
the labeling period increases. As labeled cells are by definition cells that have 
recently divided, loss of label may be biased towards cells with relatively rapid turn-
over. For longer labeling periods, the rate at which label is lost more closely 
resembles the average turnover rate of the cell population2. Importantly, however, 
the average production rate of the cell population, which is typically estimated during 
label administration, should not be dependent on the length of the labeling period. 
Although part of the discrepancies between laboratories might result from the use of 
different stable isotopes, we observed a consistent positive correlation between esti-
mated average life spans and the duration of label administration, even when the 
same stable isotope was used. In line with this, studies based on deuterated glucose 
– which tends to be administered for shorter periods than deuterated water – 
consistently reported shorter average life spans than deuterated water studies1. We 
therefore investigated how the length of the labeling period could influence the esti-
mated average life span. We tested the hypothesis that if sub-populations with high 
rates of turnover could approach maximal label incorporation during the labeling 
period, longer labeling may underestimate cell turnover, because the subsequent 
accrual of label is due to cells with relatively slow rates of turnover. 
We performed 2H2O experiments in mice which only differed in the length of the 
labeling period, and analyzed the kinetics of naive and effector/memory T cells. We 
found that effector/memory T cells in mice form a kinetically heterogeneous popu-
lation, and that using the generally accepted model2 longer labeling periods resulted 
in longer estimated average life spans. In contrast, naive T cells in mice were found 
to be kinetically homogeneous, and their estimated average turnover rate was not 
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influenced by the length of the labeling period. We propose an alternative modeling 
strategy, based on a multi-compartment model, which can be used to fit average life 
spans that are independent of the length of the labeling period even for populations 
that are kinetically heterogeneous.  
 
 

RESULTS 
 

Effect of the length of the labeling period on estimated production and 
disappearance rates 
To investigate whether the length of label administration may influence the esti-
mated average life span of T cells, we gave 12-week old C57Bl/6 mice a bolus of 
2H2O and subsequently 4% 2H2O in drinking water for one, four, or eight weeks. 
Total thymocytes and naive and effector/memory CD4+ and CD8+ T cells were iso-
lated from the spleen during the labeling and down-labeling phases and deuterium 
enrichment in the DNA was measured. The enrichment curves of naive and 
effector/memory T cells for the three different labeling periods (Fig.1), were fitted 
with the mathematical model proposed by Asquith et al2. In this model p represents 
the average turnover (or production) rate and d* represents the disappearance rate 
of labeled cells. Production of labeled naive T cells is a combination of thymic output 
and proliferation, whereas labeled effector/memory T cells emanate from renewal 
and differentiating naive T cells. Labeled naive and effector/memory T cells dis-
appear by differentiation, migration and/or cell death3. The model was extended to 
correct for the 2H2O concentration in the plasma (see Methods). After withdrawal of 
deuterium from the drinking water the concentration of the label in the plasma 
dropped with a half-life of several days. We refer to this mathematical model as the 
extended single-compartment model. 
Each of the data sets was fitted separately with the extended single-compartment 
model (Fig.1). For the effector/memory T cells, both the disappearance rate of 
labeled cells, d*, and the average turnover rate, p, decreased significantly when the 
length of the labeling period increased (Fig.2). The fact that the disappearance rate 
of labeled effector/memory T cells depended on the length of the labeling period 
suggest that effector/memory T cells in mice form a kinetically heterogeneous 
population. The average life span estimated from the one-week labeling experiment 
was 1/p = 15 days for CD4+ and 28 days for CD8+ effector/memory T cells, whereas 
those estimated from the four and eight-week labeling experiments were 1/p = 25 
and 45 days, respectively. This difference in average life spans of effector/memory T 
cells that we estimated by this model has to be an artifact. In contrast, we found no 
evidence for different average turnover rates, p, and disappearance rates of labeled 
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cells, d*, for naive T cells, between the different labeling periods (Fig.2), suggesting 
that naive T cells in mice form a kinetically homogeneous population. For naive 
CD4+ and CD8+ T cells, we found expected life spans of 1/p = 48 and 83 days cells, 
respectively. 
 
 

 
 

Figure 1 Best fits of the naive and effector/memory T-cell enrichment curves. Label enrichment in 
T cells was corrected for 2H2O enrichment in plasma (A) and scaled between 0 and 100% by 
normalizing for the percentage label obtained in thymocytes (B). At different time points before, 
during and after labeling, the percentages of labeled naive CD4+ (C), naive CD8+ (D), 
effector/memory CD4+ (E) and effector/memory CD8+ T cells (F) in the spleen were determined. 
Each symbol represents the enrichment in T-cell subsets from one C57Bl/6 mouse during up-
labeling (+) and 1- ( ), 4- ( ) and 8-week down-labeling ( ). Data was fitted with the extended 
single-compartment model to estimate the average turnover rate of the total population and the 
disappearance rate of the labeled cell population. 
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Figure 2 Length of the labeling period does interfere with the turnover and disappearance rates 
of effector/memory, but not naive, T cells. The estimated average turnover rates, p, of the total 
populations (A) and the disappearance rates, d*, of the labeled cell populations (B) from the 
extended single-compartment model. The estimates were based on the best fits through the 1-, 
4- and 8-week labeling data of naive CD4+ ( ), naive CD8+ ( ), effector/memory CD4+ ( ) and 
effector/memory CD8+ ( ) T cells (Fig.1). The points indicated by (i) and (ii) are the average 
turnover rates from fitting the data to the two-compartment model (Fig.3). 
 

 
Introduction of a multi-compartment model 
Although the model introduced by Asquith et al.2 captures kinetic heterogeneity in 
the sense that the rate at which label accumulates during label administration may 
differ from the rate at which it is lost after label cessation, both the accrual and loss 
of label are described by the same single exponential. Such a model may not 
correctly describe a cell population that consists of many sub-populations with 
different kinetics. Instead it will seek a compromise between the initial rapid label 
intake by the most rapidly turning over sub-population, and the subsequent slower 
label intake by the sub-populations with slower turnover. Such compromises may 
cause the estimated average turnover rates to become dependent on the length of 
the labeling period.  
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Our own experiments described above are illustrative of this problem. Theoretically, 
the upslopes of the three label experiments should follow exactly the same curve 
and approach the same asymptote. According to the model by Asquith et al.2, this 
asymptote is reached when a fraction p/d* is labeled. Because short labeling periods 
lead to high values of the disappearance rate of labeled cells, d*, the uplabeling 
curves can only be the same if the estimated average turnover rate, p, is higher for 
short labeling periods. Hence, the differences in average turnover rates estimated 
during label intake may actually be imposed by the different downslopes.  
To overcome these problems we propose a new modeling approach, which explicit-
ly takes into account kinetic heterogeneity between sub-populations, even during the 
labeling period, and which yields average turnover rates that are independent of the 
length of the labeling period. The new model splits the cell population of interest into 
an arbitrary number of compartments, each with a different turnover rate. Within 
each compartment there is no kinetic heterogeneity, i.e. all cells are produced and 
lost at equal rates. Kinetic heterogeneity between sub-populations has indeed been 
reported. For instance, memory T cells in both mice and men can be phenotypically 
separated into effector-memory (TEM) and central-memory (TCM) cells4, with kinetic 
differences, e.g., the estimated turnover rate of human CD4+ TEM cells is three times 
faster than that of CD4+ TCM cells5. The generalized mathematical model considers n 
different sub-populations, forming a fraction i of the total population, with average 
turnover rate pi (where i = 1,2,..n). By systematically fitting the general model to the 
data and each time increasing the number of sub-populations, we found that the 
data was best described with maximally two sub-populations, with turnover rates p1 
and p2, and relative sizes of  and (1- ), respectively. We fitted the data of the three 
labeling experiments, using this new modeling approach, allowing for one single 
upslope and three different downslopes. 
  
Kinetic heterogeneity in the effector/memory T-cell pool 
The effector/memory T-cell data were significantly better described by a two-
compartment model compared to a single-compartment model (F-test: p  0), 
reconfirming that both CD4+ and CD8+ effector/memory T-cell pools are kinetically 
heterogeneous (Fig.3). The description of the three labeling experiments was much 
better with the new model, because the up-labeling curves were now (forced to be) 
the same for the different labeling periods, and the down-labeling curves were 
allowed to be bi-phasic. The description of the naive T-cell data (Fig.3) did not 
significantly improve by adding a second compartment to the one-compartment 
model (F-test: p = 0.075 for naive CD4+ T cells and p = 1 for naive CD8+ T cells), 
further supporting the notion that the naive T-cell pool in mice is kinetically 
homogeneous. 
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Figure 3 A two-compartment model better describes effector/memory T-cell enrichment data. At 
different time points before, during and after labeling, the fraction of labeled naive CD4+ (A), 
naive CD8+ (B), effector/memory CD4+ (C) and effector/memory CD8+ T cells (D) in the spleen 
were determined. Each symbol represents the enrichment in T-cell subsets from one C57Bl/6 
mouse during up-labeling (+) and 1- ( ), 4- ( ) and 8-week down-labeling ( ). Data was fitted 
with a two-compartment model to estimate the average turnover rate of the total population and 
the disappearance rate of the labeled cell population. 
 

 
According to the best fits using the two-compartment model, the effector/memory 
CD4+ and CD8+ T-cell pools in mice consist of a small sub-population with rapid 
turnover, and a larger sub-population with slow turnover. Within the effector/memory 
CD4+ T-cell population, 25.4 % of the cells had a fast turnover rate of p = 0.368 per 
day, while the other 74.6% of the cells turned over more slowly at a rate p = 0.021 
per day (Table I). The resulting average turnover rate of effector/memory CD4+ T 
cells was p = *p1 + (1 - )*p2 = 0.109 per day, defining an average life span of 1/p = 
9 days. Within the effector/memory CD8+ T-cell population, 10.1% of the cells had a 
fast turnover rate of p = 0.721 per day, while the other 89.9% of the cells turned over 
at rate p = 0.016 per day (Table I). The average turnover rate of effector/memory 
CD8+ T cells was thus 0.087 per day, giving an average life span of 1/p = 11 days. 
By explicitly modeling kinetic heterogeneity, we explained the labeling data 
independent of the length of the labeling period. 
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Table I Estimated turnover rates of naive and effector/memory T cells based on one, four or eight 
weeks labeling using the two-compartment model. Upper and lower confidence intervals are 
given in parentheses. 
 

  Naive Effector/memory 
p1 (day-1) 0.025  (0.022 – 0.029) 0.368  (0.272 – 0.558) 
p2 (day-1) 0.009  (0.003 – 0.015) 0.021  (0.011 – 0.041) 

 0.755  (0.527 – 0.856) 0.254  (0.209 – 0.304) 

CD4 

average p (day-1) 0.021  (0.013 – 0.027) 0.109  (0.066 – 0.198) 

p1 (day-1) 0.012  (0.012 – 0.013) 0.721  (0.337 – 1.000) 
p2 (day-1) 0.012  (0.012 – 0.013) 0.016  (0.005 – 0.047) 

 1.000  (1.000 – 1.000) 0.101  (0.083 – 0.130) 

CD8 

average p (day-1) 0.012  (0.012 – 0.013) 0.087  (0.033 – 0.171) 

1 (days) 4.117  (3.774 – 4.243) 0.000  (0.000 – 0.000) Shared 

2 (days) 0.425  (0.143 – 1.459) 2.707  (1.989 – 3.423) 
 

 
 

DISCUSSION 
 

Our study shows that the previously observed differences in estimated average life 
spans of T cells based on stable-isotope labeling studies1 may in part be caused by 
differences in the labeling periods, with longer labeling periods giving rise to longer 
estimated average life spans. By varying the labeling period from one to eight weeks 
in one experimental setting, and by fitting effector/memory T-cell labeling data with 
the widely used model, proposed by Asquith et al.2, we found that the estimated 
average turnover rate decreased as the labeling period became longer (Fig.2). This 
dependence of the estimated average turnover rate on the labeling period was pro-
bably caused by kinetic heterogeneity in the cell population under investigation. In 
the longer labeling experiments the sub-population with the highest rate of turnover 
could approach saturation in labeling, which led to underestimation of the average 
turnover rate when fitting the data with a single exponential.  
Although at first sight these results seem to suggest that shorter labeling experi-
ments provide more reliable estimates for the average turnover rate, short labeling 
experiments also have their drawbacks. The average turnover rate of a cell popu-
lation can only be estimated during the labeling phase; having too few data points 
during this phase due to the short labeling period thus also limits the reliability of the 
estimated turnover rates. We therefore suggest to perform long-term labeling 
experiments with densely sampling during the up-labeling and propose a new 
modeling strategy which helps the interpretation of such experiments. Our new 
modeling approach allows for explicit kinetic heterogeneity, is not restricted to single 
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exponentials describing the up- and downslopes, and yields average life spans 
independent of the length of the labeling period.  
The average life spans that we estimated using our multi-compartment model were 
even shorter than the average life span estimated in the shortest labeling experi-
ment. A possible explanation is that even during the 1 week labeling experiment, the 
fastest sub-population approached maximal label intake. Alternatively, our new 
model may have overestimated the average turnover rate, because it did not 
account for the possibility that cells that have recently divided may disappear more 
quickly than cells that have not (Macallan et al, manuscript in preparation). If part of 
the rapid loss of labeled cells was due to this so called temporal heterogeneity and 
not to kinetic heterogeneity of the cell population, our model fit could only com-
pensate for this by introducing an extra population with rapid turnover, thereby 
overestimating the average turnover rate. 
It is widely believed that, although phenotypically identical, naive T cells in mice exist 
in two separate populations with different kinetics: recent thymic emigrants having a 
turnover of approximately three weeks6;7 and truly naive T cells, with an estimated 
life span of several months8-10. However, we found no evidence whatsoever for such 
kinetic heterogeneity in the naive T-cell population: 1) the introduction of a two-com-
partment model did not improve the quality of the fits of the naive CD4+ and CD8+ T-
cell labeling data, and 2) using the original extended single-compartment model 
revealed very similar disappearance rates of labeled naive T cells after labeling for 
one, four or eight weeks (even though the naive T-cell population had not fully been 
labeled after 1 week of label administration). Both observations suggest that the 
naive T-cell population in mice is kinetically homogeneous. 
 
In summary our analyses show that when fitting labeling data from kinetically hetero-
geneous cell populations, such as the effector/memory T-cell population in mice, 
long labeling periods may underestimate the average turnover rate because sub-
populations may approach maximal label intake. The best solution to avoid such 
underestimations is not to label for shorter periods, because that would limit the 
number of data points, but to sample densely during the labeling phase and use a 
model that explicitly describes multiple compartments with different kinetics. The fact 
that the estimated life span of naive T cells in mice was independent of the labeling 
period suggests that the naive T-cell pool is kinetically homogeneous, which is 
incompatible with the co-existence of short-lived recent thymic emigrants and long-
lived truly naive T cells. 
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MATERIALS AND METHODS 
 

Mice 
C57Bl/6 mice were maintained by in-house breeding at the Central Animal Facility at 
Utrecht University under specific pathogen-free conditions in accordance with institu-
tional and national guidelines. 2H2O labeling was achieved by giving 12-week old 
mice one boost injection (i.p.) of 16.5 ml/kg of 90% 2H2O in PBS (Cambridge Iso-
topes, Cambridge, MA), followed by subsequent feeding with 4% 2H2O in drinking 
water for 1, 4 or 8 weeks. 
 
Antibodies 
FITC-labeled CD8 (clone 53-6.7), PE-conjugated CD62L (clone MEL-14), PerCP-
labeled CD4 (clone RM4-5) and APC-labeled CD44 (clone IM7) were purchased 
from BD Biosciences PharMingen (San Diego, CA). 
 
Cell preparation and flow cytometry 
Spleen and thymus were isolated from C57Bl/6 mice at different time points before, 
during and after 2H2O labeling. After mechanical disruption, the cells were prepared 
and stained as previously described11. Cells were analyzed on a LSR II flow cyto-
meter and BD FACSDiva software. Naive (CD62L+, CD44–) and effector/memory 
(CD44+) T cells were sorted using a FACSAria cell sorter and FACSDiva software 
(BD). Purity of the sorted cells was comparable between the different labeling 
experiments. The average purity was: 98.3 ± 1.6 % (naive CD4+, 91.1 – 99.9 %), 
97.9 ± 1.4 % (effector/memory CD4+, 92.8 – 99.7 %), 98.4 ± 1.2 (naive CD8+, 92.9 – 
100 %) and 96.7 ± 1.7 % (effector/memory CD8+, 89.6 – 99.6 %). Thymocytes and 
sorted T cells were frozen until further processed. 
 
Measurement of 2H2O enrichment in plasma and DNA 
Deuterium enrichment in serum was measured as reported by Previs et al12. The 
isotopic enrichment of DNA was determined as previously described11. 
 
Mathematical modeling of 2H2O data 
We assume that the fraction of heavy water in body water is equal to that in 
plasma13, and model the measured up- and down-labeling of the plasma enrichment 
by the following differential equations 

 −= S  
t
S

d
d during label intake (t  ), and 

 −= S  
t
S

d
d  after label intake (t > ), 
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where S represents the fraction of 2H2O in plasma, t represents time in days and 
labeling was stopped at t =  days,  represents the turnover rate of body water per 
day during up-labeling and  is the source of 2H2O into body water per day. The 
plasma enrichment data were fitted to the analytical solutions S(t) of these differential 
equations with S(0) = S0, representing the baseline plasma enrichment attained after 
the boost of label by the end of day 0, such that: 

tt S  tS δδ

δ
−− +−= e)e1()( 0  during label intake (t  ), and (Equation 1a) 

)(
0 ee)e1()( τδδττδ

δ
−−−− +−= tS  tS after label intake (t > ). (Equation 1b) 

The best fit for the plasma data is shown in Fig.1A and the parameter estimates are 
given in Supplementary Table S1. 
 
To model the label enrichment of adenosine in the DNA of cells we assume identical 
reaction kinetics of hydrogen and deuterium and of labeled and unlabeled adeno-
sines. Further, we extended the model of Asquith et al.2 to include the dependence 
on the actual enrichment of the body water (as estimated by S(t)). Since the 
adenosine deoxyribose (dR) moiety contains seven hydrogen atoms that can be 
replaced by deuterium, one expects an amplification factor, c > 1, in the enrichment 
of dR in DNA relative to the body 2H2O enrichment. At the low levels of body 2H2O 
enrichment that one typically achieves (S(t) < 4%), the likelihood of double labeling is 
very low2;14. One typically measures the amplification factor c from the enrichment in 
dR in the DNA of cells with a rapid turnover, like granulocytes or thymocytes14;15. 
Consistent amplification factors of c = 3.5 to c = 4 for body water enrichment levels 
of 2-3% have thus been reported15. 
 
Following Asquith et al.2 the label enrichment of adenosine in the DNA of a 
population of cells was modeled during up-labeling and down-labeling by the 
differential equation 

 −= ldAt pcS 
t
l *))(

d
d  

where l is the total amount of labeled adenosine in the DNA, p is the average 
production rate of that population, and d* is the disappearance rate of cells carrying 
labeled adenosine. Basically one writes that each adenosine residue replicates at 
rate p and will incorporate a deuterium atom with probability cS(t). For naive T cells 
this replication may occur both in the periphery and the thymus. Scaling this 
equation by the total amount of adenosine in the DNA, i.e., defining L = l/A, yields 

 −= Ldt pcS 
t
L *)(

d
d  (Equation 2) 
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throughout the labeling and de-labeling period, L represents the fraction of un-
labeled and labeled deoxyribose residues of adenosine in DNA respectively. The 
corresponding analytical solutions for the enrichment of adenosine in DNA are 

[ ])e1())(()( 0*
tppt tSeSp

d
c  tL −− −+−

−
= π

δ
  (Equation 3a) 

during label intake (t  ), and 

[ ] )()(
*

**

)()(e)()( ττ ττ
δ

−−−− +−
−

= tdtd eLtSS
d

pc  tL  (Equation 3b) 

after label intake (t > ). 
Equations 3a and 3b were fitted to thymocyte enrichment data, yielding pc = 1.288 
(1.121 – 1.481) per day, and a disappearance rate d* = 0.4164 (0.3769 – 0.4684) 
per day (see Supplementary Table S1). Assuming that the thymocytes are fully 
labeled, i.e., assuming that p = d* for the thymocytes, we estimate amplification 
factors of c = 3.093 (2.974 – 3.161) (which is indeed lower than the theoretical 
maximum of 7).  
 
Next, Equations 3a and 3b were applied to calculate the average turnover rate p and 
the loss rate of labeled cells d* in each T-cell population. The parameter p in Equa-
tion (2) represents T-cell production resulting from both T-cell proliferation and 
thymic output. Since p determines the average T-cell turnover rate, pN (the average 
number of naive cells produced per day) provides an upper bound for the number of 
T cells exported from the thymus per day. To correct for the body water enrichment 
as measured by S(t) and the amplification factor, c, all data were normalized by 
dividing by c /δ. Doing the same for the thymocyte data the maximum label 
enrichment in thymocytes was basically scaled to 100%. We observe a lag in 
appearance of labeled naive T cells in the spleen after start of labeling and a lag in 
the labeling peak after stop of labeling, suggesting that cells divide in a different 
compartment such as the thymus and then migrate to the spleen where we measure 
them. We modified Equations 3a and 3b by introducing 2 time delays, 1 to account 
for the lag during uplabeling and 2 to allow for a possible additional lag period after 
stop of label. 

[ ])e1())(()( )()(
0

11 Δ−−Δ−− −+−
−

= tptp tSeSp
p

c  tL π
δ

 (Equation 4a) 

during label intake (t  (  + 2)), and 

[ ] )()(
*

1
*

1
*

)()(e)()( ττ ττ
δ

−Δ−−−Δ−− +−
−

= tdtd eLtSS
d

pc  tL  (Equation 4b) 

after label intake (t > (  + 2)).  
Note that if t  0, L(t) = 0. Cells that divided during the first days of the labeling 
period will have incorporated less deuterium than those that divided later. If such 
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cells were to die earlier than cells that divided later, the loss of label during the 
chase phase need not be exponential because poorly labeled cells would die earlier. 
However, since we are assuming an exponential distribution of expected life spans 
in these models, cells are assumed to have disappearance rates that are 
independent of their age. 
 
Statistical analysis. All statistical analyses were performed using the software 
program SPSS 15.0 (SPSS Inc, Chicago, Illinois). Differences with p  0.05 were 
considered significant. 
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SUPPLEMENTARY INFORMATION 
 

Supplementary Table S1. Parameters values and 95% confidence intervals for the best fit of 
2H2O enrichment in serum and thymocytes (see Fig.1). 
 

Parameter  Value (confidence intervals) 
S0 0.015 (0.012 – 0.018) 

 (day-1) 0.261 (0.230 – 0.272) 
Serum 

 (day-1) 0.006 (0.006 – 0.007) 

Thymocytes d* (day-1) 0.416 (0.377 – 0.468) 
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ABSTRACT 
 

Naive T cells need to be sustained to ensure protection against novel pathogens, 
even though thymus output decreases dramatically with age. To better understand 
how naive T-cell numbers are maintained, we here quantified thymus output, peri-
pheral T-cell renewal and cellular longevity of naive CD4+ and CD8+ T cells in 
C57Bl/6 mice of different ages. T-cell turnover rates and the contribution of the thy-
mus were determined by a combination of long-term deuterium labeling and thymec-
tomy experiments. We found that, irrespective of the age of the mice, production of 
naive T cells took place almost exclusively in the thymus, while the contribution of 
peripheral naive T-cell proliferation was negligible. Similar frequencies of T-cell 
receptor excision circle (TREC)-positive naive T cells in young and old mice con-
firmed the insignificance of peripheral naive T-cell renewal in mice. These findings 
contrast earlier findings in humans, demonstrating that peripheral renewal plays a 
major role in the maintenance of the naive T-cell pool. The principal mechanism of 
naive T-cell maintenance in mice thus differs fundamentally from those in humans. 
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INTRODUCTION 
 

A broad T-cell repertoire is essential to mount immune responses to novel patho-
gens. Naive T cells are generated via two different pathways: de novo production in 
the thymus, giving rise to naive T cells with new specificities1;2, and peripheral cell 
division, leading to duplication of particular T-cell specificities. Both in mice and men, 
the daily output of T cells from the thymus declines with age3;4. Thymus involution is 
probably responsible for the gradual decline in naive CD4+ and CD8+ T-cell numbers 
with age, although naive T-cell numbers in both mice and men decline less drama-
tically than thymocyte numbers5;6. In line with this finding, during aging the peripheral 
T-cell pool becomes dominated by memory T cells6;7, coinciding with severe pertur-
bations of the naive T-cell repertoire and impaired immunity at very old age 8-10. 
Because of these parallels between T-cell kinetics in mice and men, insights into the 
role of thymus output and proliferation in the maintenance of the T-cell pool are often 
extrapolated from mice to men, and vice versa. But in fact, it is unknown how the 
average life spans of CD4+ and CD8+ T cells of mice and men relate to the longevity 
of the species, and whether the main mechanism of naive T-cell maintenance in the 
face of decreasing thymus output is similar in mice and men. 
 
TREC analysis can be used to estimate thymic output and peripheral proliferation. In 
this way it has been shown that peripheral proliferation contributes substantially, as 
much as 90%, to the maintenance of the human peripheral naive T-cell pool (Vrise-
koop et al, manuscript in preparation). The recently introduced technique of stable 
isotope labeling has paved the way for reliable quantification of lymphocyte turnover. 
Mathematical interpretation of deuterium labeling data from healthy human adults 
has revealed that human naive T cells are long-lived, with an average life expec-
tancy of six years for naive CD4+ and nine years for naive CD8+ T cells, and that 
recently-produced naive T cells live even longer11.  
 
Using deuterium labeling in adult and old C57Bl/6 mice, we here determined that the 
average life span of murine naive CD4+ and CD8+ T cells is about 6-7 and 11-17 
weeks respectively, and show that these cells undergo similar numbers of rounds-of-
turnover during the life of both mice and men. In contrast, we found that naive T-cell 
production in mice is mainly coming from the thymus, even in aged mice. This 
shows that the main mechanism via which the naive T-cell pool is maintained differs 
fundamentally between mice and men. It follows that C57Bl/6 mice might not be a 
good model to study human T-cell homeostasis. 
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RESULTS 
 

Turnover of naive T cells 
To determine the normal turnover rates of naive CD4+ and CD8+ T cells in young 
adult mice, 12-week old C57Bl/6 mice were labeled by administration of 4% deute-
rated water (2H2O) and deuterium enrichment in the DNA of thymocytes and naive T 
cells from the spleen was determined for the four weeks up and a subsequent 18 
weeks down-labeling period. It took about a week for the first labeled naive T cells to 
appear in the spleen, and they continued to accumulate for one week after the end 
of labeling (Fig.1), suggesting that these cells were labeled by cell division in 
another compartment, probably the thymus.  
 

The cellular turnover rates were estimated by fitting the labeling data to a 
mathematical model, which distinguishes between an average turnover or produc-
tion rate, p, and a death rate of labeled cells, d*. The average turnover rates of naive 
 

 
 

Figure 1 Estimation of average naive CD4+ and CD8+ T-cell turnover rates from deuterium 
labeling experiments. 12-week old (left graphs) and 85-week old mice (right graphs) were given 
4% 2H2O for four weeks. Each dot in the graphs represents the percentage of labeled naive CD4+ 
(upper graphs) or naive CD8+ T cells (lower graphs) in the spleen of one C57BL/6 mouse. The 
vertical lines mark the end of 2H2O administration at four weeks. The level of label enrichment 
was normalized to that of thymocytes (see Materials and Methods). The data were fitted with a 
mathematical model described in Materials and Methods. The estimated average turnover rate 
(p) and death rate of the labeled cells (d*) are given in each graph. 
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Table I Estimated average life spans of naive CD4+ and CD8+ T cells in euthymic and 
thymectomized mice 
 

Method Age Average life spans (days)a 

  Naive CD4 Naive CD8 
2H2O 12 weeks 48 (40 – 54)b 78 (66 – 95) 
 85 weeks 41 (36 – 46) 116 (92 –139) 

Cell counts 7 weeks 17 (15 – 20) 56 (50 – 62) 
 12 weeks 28 (24 – 34) 59 (53 – 65) 
 85 weeks 40 (34 – 50) 88 (83 – 91) 
 12 weeks (Tx) 74 (61 – 103) 130 (123 – 132) 
a The average life spans of young-adult and old mice were based on the estimated turnover rate (life span = 
1/p) from the deuterium labeling experiments (denoted by 2H2O), and on the combination of estimated 
parameters from the homeostatic cell death model and the T-cell count at the indicated age (denoted by 
Cell counts,  and where the average life span is defines as 1/(r+dnN), where N is the average number of 
naive T cells at the indicated age). 
b 95% confidence limits are given in brackets. 
 

 
CD4+ and CD8+ T cells in adult mice were found to be 0.021 and 0.013 per day 
(Fig.1), corresponding to average life spans (1/p) of 48 and 78 days, respectively 
(Table I). In contrast to what is commonly observed in deuterium labeling studies12, 
the death rates of labeled cells, d*, did not significantly differ from the average 
turnover rates, p (Fig.1), suggesting that naive T cells form a relatively homo-
geneous population. 
 
Contribution of the thymus 
Although deuterium labeling experiments provide the most reliable tool to estimate 
cellular turnover rates, they fail to distinguish between production of naive T cells in 
the thymus and their peripheral renewal13. In a separate set of experiments we 
therefore recorded the numbers of single positive (SP) CD4+ and CD8+ thymocytes 
and naive CD4+ and CD8+ T cells in the spleen and lymph nodes of normal euthymic 
or sham-thymectomized mice and mice that were thymectomized (Tx) at seven 
weeks of age (Fig.2). There were no significant differences in thymocyte or naive T-
cell numbers between normal mice and mice that were sham-thymectomized at 
seven weeks of age (data not shown), so that we combined the data from both mice 
in one euthymic control group. In euthymic mice, the numbers of SP CD4+ and CD8+ 
thymocytes were found to increase exponentially after birth, peaked at week 6/7, 
and decreased almost 40% during week seven. Hereafter, thymocyte numbers de-
clined exponentially at a rate of 50% per year (see Methods and Supplementary 
Figure S1, A). Naive T-cell numbers in spleen and lymph nodes peaked at week 7/8, 
and subsequently declined more slowly than the thymocyte pool (Fig.2). The decline 
in naive T-cell numbers after thymectomy was bi-phasic, with an early rapid loss, 
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followed by a long-lasting slower decline (Fig.2), suggestive for the existence of a 
homeostatic mechanism. 
 

To distinguish between production of naive T cells in the thymus and by peripheral 
T-cell proliferation, we devised a mathematical model that was fitted to the naive T-
cell counts of euthymic and thymectomized mice of different ages. The model des-
cribes thymus output, peripheral renewal, and naive T-cell loss, due to cell death or 
priming into the memory T-cell pool (see Methods). The model allowed for death 
rates that decrease when T-cell numbers decline as the mechanism of homeostasis 
(Fig.S1, B). The naive CD4+ and CD8+ T-cell counts of euthymic and thymectomized 
mice turned out to be described very well with a simple model that totally lacks 
peripheral renewal of naive T cells, and in which cellular death rates increase  
 

 
 

Figure 2 Size of the naive CD4+ and CD8+ T-cell populations over age in euthymic and 
thymectomized mice. T-cell numbers of naive CD4+ (left panels) and CD8+ ( right panels) T cells 
were determined in euthymic mice ( ) and mice which had been thymectomized at week 7 (+) in 
spleen (upper graphs) and PLNs (lower graphs). The population densities in control and 
thymectomized mice were fitted to a mathematical model allowing for a source from the thymus 
that is proportional to the number of SP thymocytes, and a cellular death rate that increases 
linearly with the population density (Fig. S1 and Materials and Methods). The best fit of the model 
to the combined data sets of spleen and lymph nodes of normal and thymectomized mice is 
depicted by the solid and dashed lines. Best fitting parameters are given in Supplementary 
Tables S1, S2 and S3, and corresponding average life spans are given in Table I. 
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Figure 3 Comparison of total daily production of naive T cells and thymic output. Total daily 
production of naive T cells in spleens from young-adult (12 weeks) and old mice (85 weeks) was 
determined by multiplying the estimated average production rates, p, from the 2H2O-labeling 
experiment (Fig.1) with the naive T-cell numbers in the spleen of individual mice. Thymic output 
of the same mice was calculated by multiplying the fraction of emigrating single positive 
thymocytes (  = 0.039) with the absolute number of single positive thymocytes of each mouse. 
Mean of the data is indicated by a horizontal bar. Mean of the data is indicated by a horizontal 
bar. The upper and lower horizontal bars represent the minimum and maximum values that could 
be attained (based on the confidence limits of p and ). 
 

 
linearly with the T-cell population density (Fig.2). According to this model the 
average life spans of naive CD4+ and CD8+ T cells in 12-week old mice are 28 and 
59 days, respectively, which is in reasonable agreement with the 48 and 78 day 
expected life spans estimated from the deuterium labeling experiments (Table I). 
Assuming that the export of naive T cells from the thymus is proportional to the 
number of SP thymocytes14 (depicted in Fig.S1, A), we estimated that every day 
3.9% (3.6 – 4.3%) of the SP-thymocyte pool emigrates from the thymus to the 
spleen. In 12-week old mice this corresponds to the emigration of 4.1 105 newly 
produced naive CD4+ and 1.7 105 naive CD8+ T cells to the spleen. Calculating the 
daily production by multiplying the average turnover rates (p) from the 2H2O experi-
ments with the actual number of naive T cells in the spleen, yielded numbers of 2.7 
105 for naive CD4+ T cells and 1.2 105 for naive CD8+ T cells. The similarity of this 
total daily production and daily thymic output shows that naive CD4+ and CD8+ T 
cells in young adult C57Bl/6 mice are hardly formed by peripheral T-cell proliferation 
(Fig.3). 
 

Since some studies suggest that decrease in naive T-cell numbers is compensated 
by increased proliferation15, we also analyzed the data with an alternative model, in 
which the rate of proliferation can increase when cell numbers become low (Fig.S1, 
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C). The fit of this alternative model to the data of control and thymectomized aging 
mice (Fig.S3) was almost as good as the fit with the model in which T-cell death 
rates were dependent on population densities (Fig.2). Because the alternative model 
gives the maximum proliferation rate that is still compatible with the data, it yielded a 
somewhat lower thymus output of 2.2% of the SP thymocytes emigrating to the 
spleen per day. In normal 12-week old mice, the average time between subsequent 
divisions was estimated to be 407 and 244 days for naive CD4+ and CD8+ T cells, 
respectively. Combining the estimated average life spans from the deuterium label-
ing experiment with this average interdivision time showed that the life spans of the 
naive T cells were 3 to 8-fold shorter than these interdivision times, reconfirming the 
finding that most naive T cells in normal mice make hardly any division during their 
stay in the naive T-cell pool. 
 
Old mice 
Knowing that naive T-cell production in young adult mice is almost exclusively due to 
T-cell production by the thymus, we studied how this changes when mice become 
old and have much lower thymus output. To this end, we performed deuterium label-
ing experiments in 85-week old mice (Fig.1). Naive CD4+ T cells in aged mice were 
found to have an average life span of 41 days, which did not significantly differ from 
that in 12-week old mice (48 days). The expected life span of naive CD8+ T cells 
was found to be 116 days, which is nearly 50% higher than that in young adult mice 
(78 days, Table I). Total daily production (p x N) of naive CD4+ and CD8+ T cells in 
85-week old mice was on average 1.4 105 and 0.6 105 respectively. The mean 
thymic output, based on the density-dependent death model, was estimated to 
contribute 1.0 105 naive CD4+ and 0.3 105 naive CD8+ T cells. Thus, even in very old 
mice, in which thymus output has dropped significantly, the majority of naive T cells 
were produced by the thymus, and not by peripheral T-cell proliferation (Fig.3). 
 

Of note, even in thymectomized mice, in which naive T-cell numbers were clearly 
reduced, naive T cells may hardly be formed by peripheral division. In 12-week old 
mice that were thymectomized at 7 weeks of age, the numbers of naive CD4+ and 
CD8+ T cells in the periphery can fully be explained by increased average life spans 
(of 74 and 130 days, respectively, Table I), due to reduced competition between T 
cells. Based on these data alone, one cannot exclude, however, that naive cell 
numbers in thymectomized mice may be partially maintained by peripheral T-cell 
proliferation. From 2H2O data in thymectomized mice we know that this is indeed the 
case. After 10 weeks of labeling approximately 24% of the naive CD4+ and CD8+ T 
cells was labeled, corresponding to a proliferation rate of 0.24/70=0.003 per day11. 
As 85-week old mice and 20-week old thymectomized mice have approximately 
three-fold decreased naive T-cell numbers compared to 20-week old control mice 
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(data not shown), this suggests that such drop in naive T-cell numbers may also 
lead to a similar compensatory proliferation rate in old mice. This compensatory 
proliferation rate is however only a small fraction compared to the total production 
rates of naive CD4+ and CD8+ T cells in old mice (p = 0.024 and p = 0.009, Fig.1). 
 
TREC dynamics in mice 
One important piece of evidence that naive T cells in humans undergo peripheral 
proliferation while maintaining the naive phenotype comes from the gradual decline 
in naive T-cell TREC contents with age. TRECs are stable episomal DNA circles that 
can only be formed in the thymus, and are not replicated during cell division. As a 
consequence the fraction of TREC+ naive T cells decreases when cells divide16;17. 
An experimental prediction from our modeling results is that – in contrast to humans 
– in normal aging mice the average TREC content of naive CD4+ and CD8+ T cells 
should not decrease. We tested this prediction by comparing the average TREC 
contents of thymocytes and naive T cells from normal euthymic mice of 20-39 and 
85 weeks of age. Indeed we found no evidence for TREC dilution in mouse naive T 
cells (Fig.4), which confirms our main finding that – irrespective of their age – naive 
CD4+ and CD8+ T cells in euthymic mice are almost exclusively formed by thymus 
output. Interestingly, even in thymectomized mice the fractions of TREC+ naive T 
cells were hardly decreased, showing that even under these relatively lymphopenic 
conditions mouse naive T cells are hardly formed by peripheral T-cell division. 
 

 
 

Figure 4 TREC analysis in thymocytes and T-cell subsets. The number of SjTRECs per 105 
naive T cells were determined by real time quantitative PCR in 20-56 week old mice (control 
[adult] or thymectomized [Tx] at week 7) and in 80-100 week old mice [old]. Horizontal bars 
depict median values. As controls TREC contents of memory T cells and thymocytes were 
included. TREC contents of naive T cells in adult, thymectomized and old mice did not differ 
significantly from each other. 
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DISCUSSION 
 

The recent introduction of stable isotope labeling in immunology has finally intro-
duced a reliable way to measure lymphocyte life spans, and has resolved important 
controversies on leukocyte life spans in the literature13. Here we applied stable 
isotope labeling to C57BL/6 mice to measure the daily production rates of naive 
CD4+ and CD8+ T cells in young and old mice. In young adult mice, naive CD4+ T 
cells were found to have an average life span of about 48 days, which did not 
change when the mice aged, but was estimated to double to 74 days when naive T-
cell counts decreased after thymectomy. Naive CD8+ T cells in young adult mice 
were found to have an average life span of 78 days, and to live somewhat longer 
when the mice got older (116 days) or were thymectomized (130 days). The 48-day 
expected life span of naive CD4+ T cells based on deuterium labeling is in good 
agreement with previous estimates based on BrdU labeling18. Parretta et al. recently 
studied naive CD8+ T-cell dynamics in thymectomized C57BL/6 mice using BrdU 
labeling19 and found a 2.5-fold shorter expected life span of 52 days compared to 
the 130 days that we estimated, but agree that these cells hardly divide. Because 
they excluded potential cytotoxicity of BrdU19 the reason for this 2,5-fold difference 
remains unclear. The expected life spans of naive CD4+ and CD8+ T cells in 
C57BL/6 mice imply that during the lifetime of their host (approximately 100 weeks), 
these cells are replaced about 10-15 times. Similarly, the expected life spans of 
naive CD4+ (6 years) and CD8+ T cells (9 years) in humans that we previously 
estimated using deuterium labeling11 amount to 10-15 rounds of replacement during 
the life span of their human host.  
 
Despite these similarities between mouse and human lymphocyte life spans, we 
observed a major qualitative difference between naive T-cell dynamics in mice and 
men. By combining deuterium labeling and thymectomy experiments in mice with 
mathematical modeling, we found that – in contrast to human naive lymphocytes – 
mouse naive T cells are hardly formed by peripheral T-cell proliferation. The limited 
role for peripheral T-cell proliferation in the maintenance of the naive T-cell pool in 
mice that we report here is fully compatible with results from a classical study by 
Tough and Sprent18, which reported 10% BrdU+ naive T cells after five weeks of 
BrdU-labeling in thymectomized C57BL/6 mice, and with our own previous findings 
in thymectomized C57BL/6 mice after nine weeks of deuterium labeling11. 
Expressing this percentage of labeled cells in terms of a daily production rate, these 
data suggest that - at maximum - a fraction p = 0.10/35 = 0.003 of all naive T cells in 
euthymic mice undergoes peripheral proliferation while maintaining the naive pheno-
type per day, which is indeed about five to ten times smaller than the total daily 
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production rates for naive CD4+ and CD8+ T cells respectively, in normal mice that 
we estimated here. Similar low division rates following thymectomy have recently 
been reported19. Of note, the true contribution of peripheral T-cell proliferation to the 
maintenance of the naive pool in healthy mice may be even lower, because division 
rates of naive T cells might be slightly increased after thymectomy, due to low T-cell 
numbers.  
The conclusion that peripheral T-cell proliferation hardly contributes to the 
maintenance of the naive T-cell pool in mice was confirmed by a lack of TREC 
dilution in the naive T-cell compartment of ageing mice. In humans, there is ample 
evidence that naive T-cell TREC contents decline about 10-fold from early adulthood 
to old age20-22. This gradual TREC dilution has been shown to be evidence for peri-
pheral T-cell proliferation within the naive lymphocyte pool of humans16;17. A recent 
study from our own laboratory pointed out that at most 10% of naive T cells in 
healthy human adults have never divided in the periphery (Vrisekoop et al. manus-
cript in preparation), showing that peripheral renewal plays a major role in the 
maintenance of the naive T-cell pool of young human adults.  
 
What could be responsible for these qualitative differences between mouse and 
human lymphocyte kinetics? In adult humans, the amount of productive thymic 
tissue decreases approximately 5% per year3, which corresponds to a decline rate of 
0.00014 per day. In adult mice we estimate that the number of SP thymocytes de-
clines at a rate of 0.0014 per day (see Methods), which is 10-fold faster than in 
humans. Qualitatively, the mouse therefore seems a good model with respect to the 
regression of the thymus after puberty. However, because humans live about 40-fold 
longer than C57BL/6 mice, their 10-fold slower loss of productive thymic tissue still 
means that at old age the relative contribution of the thymus is much smaller than 
that in mice. 
 
Although we cannot exclude that our results would have been different in different 
strains of mice (with different thymus output) or in mice exposed to pathogens, our 
results at least show that one should be extremely careful when applying insights 
obtained from this widely-used mouse model to the human situation. 
 
It has previously been proposed that the naive T-cell pool consists of two different 
subsets with different kinetics: a pool of recent thymus emigrants (RTE), with an 
expected life span of about 3 weeks, and a subset of resident naive T cells with 
slower turnover18;19;23;24. Our previous deuterium labeling studies provided no 
evidence for such kinetic differences within the naive T-cell pool of young human 
adults. On the contrary, recently-produced naive T cells in human adults were found 
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to have a larger life expectancy than resident naive T cells, because the loss rate of 
labeled cells, d*, was found to be lower than the average production rate p11. In 
mice, the loss rates of labeled cells, d*, did not significantly differ from the average 
production rates, p, suggesting that naive T cells in adult mice form a relatively 
homogeneous population. Indeed, we here showed that naive T-cell numbers in eu-
thymic and thymectomized mice can perfectly be explained by a model that does not 
incorporate separate RTE dynamics.  
 
The major implication of this work is that one cannot freely extrapolate naive T-cell 
kinetic data from young adult (or old) mice to young adult (or old) humans, for the 
main mechanism by which naive T-cell numbers are maintained is qualitatively 
different in mice and men. 
 
 

MATERIALS AND METHODS 
 

Mice 
C57Bl/6 mice were maintained by in-house breeding at the Netherlands Cancer 
Institute in Amsterdam (thymectomy experiment) or the Central Animal Facility at 
Utrecht University in Utrecht (2H2O labeling) under specific pathogen-free conditions 
in accordance with institutional and national guidelines. Thymectomy was performed 
as described previously11. 2H2O labeling was achieved by giving 12-week old mice 
one boost injection (i.p.) of 15 ml/kg with 99.8% 2H2O (Cambridge Isotopes, Cam-
bridge, MA), followed by subsequent feeding with 4% 2H2O in drinking water for four 
weeks. 
 
Antibodies 
PE-conjugated antibodies recognizing CD62L (clone MEL-14), PerCP-labeled CD4 
(clone RM4-5) and CD8 (clone 53-6.7), APC-labeled CD44 (clone IM7) were pur-
chased from BD Biosciences PharMingen (San Diego, CA). 
 
Cell preparation and flow cytometry 
Spleen, (axillary, brachial, inguinal and superficial cervical) PLNs and (if present) 
thymus were isolated from C57Bl/6 mice of different ages and mechanically 
disrupted to obtain single cell suspensions. Cell preparation and FACS staining were 
performed as previously described11. Cells were analyzed on a LSR II flow cyto-
meter and BD FACSDiva software. Naive (CD62L+, CD44-) cells were sorted using a 
FACSAria cell sorter and FACSDiva software (BD). The average purity was: 98.4 ± 
1.0% (naive CD4+, 96.3 – 99.7%), 97.2 ± 1.6% (effector/memory CD4+, 92.8 – 
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99.2%), 98.4 ± 1.1% (naive CD8+, 94.8 – 99.7%) and 96.0 ± 2.1% (effector/memory 
CD8+, 89.6 – 99.3%). Thymocytes and sorted T cells were frozen until further 
processed. 
 
Measurement of 2H2O enrichment in serum and DNA 
Deuterium enrichment in serum was measured as reported by Previs et al25. The 
isotopic enrichment of DNA was determined as previously described11. 
 
Mathematical modeling of thymectomy data 
Using a simple mathematical model to quantify naive T-cell dynamics in control and 
thymectomized mice, we considered that under normal conditions naive T cells are 
maintained by thymic output and peripheral T-cell proliferation, whereas the cells are 
lost via differentiation into effector/memory T cells and through cell death. Thymic 
output was described by a phenomenological function f (t), which was proportional to 
the number of single positive (SP) thymocytes (explained in the next section). We 
allowed for a delay  of cells circulating from the thymus to the periphery similar to 
that estimated from the heavy water experiment,  = 4.1 days. 
Both cell death (dnN), (Fig.S1, B) and proliferation 

q
N

r

+1

  (Fig.S1, C) were assumed to 

be density-dependent, assuming cells to proliferate more and live longer under 
lymphopenic conditions, when survival signals are more abundant. The number of 
naive T cells is consequently given by: 

2

1
f NdN

q
N

r+)(t=N' n−
+

Δ−ε  

 
To investigate the minimum model required to describe the data we considered two 
extreme cases of the mathematical model by assuming: 

(i). a density-independent proliferation rate keeping death density-dependent: 
2f NdrN+)(t=N' n−Δ−ε , and 

(ii). a density-independent death rate keeping proliferation density-dependent: 

NdN

q
N

r+)(t=N' n−
+

Δ−
1

fε
  

Of note: since naive T cells do have an intrinsic (limited) lifespan23, also density-
independent death will occur. As proliferation, differentiation and density-
independent cell death were all proposed to be constant, a net proliferation rate (r) 
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was used in model (i). Likewise, in case of model (ii), the net death rate includes 
differentiation. 
Since T cells continuously recirculate around the body, it is reasonable to expect 
that naive T-cell dynamics in different body organs is similar. Thus we simul-
taneously modeled dynamics in the spleen and peripheral lymph nodes (PLN), 
relating the two with a proportionality coefficient (t), dependent on cell densities in 
the two organs such that spleenPLN (t)N =N ψ . 

In the first weeks, when t = ς, the increase in the Spleen/PLN ratio is described by 

)te(t x11)( −= θψ  after which the ratio decreases. This second phase is described in 

control mice by ( ) −−−= −− )(tez+)(tezt xx ςςςψψ 3
1

2
1 1)()( . However in thymecto-

mized mice, from the time of thymectomy, t = Toff, the spleen/PLN ratio is then 

described by ( ) −
−

−
=

−− )T(t
ez+

)T(t
ezT offyoffy

off
3

2
2

2 1)((t) ψψ . 

The proportionality function (t) was fitted to data and the parameter estimates of 
the best fit (Fig.S2) are given in Supplementary Table S2.  
 
Mathematical modeling of thymic output 
We describe the dynamics of single positive thymocytes using a function f(t) which is 
a modification of the thymic involution function described by Steinmann et al3. While 
the generation of CD4+ and CD8+ SP thymocytes takes different routes, the mecha-
nism and a driving force of thymic involution is the same. As such we consider that 
CD4+ and CD8+ SP thymocytes have different filling up dynamics but have the same 
thymic involution dynamics. 
Thymic output is described by a function that is made up from a sum of exponents 
with constants v1, v2 and v3 describing the rate at which the thymus becomes popu-
lated by thymocytes (v1) and two rates describing the involution of the thymus. 
During the first few weeks of life, the thymus fills up at a rate v1 per day such that 

)1)( 1te(tf v−= σ  until time t = Toff. If there was no thymic involution,  would be the 

maximum number of SP thymocytes, but due to the onset of thymic involution at 

time Toff, the maximum is )1 1 offv T
e( −σ  cells.  

Thymic involution, starting at Toff, is biphasic and is hence described by a sum of two 
exponents. The constant v2 describes initial and faster slope and v3 describes the 
later and slower slope during thymic involution. These two exponents are weighted 

by a constant such that ( ) ( ) ( )[ ]offoff TtvTtvoffv
ee

T
e(tf −−−− −+−= 32 1)1)( 1 γγσ    from time t 

= Toff onwards. In both CD4+ and CD8+ SP thymocytes, involution resulted in a drop 
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of more than 50% within a week resembling a partial thymectomy. The parameter 
values of the best fit to the SP thymocytes data are shown in Supplementary Table 
S3. 
 
Mathematical modeling of 2H2O data 
Enrichment data were fitted using a previously developed mathematical model 
(Chapter 4). The best fit for the plasma data is shown in Supplementary Figure S4 
and the corresponding parameter estimates are given in Supplementary Table S5. 
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SUPPLEMENTARY INFORMATION 
 
 

 
 

Supplementary Figure S1 Visual representation of model parameters: Age-dependent number 
of CD4+ ( ) and CD8+ ( ) single positive thymocytes from C57Bl/6 mice of different ages (A), 
model parameters visualizing density-dependent death (B), and density-dependent proliferation 
(C). 
 
 
 
 
 

 
 

Supplementary Figure S2 Proportionality function  (t) correlating naive CD4+ (A) and naive 
CD8+ (B) T-cell dynamics in spleen and peripheral lymph nodes, based on cell densities in the 
two organs. Solid and dashed lines represent the best fits of the proportionality function to data 
from control ( ) and thymectomized mice (+), respectively. Model parameters are provided in 
Supplementary Table S2. 
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Supplementary Figure S3 Massive loss of naive T cells after thymectomy of adult mice. Best fits 
of density-dependent proliferation model through naive CD4+ and naive CD8+ T-cell counts in 
spleen and peripheral lymph nodes in control ( ) and thymectomized (+) C57Bl/6 mice. The 
cellular death rates were fixed to the estimates obtained with deuterium labeling (Fig.1). Best 
fitting parameters are given in Supplementary Tables S2, S3 and S4. 
 
 
 

 
Supplementary Figure S4 Best fits of plasma and thymocyte enrichment in young and old mice. 
Parameter values are given in Supplementary Table S5. 
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Supplementary Table S1 Parameter estimates as estimated by the density-dependent death 
model. The 95%-confidence intervals are given between parentheses and were determined by 
the bootstrapping method26. 

 Parameter Value (confidence limits) 

CD4 dn (x 10-9 day-1) 2.930 (2.536 – 3.333) 

 rn (x -10-4 day-1) 8.648 (0.419 – 27.85) 

CD8 dn (x 10-9 day-1) 2.309 (1.835 – 2.812) 

 rn (x 10-3 day-1) 4.075 (1.257 – 6.799) 

Shared  (x 10-2 day-1) 3.930 (3.586 – 4.299) 

 
 
 
Supplementary Table S2 Parameters values and 95% confidence limits for the best fit of the 
function (t) to CD4+ and CD8+ naive T cells in PLN and spleen for both control and thymec-
tomized mice (see Supplementary Figure S2). 

Parameter Value (confidence limits) 
 CD4 CD8 
 1.578 (1.197 – 2.373) 5.401 (1.399 – 18.58) 

x1 0.098 (0.049 – 0.168) 0.017 (0.004 – 0.096) 
x2 0.024 (0.020 – 0.030) 0.022 (0.015 – 0.030) 
x3 0 0 
y2 0.025 (0.016 – 0.041) 0.024 (0.011 – 0.054) 
y3 0 0 
z1 0.723 (0.692 – 0.750) 0.576 (0.523 – 0.618) 
z2 0.679 (0.597 – 0.784) 0.459 (0.363 – 0.589) 

 14.00 (11.56 – 18.16) 14.72 (11.56 – 19.50) 

 
 
 
Supplementary Table S3 Parameters values and 95% confidence limits for the best fit of the 
thymic output function to CD4+  and CD8+ single positive thymocytes (see Supplementary Figure 
S1, A). 

 Parameter Value (confidence limits) 
CD4  (x107 cells) 3.459 (3.224 – 3.772) 
 1 (day-1) 0.084 (0.065 – 0.106) 

CD8  (x107 cells) 1.679 (1.074 – 9.786) 
 1 (day-1) 0.023 (0.003 – 0.056) 

Shared 2 (day-1) 0.001 (0.001 – 0.002) 

 3 (day-1) 0.524 (0.187 – 2.961) 
 Toff (days) 46.88 (42.00 – 48.58) 
  0.352 (0.313 – 0.384) 
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Supplementary Table S4 Parameter estimates as estimated by the density-dependent 
proliferation model. The 95%-confidence intervals are given between parentheses and were 
determined by the bootstrapping method26. 

 Parameter Value (confidence limits) 

CD4 rn (day-1) 1.000 (1.000 – 1.000) 

 k (x 104) 2.303 (2.128 – 3.286) 

CD8 rn (day-1) 1.000 (1.000 – 1.000) 

 k (x 104) 3.095 (2.694 – 3.273) 

Shared  (x 10-2 day-1) 2.162 (2.112 – 2.270) 

 
 
 
Supplementary Table S5 Parameters values and 95% confidence limits for the best fit of the 
serum and thymocytes heavy water enrichment from young and old mice shown in Supple-
mentary Figure S4. 

 Parameter Value (confidence limits) 
S0 0.015 (0.012 – 0.018) 

ds (day-1) 0.261 (0.230 – 0.272) 
Serum 

 (day-1) 0.006 (0.006 – 0.007) 

p young mice (day-1) 0.416 (0.377 – 0.468) Thymocytes 

p old mice (day-1) 0.307  (0.254 – 0.470) 
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ABSTRACT 
 

It has recently become generally accepted that chronic immune activation in HIV-1 
infection plays an important role in CD4+ T-cell depletion. The role of thymic impair-
ment by HIV-1 is however still debated. We here show that even in the context of 
substantial thymic output, chronic immune activation can lead to severe naive T-cell 
depletion. In CD70Tg mice, excessive immune activation via CD27/CD70 results in 
the accumulation of T cells with an effector/memory phenotype and depletion of 
naive T cells. We studied T-cell numbers in normal and hyper-immune mice with 
different amounts of thymic output. Our data show that hyper-activation on its own is 
sufficient to cause naive T-cell depletion, and reduced thymic output accelerates 
this. Fitting the data with a mathematical model confirmed the impact of hyperacti-
vation on naive T-cell depletion. Continuous immune activation also induced enhan-
ced PD-1 expression, and administration of IL-7 to the transgenic mice killed the 
mice within a few days. Administration of immune stimulatory mediators to untreated 
HIV patients could therefore also have adverse effects. 
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INTRODUCTION 
 

CD4+ T-cell depletion is the hallmark of HIV-1 infection. Thanks to decades of inten-
sive research it has become accepted that chronic immune activation is one of the 
main drivers of naive CD4+ T-cell depletion in HIV-1 infection, and that direct killing 
of naive CD4+ T cells by the virus plays a minor role1;2. The topical question 
addresses the mechanism by which immune activation drives naive T-cell depletion. 
Continuous priming of naive T cells either by HIV-1 or by an increased microbial 
pressure might be involved in this process3;4. The role the of impairment of de novo 
thymic production of T cells in CD4+ T-cell depletion is still a matter of debate5-7. 
Loss of lymphoid cells and profound stromal damage has been observed in the thy-
mus of HIV-1 infected patients8. Since thymic output in human adults contributes 
only marginally to the maintenance of the peripheral T-cell pool (Vrisekoop et al, 
manuscript in preparation), the effect of thymus dysfunction on naive T-cell depletion 
remains questionable however. 
Exhaustion or functional impairment of the T-cell compartment also hampers T-cell 
immunity in HIV-1 infected individuals. Loss of functional capacity, like cytotoxicity, 
cytokine production and proliferative capacity, is thought to reflect prolonged exces-
sive immune activation and to correlate with disease progression. Enhanced 
expression and function of inhibitory receptors like CTLA-4 and PD-1 might reflect 
this dysfunction, and blockade of these receptors improves in vitro T-cell function 
and vaccination responses in SIV-infected macaques9-13. Based on these 
observations PD-1 blockade is being considered as a treatment option in HIV 
infection. 
Upon highly active antiretroviral therapy (HAART) of HIV-infected individuals, the 
viral load usually decreases and naive T-cell numbers slowly increase14;15. Slow T-
cell recovery is a problem in some HIV patients, and stimulation of T-cell reconstitu-
tion might therefore be beneficial. So far IL-2 and GH treatment have been used in 
HIV patients. IL-2 treatment typically increased CD4+ regulatory T cells16;17; in con-
trast, GH treatment significantly increased T-cell numbers and had little adverse 
effects18. IL-7 has potent stimulatory effects on T-cell numbers and T-cell diversity in 
healthy humans19, but has not yet been tested in HIV patients. 
In this study we addressed the effect of chronic immune activation and thymic output 
on naive T-cell depletion in mice. We studied wild-type mice and two CD70Tg 
mouse lines in which continuous CD27/CD70 interaction induces chronic immune 
activation. We used a mathematical model to investigate the main effects of 
CD27/CD70, eventually leading to T-cell depletion. We found that CD70Tg mice 
have a reduced but functional thymic output, because further reducing their thymic 
output caused substantial naive T-cell loss. The hyper-activation in CD70Tg mice is 
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also responsible for naive T-cell depletion, and induces naive T-cell depletion in 
mice with normal thymic output. Continuous immune stimulation enhanced PD-1 
expression, which might be a protective mechanism against immunopathology by 
excessive amounts of effector cells, as suggested by the lethal effect of IL-7 
administration. In conclusion our data suggest that immune activation by itself may 
induce severe immune depletion in situations of marginal thymic output, as found in 
human adults. 
 
 

RESULTS 
 

Chronic stimulation of murine T cells via CD27 in CD70Tg-F13 mice induces exces-
sive differentiation of naive CD4+ and CD8+ T cells into effector/memory T cells and 
accelerates thymic involution20. To investigate to what extent both effects contribute 
to the observed naive T-cell decline in CD70Tg-F13 mice, we measured thymocyte 
and T-cell subset numbers in the spleen of control and thymectomized wild-type and 
CD70Tg-F13 mice, and applied mathematical modeling to interpret the data. 
Thymectomy of 7-week old mice resulted in a rapid decline of naive T-cell numbers, 
both in wild-type C57Bl/6 and CD70Tg-F13 mice (Fig.1), demonstrating that also in 
transgenic mice thymic output plays an important role in the maintenance of the 
naive T-cell compartment, despite the observed thymic involution. The loss of naive 
T cells was however most rapid in thymectomized CD70Tg-F13 mice, and the naive 
T-cell decline in these mice markedly exceeded the naive T-cell decline in wild-type 
thymectomized mice, demonstrating that next to accelerated thymic involution, con-
tinuous immune activation further decreased naive T-cell numbers in these mice 
(Fig.1). 
 
To quantify the effect of the decline in thymic output and the increase in immune 
activation, we fitted the data to a mathematical model. In this model naive T cells are 
maintained by export of a daily fraction ( ) of the total number of single positive (SP) 
thymocytes (f(t)), and are lost via cell death and a constant rate of cell priming. Since 
both priming and peripheral renewal are taken to occur at a fixed rate, i.e. are 
density-independent, the resultant priming rate (rn) is a net rate, combining both 
characteristics. Naive T-cell homeostasis is accounted for by introducing density-
dependent cell death in the model, where naive T cells are thought to live longer at 
low T-cell densities when survival factors are more abundant. 
Effector/memory T cells are produced by peripheral renewal and naive T-cell pri-
ming, followed by subsequent clonal expansion. Effector/memory T cells are lost by 
density-dependent death. We fitted the wild-type and CD70Tg data simultaneously  
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Figure 1 Decline in naive T-cell numbers after thymectomy of C57Bl/6 and CD70Tg-F13 mice. 
(A) Age-dependent number of single positive (SP) thymocytes in CD70Tg-F13 mice of different 
ages ( ). For clarity only the data points from CD70Tg-F13 mice are shown; data points from 
C57Bl/6 mice are shown in Chapter 5. The number of SP thymocytes in both mouse strains was 
described by a phenomenological model (see methods). (B, C) Total number of (B) naive and (C) 
effector/memory (E/M) CD4+ and CD8+ T cells in the spleen of thymectomized (+) and control (•) 
CD70Tg-F13 mice. The dashed-dotted and thin dashed lines represent the best fits of control and 
thymectomized CD70Tg-F13 mice; solid and thick dashed lines the best fits of control and thy-
mectomized C57Bl/6 mice, respectively. Model parameters are provided in Table I. 
 

 
allowing for different priming rates (rn) and clonal expansion rate (a) between the two 
data sets. All other parameters were assumed to remain unaffected in CD70Tg-F13 
mice (allowing other parameters to vary, failed to improve the quality of the fits). The 
estimated parameter values for the best fit of the model to the data are shown in 
Table I. 
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Table I. Parameter estimates for C57Bl/6, CD70Tg-F12 and CD70Tg-F13 mice as estimated by 
the mathematical model. The 95%-confidence intervals are given between parentheses and were 
determined by the bootstrapping method21. 

  CD4 CD8 
C57Bl/6 rn (day-1)   0.000 (-0.003 – 0.002) -0.003 (-0.006 – 0.000) 
 a (day-1)   0.012 (0.007 – 0.021)   0.000 (-0.029 – 0.021) 

CD70TG-F12 rn (day-1) 0.059 (0.052 – 0.078) 0.021 (0.017 – 0.029) 
 a (day-1) 0.038 (0.026 – 0.046) 0.089 (0.042 – 0.117) 

CD70TG-F13 rn (day-1) 0.015 (0.012 – 0.018) 0.012 (0.010 – 0.015) 
 a (day-1) 0.080 (0.056 – 0.137) 0.221 (0.149 – 0.616) 

Shared dn (x 10-9 day-1) 2.894 (2.501 – 3.385) 2.103 (1.623 – 2.678) 
 rm (day-1) 0.057 (0.033 – 0.099) 0.288 (0.224 – 0.537) 
 h (x 106) 2.008 (0.869 – 4.280) 1.082 (0.264 – 3.320) 
 dm (day-1) 0.018 (0.010 – 0.032) 0.065 (0.037 – 0.013) 
  (day-1) 0.041 (0.038 – 0.045) 
 

 
By the best fit of the model we estimated that in both wild-type and CD70Tg-F13 
mice 4% of the number of SP thymocytes was exported on a daily basis (Table I:  = 
0.041 per day). Since the size of the thymus was different between C57Bl/6 and 
CD70Tg-F13 mice (Fig.1), the absolute number of emigrating SP thymocytes per 
day was reduced in CD70Tg-F13 mice (e.g., in 12-week old CD70Tg-F13 mice this 
amounts to a 15% and 25% reduction for CD4+ and CD8+ RTE, decreased naive T-
cell numbers in CD70Tg-F13 mice, but thymic output continues to contribute to the 
maintenance of the naive T-cell pool in these mice. In CD70Tg-F13 mice we esti-
mated a daily loss of 1,5% and 1,2% of the naive CD4+ and CD8+ T cells, 
respectively, by priming only (rn = 0.015 and 0.012; Table I). Indeed the average life 
spans of naive T cells in 12-week old CD70Tg-F13 mice are 15% to 30% shorter 
than those in wild type mice (Table II). The increased naive T-cell priming was also 
reflected in the memory pool. Compared to the wild-type situation in 12-week old 
mice there were at least 2,5 fold more effector/memory T cells produced by T-cell 
differentiation. As a result, 60% of the CD4+ and 47% of the CD8+ memory cells in 
CD70Tg-F13 mice were produced by naive T-cell activation and their subsequent 
expansion. In contrast, in wild-type mice more than 60% of the memory T cells were 
formed by renewal. Summarizing, continuous activation in CD70Tg-F13 mice 
decreased thymic output and increased naive T-cell priming, and both contributed 
about equally to the naive T-cell depletion in these mice. 
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Table II. Effects of immune activation on naive CD4+ and CD8+ T-cell life span. Life spans (in 
days) of naive CD4+ and CD8+ T cells were calculated for 12-week old mice.  

C57Bl/6 CD70Tg-F13  

Naive CD4 Naive CD8 Naive CD4 Naive CD8 

Control 26   56 22 40 

Thymectomized 59 104 39 53 
 

 
Strength of immune activation correlates with the amount of T-cell depletion 
For our initial analysis of CD27 function, we generated two CD70Tg lines22. The 
second CD70Tg strain, F12, also constitutively expresses CD70, but at a lower level. 
The F12 line has more physiological levels of CD70 expression, and these mice 
have increased fractions of effector/ memory T cells, but less than CD70Tg-F13 
mice. Additionally, CD70Tg-F12 mice show no signs of enhanced thymic involution 
compared to wild-type mice (Fig.2), suggesting a normal thymic output23. The main 
dynamic difference between C57Bl/6 mice and CD70Tg-F12 mice would therefore 
be the peripheral activation rates. To address the effect of continuous immune acti-
vation in the context of a fairly normal thymic output we measured thymocyte and T-
cell numbers in CD70Tg-F12 mice and fitted the same mathematical model com-
bining the data sets of all three types of mice. The naive and effector/memory T-cell 
numbers in CD70Tg-F12 mice can again be explained by an increased priming and 
clonal expansion rate (Table I). Since thymic output is normal in the F12 mice, this 
shows that enhanced priming is sufficient to decrease naive T-cell numbers. Com-
parison of the parameters of CD70Tg-F12 and CD70Tg-F13 mice showed that the 
clonal expansion rate, a, was highest in CD70Tg-F13 mice, but the priming rate, rn, 
was highest in F12 mice. Since the clonal expansian rate, a, combines naive T-cell 
priming with their subsequent clonal expansion, this suggests a much more exten-
sive clonal expansion in F13 mice. 
 
Increased fraction of PD-1 expressing memory cells in CD70Tg mice 
Remarkable differences were observed when evaluating the life span of the different 
animals: control C57Bl/6 mice lived on average 24 months, CD70Tg-F13 mice lived 
only 5-6 months, and thymectomy had no influence on these life spans (data not 
shown). Since thymectomy does lower naive T-cell numbers in CD70Tg-F13 mice, 
low naive T-cell numbers by themselves fail to explain the short life span of F13 
mice. We therefore tested whether continuous immune activation has additional 
effects on immune-function. Regulatory T cells were measured by the number of 
CD4+ CD25+ CD103+ GITR+ T cells, and we measured exhaustion of memory cells 
by analysing the fraction of PD-1 expressing cells within this compartment. 
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Figure 2. Comparison of thymocyte and T-cell counts in C57Bl/6, CD70Tg-F12 and CD70Tg-F13 
mice. Best fits through the number of (A) SP thymocytes, (B) naive and (C) effector/memory T-
cell numbers in C57Bl/6 (solid line), CD70Tg-F12 (dotted line) and CD70Tg-F13 mice (dashed-
dotted line). Data points from CD70Tg-F12 mice are given as black dots. Model parameters are 
given in Table I. 
 

 
Continuous expression of CD70 at young age increased the fraction and the number 
of regulatory T cells in both spleen (Fig.3, A) and peripheral lymph nodes (data not 
shown). In older mice this effect seemed to revert, as the number of regulatory T 
cells was two-fold decreased in old F12 mice. PD-1 expression was increased in the 
CD4+ and CD8+ memory compartment in the spleen (Fig.3, B) and in the PLN (data 
not shown). This increase of PD-1 expression was seen in both transgenic lines, but 
was most pronounced in the spleen of the CD70Tg-F13 line. In both lines the effect 
was stronger in older mice. This permanently increased expression of PD-1 within 
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the memory compartment may indicate immune exhaustion and may partially 
explain the immune dysfunction at old age. 
 
IL-7 treatment is lethal for CD70Tg-F13 but not C57Bl/6 mice 
IL-7 administration has been used as treatment for T-cell depleted patients. IL-7 
enhances thymic function and restoration of naive T-cell pool24;25, and IL-7 can 
down-regulate PD-1 expression26. We aimed to treat six C57Bl/6 and six CD70Tg- 
F13 mice for three weeks with hIL-7 to investigate whether we could improve their T- 
 

 
Figure 3. Functional characteristics of CD70Tg mice. (A) The percentage CD25+ CD103+ GITR+ 
regulatory T cells within the CD4+ T-cell population, the absolute number of regulatory T cells, 
and (B) the percentage of PD-1+ cells within the CD4+ and CD8+ T-cell pool were determined in 
the spleen of C57Bl/6 ( ), CD70Tg-F12 (+), and CD70Tg-F13 mice ( ) of different ages. Solid, 
dotted and dashed dotted lines in (A) represent the average trend in C57Bl/6, CD70Tg- F12 and 
CD70Tg-F13 mice. (C) Splenocytes were isolated from 19-week old control ( ) and IL-7 treated 
C57Bl/6 ( ) and control ( ) and IL-7-treated CD70Tg-F13 mice ( ). The cells were stimulated for 
4h with PMA/ionomycin in the presence of Brefeldin A, and subsequently intracellularly stained 
with IFN . The symbols depict the percentage of positive cells within the CD4 or CD8 gated cells. 
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cell numbers and immunity to enhance their life span. Unexpectedly, all CD70Tg-
F13 mice died between two to fifteen days after start of the experiment, while the 
C57Bl/6 mice remained healthy. Repeating the experiment with a two-day treatment 
period, we could not find any evidence for an enlarged thymus, or enhanced T-cell 
numbers. However, despite the short treatment period, hIL-7 appeared to improve T-
cell function as the percentage of IFN-  producing CD8+ T cells in CD70Tg-F13 mice 
tended to be increased (Fig.3, C). 
 
 

DISCUSSION 
 

In this study we addressed the effect of continuous immune activation in mice 
constitutively expressing CD70. Although enhanced immune activation by itself was 
sufficient to reduce naive T-cell numbers, we only observe severe depletion in young 
mice in the context of accelerated thymic involution. In these mice thymic output 
plays an important role in the maintenance of naive T-cell numbers, and in young 
mice there seems to be an overproduction of naive T cells by the thymus that is 
compensated for by a transient increase of the death rate (see Chapter 5). Total 
naive T-cell depletion is therefore difficult to achieve, and seems unfeasible in our 
model because of the limited number of cells expressing CD70. In human adults with 
a much lower thymic output, however, even moderately enhanced priming rates may 
lead to severe T-cell depletion. 
The estimated priming rates, rn, in CD70Tg mice were around 1 to 6% per day, but 
this might be an underestimation of the true priming rate in CD70Tg mice as in our 
mathematical model the priming rate is the net result of a positive renewal rate and a 
negative priming rate. Analysis of Ki-67 expression indeed showed increased frac-
tions of proliferating cells within the naive and memory compartments in CD70Tg 
mice. This might indicate that in the CD70Tg system increased renewal compen-
sates somewhat for the naive T-cell loss by increased priming. The increased Ki67 
expression in the naive compartment is also readily explained by the increased 
clonal expansion however, i.e., by phenotypically-naive proliferating transitional cells 
that are on their way to the memory compartment. 
 
Despite an overall similarity, careful analysis of F12 and F13-transgenic mice 
revealed several differences. In line with our expectations based on the level of 
CD70 expression, we saw a higher number and more differentiated phenotype of 
memory cells in F13 mice, an increased fraction of memory cells expressing PD-1, 
and estimated the largest contribution of clonal expansion on memory T-cell pro-
duction in CD70Tg-F13 mice. The most striking difference was the difference in life 
spans of the mice. Both failing immunity and disturbed haematopoiesis could be the 
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explanation for this difference. At the time of death (at 5-6 months), T-cell numbers 
are so much reduced in CD70Tg-F13 mice that opportunistic infections are to be 
expected. This need not be the explanation however, because individuals and mice 
with extremely low (naive) T-cell numbers can live without clinical complications. 
Nef-transgenic mice have dramatically reduced T-cell numbers, but have a normal 
life span, without overt increases in infection incidence27. In addition, healthy Ethio-
pians, that are reported to have several features of chronic immune activation, 
exhibit reduced proportions of naive T cells and a diminished TREC content, but do 
not die prematurely as a consequence of aids-like symptoms (Tsegaye et al, 
manuscript in preparation). Chronic immune activation does lead to exhaustion of 
the memory pool in HIV-1 infection, and our PD-1 and cytokine data suggest that 
this is also the case in the transgenic mice. It might thus be that it is the combination 
of low naive numbers and an exhausted memory compartment causing the immune 
failure and death in CD70Tg mice. We indeed observed CD70Tg-F13 mice suffering 
and dying from opportunistic infections20. Alternatively, the enormous numbers of 
IFN-  producing effector cells in the CD70Tg mice22 could indirectly cause immuno-
pathology, and the premature death of these mice. Severe anaemia is observed in 
some old CD70Tg mice, and IFN-  inhibits erythropoiesis28. Enhancement of T-cell 
numbers producing IFN-  and TNF-  has been implicated in hematopoietic destruct-
tion in aplastic anemia29. 
When we treated CD70Tg-F13 mice with hIL-7, with the idea that this would in-
crease their life span, the result was dramatic. None of the mice survived the 
treatment. Studies on the role of Fas-induced death in CD70Tg mice have shown 
that increased numbers of effector cells leads to immunopathology, and an even 
more premature death of the mice30. IL-7 is known to induce CD8+ memory T-cell 
proliferation, and in combination with TCR triggering, is known to abate PD-1 
expression26. Administration of this cytokine to the CD70Tg mice could thus have led 
to a massive increase of functional memory T cells causing the death of the mice. 
Additionally, if the IL-7 were to down-regulate PD-1 expression these results would 
suggest that the increased PD-1 expression in CD70Tg mice is a negative feedback 
mechanism preventing the excessive formation of functional effector T cells. In 
untreated CD70Tg mice the enhanced PD-1 expression may thus protect the mice 
from immunopathology and prolongs their life expectancy. 
 
In conclusion we show that enhanced immune activation can drive naive T-cell 
depletion, especially in the context of low thymic output. IL-7 treatment of CD70Tg 
mice resulted in their death, possibly caused by immunopathology of large numbers 
of cytokine producing effector/memory T cells. In analogy, treatment of HIV-1 
patients with IL-7 or PD-1 might have adverse effects. 
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MATERIALS AND METHODS 
 

Mice  

C57Bl/6, heterozygous CD70Tg-F12, and hemizygous CD70Tg-F13 mice22, all on a 
C57Bl/6 background, were maintained by in-house breeding at the Netherlands 
Cancer Institute (Amsterdam) or the Central Animal Facility of the Utrecht University 
(Utrecht) under specific pathogen-free conditions in accordance with institutional and 
national guidelines. The phenotype of C57Bl/6 and CD70Tg mice was comparable in 
both animal facilities (data not shown). Thymectomy was performed as described 
previously31. Mice were i.p. injected with 10 g hIL-7 (Cytheris, Vanves, France) in 
PBS on a daily basis for 3 weeks. 
 
Antibodies 

FITC-labeled antibodies against IFN-  (clone XMG1.2), Ki-67 (clone B56), CD4 
(clone RM4-5)and CD8a (clone 53-6.7), PE-conjugated antibodies recognizing CD43 
(clone 1B11) and CD62L (clone MEL-14), PerCP-labeled CD4 (clone RM4-5) and 
CD8 (clone 53-6.7), APC-labeled CD44 (clone IM7) were purchased from BD Bio-
sciences PharMingen (San Diego, CA). Anti-CD25 (PE) antibodies (clone PC61 5.3) 
were purchased from Caltag laboratories (Burlingame, CA). FITC-conjugated anti-
bo-dies against CD103 (clone 2E7) and biotinylated GITR (clone DTA-1) were pur-
chased from eBioscience (San Diego, CA). 
 
Cell preparation and flow cytometry 
Spleen, (axillary, branchial, inguinal and superficial cervical) lymph nodes and (if 
present) thymus were isolated from C57Bl/6 and CD70Tg mice of different ages. 
Single cell suspensions were obtained by mechanical disruption. Red blood cells 
were lysed with ammonium chloride solution (155 mM NH4Cl, 10 mM KHCO3 and 
0.1 mM EDTA, pH 7.4). Cells were washed, resuspended in IMDM/7% FCS and 
counted. FACS-staining was performed as described previously31. Intracellular stain-
ing for IFN-  was performed after 4h stimulation with 10 ng/ml PMA and 100 g/ml 
ionomycin in the presence of 1 g/ml of the protein-secretion inhibitor Brefeldin A 
(BD Biosciences PharMingen, San Diego, CA). 
 
Mathematical modeling 
Using a mathematical model to quantify naive T-cell dynamics in control and thy-
mectomized mice, we consider a naive T-cell pool that is maintained by input from 
the thymus. We describe thymic output with a phenomenological function f (t) which 
is proportional to the number of single positive (SP) thymocytes (Fig.2; see Chapter 
5 for a detailed description). The rates of thymic involution are the same for CD4+ 
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and CD8+ SP thymocytes, but their population kinetics (  and v1) are allowed to be 
different. Parameter estimates of the best fit of this model to the data are given in 
Supplementary Table S1. 
 
In addition to an input of naive T cells from the thymus, the mathematical model 
allows for maintenance of naive T cells by renewal at a rate rn per day and a density-
dependent death rate (dnN), allowing cells to live longer when the population density 
is low (see Chapter 5). Naive T-cell dynamics are described by the equation: 

2f NdNr(t)=N' nn −−ε . 

Memory T cells are produced  from either density dependent activation of naive T 
cells at a rate 

h
M

a

+1
 or by density dependent renewal at a rate 

h
M

rm

+1
, where h is the 

half saturation constant, i.e. when hm = , the production of memory cells is half max-

imal. Memory T-cell dynamics are described by the equation:
1

m
m

aN r MM' = d MM
h

+ −
+

 

Due to their continuous recirculation around the body, naive T-cell dynamics should 
be averaged over different body organs, and we simultaneously model dynamics in 
the spleen and peripheral lymph nodes (PLN) by fitting a function, ψ(t), relating the 
number of cells in PLN to those in the spleen. In the first weeks, when t = ς, the ratio 

of cells in PLN to spleen increases, which is described by )te(t x11)( −= θψ . Here-

after this ratio decreases, which in control mice is described by the equation: 

( ) −−−= −− )(tez+)(tezt xx ςςςψψ 3
1

2
1 1)()( . At the time of thymectomy the ratio 

changes and we describe the PLN/spleen ratio by the same function with new 

parameters, i.e., ( ) −
−

−
=

−− )T(t
ez+

)T(t
ezT offyoffy

off
3

2
2

2 1)((t) ψψ , where Toff > ς. 

The function (t) was fitted to the data of each mouse strain separately, and the 
parameter estimates of the best fits (Fig.S1) are given in Supplementary Table S2. 
 
Statistical analysis 
All statistical analyses were performed using the software program SPSS 15.0 
(SPSS Inc, Chicago, Illinois). Differences with p  0.05 were considered significant. 
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Supplementary Figure S1 Proportionality function  (t) correlating T-cell dynamics in spleen and 
peripheral lymph nodes, based on cell densities in the two organs. Proportionality functions of 
B57Bl/6 mice (A), CD70Tg-F12 mice (B), and CD70Tg-F13 mice (C). Solid and dashed lines 
represent the best fits of the proportionality function to data from control mice ( ) and thymecto-
mized mice (+), respectively. Model parameters are provided in Supplementary Table S2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CD4 CD8
10

1

0.1

E/M

naive

# 
ce

lls
 (1

06
)

Age (weeks)

C

0.01

10

1

0.1

0.01

10

1

0.1

0.01

10

1

0.1

0.01

0

5 10 15 20 250 30

5 10 15 20 25 30 0

5 10 15 20 250 30

5 10 15 20 25 30

Ineke BW 15-5.indd   104Ineke BW 15-5.indd   104 26-05-09   12:0526-05-09   12:05



Hyper-activation induces naive T-cell depletion 105

 17

Supplementary Table S1 Parameters values and 95% confidence intervals for the best fit of the 
thymic output function to CD4+ and CD8+ single positive thymocytes from C57Bl/6 mice, CD70Tg-
F12 mice and CD70Tg-F13 mice. 
 C57Bl/6 CD70Tg-F12 CD70Tg-F13 
CD4    

 (x 107 cells) 3.459 (3.224 – 3.772) 4.555 (3.580 – 10.82) 4.741 (3.925 – 6.058) 
1 (day-1) 0.084 (0.065 – 0.106) 0.032 (0.010 – 0.056) 0.056 (0.035 – 0.087) 

CD8    
 (x 107 cells) 1.679 (1.074 – 9.786) 0.995 (0.692 – 3.508) 241.8 (0.944 – 697.6) 

1 (day-1) 0.023 (0.003 – 0.056) 0.041 (0.006 – 0.507) 0.000 (0.000 – 0.093) 
Shared    

2 (day-1) 0.001 (0.001 – 0.002) 0.003 (0.002 – 0.004) 0.201 (0.097 – 0.415) 
3 (day-1) 0.524 (0.187 – 2.961) 1.846 (0.132 – 36.71) 0.008 (0.003 – 0.012) 

Toff (days) 46.88 (42.00 – 48.58) 50.21 (47.85 – 50.97) 37.79 (34.25 – 40.38) 
 0.352 (0.313 – 0.384) 0.555 (0.437 – 0.652) 0.655 (0.579 – 0.760) 

 
 
 
Supplementary Table S2 Parameters values and 95% confidence intervals for the best fit of the 
function (t)  expressing the ratio of CD4+ and CD8+ naive T cells in PLN to those in the spleen 
for both control and thymectomized C57Bl/6, CD70Tg-F12 and CD70Tg-F13 mice. 

 C57Bl/6 CD70Tg-F12 CD70Tg-F13 
CD4    

 1.578 (1.197 – 2.373) 3.880 (2.212 – 22.99) 3.500 (1.425 – 15.84) 
x1 0.098 (0.049 – 0.168) 0.064 (0.006 – 2.915) 0.0422 (0.007 – 0.202) 
x2 0.024 (0.020 – 0.030) 0.125 (0.055 – 0.480) 0 
x3 0 0 0.017 (0.013 – 0.022) 
y2 0.025 (0.016 – 0.0408) 0.025 (0.016 – 0.041) 0.004 (0.000 – 0.007) 
y3 0 0 0 
z1 0.723 (0.692 – 0.750) 0.929 (0.873 – 0.957) 0 
z2 0.679 (0.597 – 0.784) 0 0 

 14.00 (11.56 – 18.16) 40.16 (28.00 – 49.00) 14.00 (8.692 – 26.23) 
CD8    

 5.401 (1.399 – 18.58) 3.952 (2.304 – 30.90) 3.427 (1.441 – 13.34) 
x1 0.017 (0.004 – 0.096) 0.062 (0.005 – 2.961) 0.047 (0.009 – 0.322) 
x2 0.022 (0.015 – 0.030) 0.141 (0.066 – 0.810) 0 
x3 0 0 0.014 (0.009 – 0.021) 
y2 0.024 (0.011 – 0.054) 0.024 (0.011 – 0.054) 0.002 (0.000 – 0.006) 
y3 0 0 0 
z1 0.576 (0.523 – 0.618) 0.927 (0.877 – 0.959) 0 
z2 0.459 (0.363 – 0.589) 0 0 

 14.72 (11.56 – 19.50) 41.70 (33.98 – 49.00) 14.00 (7.442 – 33.70) 
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Knowledge about the life span and production rate of immune cells gives insight into 
the mechanisms by which these cells are maintained in healthy situations, and how 
infections may perturb the balance between production and death. In this thesis we 
investigated T-cell dynamics in mice of young and old age, and under conditions of 
chronic immune activation. In addition, the turnover of human T cells and granulo-
cytes was estimated and compared with those in mice. The two most intriguing 
results are: 1. recent thymic emigrants may not exist as a separate population with 
its own dynamics apart from the resident naive T-cell pool, and 2. the maintenance 
of naive T cells is fundamentally different between mice and men. Here we discuss 
these findings and their possible implications in a broader context. 
 
RTE characteristics 
Since the establishment of thymus function in the early 1960s, maintenance of the 
naive T-cell pool has been regarded to occur via two mechanisms: thymic output of 
new naive T cells and self-renewal of already existing naive T cells in the peri-
phery1;2. In case of haematopoietic stem cell transplantation, highly active anti-
retroviral therapy (HAART) of HIV-infected patients and other clinical situations of T-
cell reconstitution, measurement of thymic output is useful as thymic output is the 
only source capable to generate a diverse T-cell repertoire. Quantification of thymic 
output can be performed by the detection of the number of newly exported T cells 
from the thymus that have not yet divided in the periphery, referred to as recent 
thymic emigrants (RTE). Frequencies of human RTE have been assessed by 
detection of T-cell receptor excision circles (TRECs), the stable episomal DNA 
circles that are formed during T-cell receptor (TCR) rearrangement3. However, as 
TRECs are long-lived and do not replicate upon peripheral self-renewal of naive T 
cells, the average TREC content of naive T cells is strongly influenced by prolife-
ration and does not indicate how many cells have recently emigrated from the 
thymus4;5. Phenotypic identification of RTE would overcome this problem, as long as 
the proposed markers are down-regulated upon peripheral cell division of the thymic 
emigrants. Human CD31+ CD4+ naive, and human and murine CD103+ CD8+ naive 
T cells have been proposed to be enriched in RTE, as these cells have been shown 
to disappear after thymectomy and have a higher TREC content and/or TCR 
diversity compared to CD31– CD4+ naive and CD103– CD8+ naive T cells6-8. 
However, unique phenotypic markers to discriminate between RTE and resident 
naive T cells are only available in rats and chickens9;10. 
Characteristics of murine RTE could therefore only be acquired via invasive 
intrathymic injection with fluorescent dyes such as FITC and CFSE11-14, and non-
invasive detection of green fluorescent protein expressing thymic emigrants in 
Rag2p-GFP transgenic mice15;16. In this way it was demonstrated that murine RTE 
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efficiently home to secondary lymphoid organs and the small intestine12. In the 
periphery they undergo phenotypic maturation, increasing the surface expression of 
Qa2, IL-7R  and CD28 and decreasing the expression of CD3 and CD2415;16. 
Moreover, RTE undergo functional maturation as the cells proliferate poorly upon in 
vitro stimulation, partially due to significantly lower IL-2 production than resident 
naive T cells15;16. 
The strongest argument for the existence of two separate populations within the 
naive T-cell pool came from thymus transplantation studies that suggested kinetic 
differences between RTE and resident naive T cells13. Engraftment of Ly5.2 mice 
with two neonatal Ly5.1 thymic lobes enabled long-term detection of thymic 
emigrants in the periphery. Comparison of the actual number of peripheral Ly5.1 
RTE with the estimated number of exported thymocytes revealed that thymic 
emigrants that enter the full peripheral pool persist for at least three weeks13. After 
this period host Ly5.2 bone marrow cells reconstituted the graft thymus, which 
resulted in replacement of peripheral Ly5.1 thymic emigrants, most probably by new 
RTE. As the replacement rate of Ly5.1 cells was faster than that of Ly5.2 cells, this 
indicated that the average life span of RTE was shorter than that of resident naive T 
cells13. Transplantation of mice with six thymic lobes resulted in increased peripheral 
T-cell numbers that could be explained with the number of thymic emigrants 
exported per lobe in three weeks17. These data also suggested that the life span of 
RTE is only three weeks, considerably shorter than the average life span of naive 
CD8+ T cells that was estimated to be two months18, whereas naive T cells even can 
survive up to six months after thymectomy19. 
Thus, based on the phenotypic, functional and kinetic differences between RTE and 
resident naive T cells, the existence of two separate subpopulations within the 
murine naive T-cell pool became generally accepted. 
 
RTE do not exhibit a different turnover rate compared to resident naive T cells 
Searching for additional evidence for two naive T-cell populations with separate 
dynamics, we tested whether different 2H2O labeling periods reflected the kinetic 
heterogeneity in the naive T-cell pool, predicted by Asquith et al for heterogeneous 
populations20. According to this model, the labeled subpopulation does not reflect a 
representative sample of the total cell population, because it should be biased 
towards the subset with the fastest turnover. As a consequence, the estimated death 
rate of the labeled cell population (d*) should depend on the length of the labeling 
period20. The longer the labeling period, the more slowly-turning-over cells will have 
picked up label, and hence the longer the estimated half-life (1/d*) of the labeled 
cells. We found however, that short- and long-term labeling resulted in similar 
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estimated death rates of murine naive T cells, suggesting that this pool is homo-
geneous in a kinetic sense (Chapter 4). 
In addition, despite the fact that only part of the total naive T-cell pool was labeled, 
the death rates of labeled naive T cells were similar to their average production 
rates, p (Chapter 4 and 5), again suggesting that naive T cells form a homogeneous 
population. 
In contrast, the biphasic loss of naive T cells after thymectomy of adult mice seems 
consistent with the existence of both a fast and a slow-turning over population. 
However, these data can readily be explained without separate RTE dynamics, 
simply by the introduction of density-dependent death, increasing the death rate at 
high cell densities (Chapter 5). If we use our density-dependent death model lacking 
separate RTE dynamics to simulate Berzins’ transplantation studies13;17, and use the 
parameter estimates obtained in Chapter 5, we can perfectly predict the observed 
increase in peripheral T cells after engraftment with two, six or nine ectopic thymus 
lobes (data not shown). 
In line with the existence of two separate populations, our estimated life span of the 
average population, differed from the predicted life span of RTE. Based on 2H2O 
labeling, murine naive CD4+ and naive CD8+ T cells were estimated to live respect-
tively 48 and 83 days on average (Chapter 4), and RTE have been proposed to live 
only 3 weeks13;17. However, we showed that proliferation of naive T cells is negligible 
in healthy mice21 (Chapter 5), what suggests that the vast majority of labeled naive T 
cells represents thymic emigrants. We indeed found that 2H2O enrichment in thy-
mectomized mice was significantly reduced as compared to age-matched euthymic 
controls (Chapter 2). The different estimated RTE life spans that were obtained via 
thymus engraftment13 and 2H2O labeling (Chapter 4) could be due to experimental 
approach. The observed short life span of RTE could be age dependent as thymus 
transplantation was performed at the age of six weeks13;17 at the peak of T-cell 
densities when the death rate could be maximal (Chapter 5). We therefore predict 
that if thymus transplantations were performed at a later time point with lower T-cell 
numbers in the recipient mice, the estimated average life span of RTE would be 
longer (Chapter 5). Alternatively, isolation of the neonatal thymic lobes in combi-
nation with temporal deficiency of blood supply might have reduced the life span of 
the resultant Ly5.1 thymic emigrants, erroneously interpreted as evidence for a fast 
turning over RTE pool compared to the non-manipulated peripheral naive T cells. 
Based on the kinetic homogeneity of the murine naive T-cell pool, and the negligible 
self-renewal of these cells, we postulate that the average survival probabilities of 
RTE and resident naive T cells are similar. Since naive T-cell survival is not only 
dependent on interleukin-7 (IL-7)22;23, but also on self-peptide MHC complexes24;25 
this age-independent substitution of peripheral naive T cells by thymic emigrants 
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allows competition for clone-specific survival signals which would maximize TCR 
diversity of the whole repertoire. 
 
Human naive T-cell dynamics is essentially different from that in mice 
In C57Bl/6 mice almost all naive T cells represent thymic emigrants (Chapter 5). The 
observation that these newly produced cells live as long as the average murine 
naive T cell in the periphery differs from the situation in human adults were newly 
produced naive T cells tend to live longer than the average naive T cell (Chapter 2). 
This suggests that homeostatic mechanisms of naive T cells differ between adult 
mice and men. 
In both murine (Chapter 2 and data not shown) and human newborns, proliferation 
of naive T cells plays a role in filling the developing naive T-cell pool, as the per-
centage of Ki67+ cells within the naive T-cell population in neonates is up to 10-fold 
higher than that in young adults26. Despite the increase in total body T-cell numbers 
from birth to puberty, the absolute TREC number is stable in healthy children from 
eight months until 16 year of age, suggesting that expansion of the naive T-cell pool 
after birth is not only due to thymic production, but also highly dependent on self-
renewal of peripheral naive T cells27. However, whereas the fraction of proliferating 
cells rapidly decreases and is negligible in adult mice (Chapter 5), peripheral 
proliferation of human naive T cells seems essential in human adults, demonstrated 
by an age-dependent decline in TREC content and telomere shortening in the 
human (CD31+) naive T-cell pool between 20 and 70 years of age28;29. 
Thymic involution in humans starts one year after birth, as demonstrated by an 
overall decrease in cellularity of the organ and a replacement of the perivascular 
spaces with fat30-32. Nevertheless, several lines of evidence suggest that the human 
thymus remains active to some extent during adult life: i. The frequency of thymo-
cyte subsets in middle-aged individuals is comparable to that in young persons, 
suggesting normal thymocyte differentiation30. ii. Treatment of HIV patients with 
HAART causes an age-dependent increase in naive T cells33. In addition, long-term 
HAART results in normalized total CD4+ T-cell TREC numbers, suggesting that also 
in adults thymic output is the source of the observed increase in naive T-cell counts 
after therapy34;35. iii. Autologous stem cell transplantation results in a progressive 
increase of CD31+ naive CD4+ T cells, coinciding with an increased TREC content36. 
iv. Thymectomy of adults results in reduced TREC contents3. 
Despite the fact that no unambiguous RTE marker is present, an upper estimate for 
thymic output in humans was calculated by Vrisekoop et al. by measuring the TREC 
content in CD31+ naive CD4+ T cells in individuals of different ages. In this way it 
was calculated that at most 10% of naive CD4+ T cells is derived from thymic output 
in adulthood (Vrisekoop et al, manuscript in preparation). Recently protein tyrosine 
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kinase 7 (PTK7) was proposed as a possible marker for human CD4+ RTE as PTK7+ 
CD31+ naive CD4+ T cells show constant TREC contents during ageing and 
disappear rapidly after thymectomy37. Perfectly matching with the calculated maxi-
mal percentage RTE in the human naive T-cell pool by Vrisekoop et al, PTK7+ 
CD31+ CD4+ naive T cells constitute only 10% of the adult CD4+ naive T-cell pool in 
young adults. As the stability of PTK7 expression is unknown, but the marker is lost 
upon cell division, this suggests that maximally 90% of the naive T-cell pool has 
undergone cell division37. 
The important role for self-renewal in the maintenance of the human naive T-cell 
population is in sharp contrast to our finding that thymic output in mice accounts for 
almost all naive T-cell production, whereas proliferation of murine naive T cells is 
negligible (Chapter 5 and Fig.1). 
 

 
 

Figure 1 General model of T-cell maintenance in adult mice and men. The majority of the human 
naive T-cell pool is maintained via peripheral proliferation. In contrast, the size of the murine 
naive T-cell pool is largely determined by the level of thymic output, and self-renewal of naive T 
cells is negligible. In humans recently produced naive T cells tend to live longer than the average 
naive T cell in the peripheral pool. Death rates of RTE and resident naive T cells are however 
equal in mice, suggesting a comparable chance to die or being activated to differentiate into 
effector/memory (E/M) T cells. Maintenance of the effector/memory T-cell population is in both 
cases mainly dependent on peripheral self-renewal. 
 

 
Possible reasons for different mechanisms of naive T-cell homeostasis between 
mice and men 
Why is the mechanism of naive T-cell maintenance fundamentally different between 
the two species? Is it due to a scaling effect from mice to men? Reflects it a 
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functional advantage in either species? Or would the difference be due to a 
difference between clean laboratory mice and men living in natural conditions? 
 
Scaling: Body size is associated with numerous variables, such as heart beat, 
capillary volume, lung function, metabolic rate, life span, that all scale differently 
between species38;39. As cellular life span, thymic involution and peripheral self-
renewal of naive T cells all scale in a different way from mice to men (Table I), this 
will automatically result in qualitative differences in mechanisms of naive T-cell main-
tenance, due to the distinct life span of the cells or the species. For example: thymic 
involution in humans is four times faster than in mice, if scaled to life span 
differences between mice and men. 
The 40-fold increased turnover of naive T cells in humans, one to one scaled with 
the average life span of mice and men, is in marked contrast with the observation 
that estimated granulocyte life span is only 7-fold higher in men compared to mice 
(Chapter 3). It is reasonable that there is a minimal life span for a cell to be able to 
exert its function, but the reason of the relatively short survival time of human granu-
locytes is unknown. Apparently, every cell type scales in a unique way. 
 
 

Table I Comparison of estimated parameters in adult mice and men. 
  Human Mouse Scaling (H/M) Relative 

scalingb 

Thymic 
involution 

 5% / year 50% / year 0.1-fold 4-fold 

Naive CD4 unknowna <0.9 / year – – Cell division  
Naive CD8 unknown <1.5 / year – – 
Naive CD4 2189 days 48 days 46-fold 1.1-fold 
Naive CD8 3425 days 83 days 41-fold 1.0-fold 

Granulocytes 9 days 1.2 days 7-fold 0.2-fold 

Average life 
span 

Species 80 years 2 years 40-fold – 
a Dutilh and De Boer calculated that only one cell division in 50% of the naive T cells was sufficient to 
account for the observed decline in TREC content of human naive T cells during ageing28. 
b Scaling relative to the average life span of the species. 
 

 
Functional advantage: From an efficiency point of view, naive T-cell production by 
the thymus is relatively “expensive” as more than 90% of the formed thymocytes die 
during the process of positive and negative selection40. On the other hand, thymo-
poiesis is the only mechanism of creating new TCR specificities, whereas peripheral 
self-renewal can only increase the clonal size of specific T-cell specificities. Mice 
have a 14-fold lower TCR-diversity as compared to humans (Table II). As there is no 
evidence that small species are exposed to less pathogens than big organisms, 
continued thymic output in mice may compensate for this reduced diversity. 
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Table II Estimated T-cell counts, -TCR diversity and clonal size in adult mice and men. 

  Cell countsa 41 #  TCRs41;42 Clone size41;42 Life span 
(days)b 43 

Naive CD4 2.5 107 103 2189 
E/M CD4 

2 1011 

2 105 variable 224 
Naive CD8 2.5 107 103 3425 

Human 

E/M CD8 
1 1011 

2 105 variable 352 

Naive CD4 75 106 1.8 106 <50 48 
E/M CD4 30 106 – variable 9-28 
Naive CD8 50 106 1.8 106 <50 83 

Murine 

E/M CD8 20 106 – variable 11-45 
a Murine cell counts = 5 x T-cell counts from Chapter 5, assuming that 20% of total T cells reside 
in the spleen42. 
b Life span estimates derived from Chapter 2 and 4. 
 

 
Interestingly, more than 75% of the TCR  chains of naive CD8+ T cells have been 
shown to be unique in genetically identical non-immunized mice44, suggesting that 
the potential repertoire is much larger than that present in the murine peripheral T-
cell pool. This implies that a daily thymus output of 0.54 106 cells in mice (Chapter 5) 
might considerably influence the actual repertoire that is available at any time point. 
Whether the total potential repertoire is present in the human peripheral T-cell pool 
is unknown. It would be interesting to test if the repertoire of an individual at different 
ages changes during aging, or whether identical twins have unique TRCs. In any 
case thymic output in mice might add to the TCR diversity that is present during the 
course of infection. However, the duration of antigen presentation during infection 
with Listeria monocytogenes is restricted to three days, despite the continued 
persistence of viable bacteria45. Influenza-derived antigen presentation persists for 
more than three weeks after viral clearance, recruiting antigen-specific naive CD4+ T 
cells to the effector/memory compartment 46. These divergent results suggest that 
the duration of antigen-presentation might be pathogen-specific. Even in case of a 
limited priming time of three days, approximately 3 x 0.6 106 = 1.8 106 RTE can be 
produced (Chapter 5). Based on the 75% unique TCRs that are present in geneti-
cally identical mice44, this would correspond to 0.75 x 1.8 106 = 1.4 106 additional T-
cell specificities, that might contribute to the immune response. 
 
Pathogen pressure: One could argue that the difference in the mechanism of naive 
T-cell maintenance might be artificial, since laboratory mice that are kept under 
specific pathogen free conditions were compared with healthy humans that are 
exposed to a high pathogen pressure. Increasing the activation status using 
transgenic mice, might partly solve this issue. However, after introduction of chronic 
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immune activation in CD70Tg mice, where peripheral self-renewal of the T cells was 
increased, proliferation of activated naive T cells resulted in effector/memory 
formation instead of maintenance of the murine naive T-cell pool (Chapter 6). 
Thus, because in both young, old, thymectomized and chronically immune activated 
mice, self-renewal plays only an insignificant role (Chapter 4, 5 and 6), laboratory 
mice, that are worldwide used as a model to study naive T cell dynamics in men, are 
not a good model to study naive T-cell homeostasis in humans. 
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Het immuunsysteem: het leger en zijn onderdelen 
Het lichaam van elk individu kan vergeleken worden met een land dat elke dag, 
gewild of ongewild, vreemden binnenlaat. Deze binnendringers kunnen goede of 
kwade bedoelingen hebben. Zo kunnen virussen, bacteriën, parasieten en schim-
mels ziekten veroorzaken, terwijl ons dagelijkse voedsel juist zorgt voor instand-
houding van ons lichaam. De huid fungeert als eerste verdedigingslinie om de 
ziekteverwekkers (pathogenen) buiten het lichaam te houden. Wordt deze linie 
echter doorbroken, dan is het de taak van het afweersysteem (immuunsysteem) om 
de binnengedrongen ziekteverwekkers onschadelijk te maken. Voor het uitvoeren 
van deze taak zijn twee verschillende legers aan cellen beschikbaar. Het eerste 
leger (het innate immuunsysteem) slaat er direct min of meer onbesuisd op los, 
zodra het een vermeende afwijking ziet. Dit leger baant de weg voor het tweede 
leger (het adaptieve immuunsysteem). Dit adaptieve immuunsysteem wordt 
aangestuurd door het innate systeem (het eerste leger) en is enorm specifiek: het 
onderzoekt op grond van de signalen van de eerste leger welke strategie het beste 
op de vijand los gelaten kan worden en slaat dan (enige dagen later) ongenadig toe. 
Beide legers zijn dus nauw aan elkaar verbonden en door hun verschillende manier 
van aanpak wordt het lichaam optimaal beschermd. 
Naast deze grove indeling kan het afweersysteem nog verder onderverdeeld 
worden. Zoals een nationaal leger bestaat uit onderscheiden legereenheden, zo 
bestaat ook het immuunsysteem uit verschillende divisies, die elk hun eigen functie 
hebben: spionnen, generaals, tankdivisies en hulptroepen zijn allemaal vertegen-
woordigd. In een gezonde situatie worden er geen hele grote gevechten geleverd, 
en bestaat de belangrijkste taak van het leger om door het lichaam te patrouilleren, 
om te controleren of alles in het land nog onder controle is. Ziekteverwekkers die 
gesnapt worden, worden opgegeten en afgebroken door vuilnismannen 
(granulocyten), veelvraten (macrofagen) en spionnen (dendritische cellen): 
opgeruimd staat netjes. Dendritische cellen hebben daarnaast nog de functie om het 
adaptieve afweersysteem (het tweede leger) te activeren. Binnen in de cellen wor-
den de ziekteverwekkers in mootjes (peptiden) gehakt. Het zo ontstane restafval 
wordt op houdertjes geplakt (de zogeheten MHCs) die vervolgens op het cel-
opppervlak geëxposeerd worden. Behalve lichaamsvreemde elementen, worden 
ook lichaamseigen elementen in stukjes geknipt, in de MHC-houdertjes gestopt en 
op het celoppervlak getoond. Via de MHC-houdertjes kan een cel dus aan de 
buitenkant laten zien wat hij in huis heeft. Controleurs (T cellen) controleren cellen 
voortdurend op afwijkingen. Voor deze controle maken ze gebruik van een 
voelhoorn (T-cel receptor) die voor elke T cel anders is. Als de cel alleen 
lichaamseigen mootjes laat zien, is er niets aan de hand en wordt de cel met rust 
gelaten. Maar zodra de controleurs afwijkende cellen (geïnfecteerde cellen of 
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tumorcellen) ontdekt hebben, komt er een afweerreactie op gang en wordt de cel 
vernietigd. 
 
De thymus: T cellen in opleiding 
Om hun controlerende taak goed te kunnen uitvoeren, krijgen T cellen een gedegen 
opleiding in de thymus (zwezerik). Om te slagen voor de opleiding krijgen de 
studenten T cellen (thymocyten) één opdracht: maak een voelhoorn (T cel receptor) 
waarmee onderscheid gemaakt kan worden tussen lichaamsvreemde en lichaams-
eigen bouwstenen, zodat je weet wie aangevallen moet vallen en wie niet. Het vol-
brengen van deze opdracht is een zaak van leven en dood. Als de voelhoorn  van 
de studenten T cellen namelijk niet aan het beoordelingscriterium voldoet, krijgen de 
cellen geen herkansing, maar worden ze direct gedood. Het belang van deze 
opdracht is duidelijk: een T cel die geen onderscheid kan maken tussen lichaams-
eigen en lichaamsvreemd, zou het eigen lichaam aanvallen in plaats van ziektever-
wekkers. Dit is het geval bij autoimmuunziekten, waarbij het lichaam zijn eigen 
cellen afbreekt. 
Voor het maken van de voelhoorn (T cel receptor) krijgen de studenten T cellen 
(thymocyten) een grote bouwdoos, die gevuld is met voelhoornonderdelen, een 
schaar en plakmiddel. Hiermee kan naar hartelust geknipt en geplakt worden. De 
onderdelen zijn allemaal aan elkaar geplakt en netjes gerangschikt op V-, D- en J-
onderdelen. Iedere student T cel kan een voelhoorn maken door een willekeurige V, 
een willekeurige D en een willekeurige J aan elkaar plakken en de tussenliggende 
gedeelten eruit te knippen. Als de student de T cel receptor stap voor stap gemaakt 
heeft en in veelvoud op zijn oppervlak geplaatst heeft, kan de voelhoorn, en 
daarmee dus de student T cel (thymocyt), getest worden op zijn bruikbaarheid. 
De selectie van geschikte kandidaten vindt plaats in twee fasen. Allereerst is er een 
positieve selectie, waarbij de voelhoorn moet kunnen binden met lichaamseigen 
bouwstenen (MHC) op thymuscellen. De studenten T cellen (thymocyten)  die hier 
niet toe in staat zijn, gaan dood, de anderen gaan door naar de tweede ronde. Bij de 
tweede selectieronde (negatieve selectie) wordt getest of de cellen niet té sterk 
reageren als hun voelhoorn bindt aan het lichaamseigen bouwstenen  (MHC). De 
workaholics die hyperreactief zijn (en dus het gevaar lopen om té snel alarm te slaan 
en het eigen lichaam aan te vallen), worden eveneens uitgeschakeld en sterven een 
vroegtijdige dood. Slechts ongeveer 2-5% van de cellen voldoet aan de gestelde 
eisen en komt als een rijpe T cel in de bloedbaan terecht. Deze manier van 
selecteren  lijkt erg inefficiënt, maar is van essentieel belang. Omdat elke persoon  
zijn eigen set aan lichaamseigen bouwstenen (MHC-houdertjes) heeft, kan op deze 
wijze namelijk voorkomen worden dat de T cellen gezonde cellen aanvallen. Daarbij 
komt dat als er compleet nieuwe virussen ontstaan gedurende de geschiedenis 
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(denk aan HIV en SARS), de mogelijkheid er is om ook tegen deze nieuwe 
ziekteverwekkers een afweerreactie op gang te brengen. 
 
Circulatie: T cellen op patrouille 
De T cellen die de vijand nog nooit herkend hebben, worden naïeve T cellen 
genoemd. Een gedeelte van deze cellen heeft kortgeleden de thymus verlaten, en 
wordt daarom ook nog afzonderlijk aangeduid als Recente Thymus Emigranten 
(RTE) genoemd (Fig. 1). De naïeve T cellen patrouilleren via het bloed en de lymfe 
door het lichaam: op zoek naar de vijand. In plaats dat een T cel verschillende 
voelhoorns (T celreceptoren) op zijn oppervlakte heeft, en dus verschillende 
ziekteverwekkers kan herkennen, heeft iedere afzonderlijke T cel zijn eigen 
specifieke voelhoorn op het oppervlak. Als gevolg daarvan kan elke T cel slechts 
één onderdeeltje van een ziekteverwekker herkennen. Met andere woorden: een T 
cel die een stukje van het griepvirus herkent, zal geen onderdelen van het 
mazelenvirus herkennen. Om alle bestaande ziekteverwekkers te kunnen 
herkennen, moeten er dus miljoenen T cel varianten zijn (T cel diversiteit). Omdat er 
een beperkte ruimte beschikbaar is in het lichaam, bestaat er van elke T cel variant 
slechts een relatief klein aantal cellen. Hoe vinden die minuscuul kleine cellen hun 
specifieke vijand in een land dat miljoenen keren groter is? De vraag dringt temeer 
gezien het feit dat ziekteverwekkers het lichaam kunnen binnendringen via 
verschillende routes en overal een infectie kunnen veroorzaken, terwijl T cellen 
normaal alleen in het bloed, de lymfe en de lymfoïde organen (milt, lymfeknopen) 
voorkomen. De oplossing is even eenvoudig als doeltreffend: dendritische cellen 
(spionnen) verhuizen van de plaats van infectie via de lymfevaten naar de 
lymfeknopen, waar ze vastgehouden worden. Tijdens de reis, die ongeveer een dag 
duurt, promoveren de dendritische cellen tot generaals, zodat ze het leger optimaal 
kunnen activeren en aansturen. Ook T cellen verplaatsen zich continu door het 
lichaam en komen via de bloedbaan eveneens in de lymfeknopen terecht. Zodoende 
hoeven de T cellen alleen deze strategische posities te scannen om de gezondheid 
van het lichaam te controleren en wordt de trefkans tussen de T cel en zijn 
specifieke ziekteverwekker enorm vergroot. In de lymfeknopen zoeken de T cellen 
gedurende enige uren vele dendritische cellen (generaals) op, om te kijken of er een 
dendritische cel is met een MHC houdertje met restafval dat precies past op de 
voelhoorn van de T cel (zoals een sleutel past in een slot). Is dat niet het geval, dan 
verlaten de T cellen de lymfeknopen en circuleren ze verder om na enige minuten 
weer in de volgende lymfeknoop aan te landen, waar het zoekproces vervolgd 
wordt. 
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De immuunrespons: Ten aanval! 
Als een naïeve T cel zijn specifieke vijand-onderdeeltje vindt, wordt de naïeve T cel, 
die tot dan toe op non-actief stond, geactiveerd. Om te zorgen dat alle neuzen 
dezelfde kant opstaan, communiceren de generaals (dendritische cellen) en de T 
cellen met elkaar en met andere legerdivisies via signaalstofjes (cytokines) die 
fungeren als postduiven, morse-tekens of e-mailtjes. Zodoende verloopt het gevecht 
volgens één duidelijke strategie en zitten de divisies elkaar niet in het vaarwater. 
De grote diversiteit aan T cellen zorgt ervoor dat er allicht een aantal varianten aan-
wezig zijn die een binnengedrongen bacterie of virus zullen herkennen. Het aantal 
van die betreffende T cellen is echter gering en zeker onvoldoende om de ziekte-
verwekker uit te schakelen. Om zeker te zijn van de overwinning moet dus een groot 
specifiek leger op de been gebracht worden. De specifieke T cellen vermenigvul-
digen zichzelf door flink te delen (klonale expansie), zodat binnen 4-6 dagen de hoe-
veelheid ziekteverwekker-specifieke T cellen in de miljoenen loopt (Fig.1). Tijdens 
deze vermenigvuldiging worden de cellen bewapend en promoveren (differentiëren) 
ze tot zogenoemde effector T cellen (Fig.1). 
Sommige effector T cellen, de hulptroepen (CD4+ helper T cellen), blijven in de 
lymfeknoop en zijn betrokken bij de activatie van andere immuuncellen, zoals B 
cellen. De B cellen produceren antistoffen, waarmee ze bacteriën onschadelijk 
 

 
Figuur 1 Studenten T cellen (thymocyten) die geslaagd zijn voor het examen verlaten de thymus 
als Recente Thymus Emigranten (RTE). Samen met andere naïeve T cellen, die ook nog steeds 
hun doelwit-vijand niet gevonden hebben, gaan deze cellen op patrouille. Als er een 
ziekteverwekker gedetecteerd wordt, worden de naïeve T cellen geactiveerd, zodat ze 
differentiëren en enorm veel delen (klonale expansie). Het grote leger aan effector T cellen wat 
daardoor ontstaat, vernietigt de vijand en pleegt vervolgens zelfmoord (contractie). Een klein deel 
van de cellen blijft voortbestaan als memory (geheugen) T cellen, die direct actief worden als 
dezelfde vijand opnieuw aan de macht probeert te komen. 
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maken. Bijkomend effect is dat de met antistoffen omgeven bacteriën een heerlijk 
hapje vormen voor de vuilnismannen en veelvraten (granulocyten en macrofagen), 
zodat al het afval ook nog eens netjes afgevoerd wordt. 
Andere effector T cellen verlaten de lymfeknopen als tanks (CD8+ cytotoxische T 
cellen) en gaan op weg naar geïnfecteerde cellen, om die te bombarderen met hun 
afweergeschut. Dit afweergeschut bestaat o.a. uit perforines, die zoals de naam al 
doet vermoeden, gaten in de geïnfecteerde cellen perforeert, waardoor vervolgens 
afbraakenzymen (granzymes) geduwd worden. Het gevolg laat zich raden… 
Nadat de binnendringers uitgeschakeld zijn, gaan de meeste effector T cellen dood 
(contractie), maar een aantal blijft in leven als geheugen T cellen (Fig.1). Deze 
memory T cellen vormen de basis van het immunologisch geheugen dat er voor 
zorgt dat als dezelfde ziekteverwekker opnieuw het lichaam binnendringt, de 
memory T cellen onmiddellijk opnieuw geactiveerd worden. Op deze manier kan er 
sneller een effectieve afweerreactie op gang komen zodat de persoon in kwestie 
niet ziek wordt. Op dit immunologisch geheugen-principe zijn vaccinaties gebaseerd. 
 
T cel homeostase: Onderhoud 
Een groot en divers T cellenleger is essentieel om een scala aan ziekteverwekkers 
te vernietigen. Door de gevoerde oorlogen sneuvelen er nogal wat T cellen; en 
anders leggen bejaarde T cellen alsnog op hun oude dag het loodje. Dit verlies 
wordt gecompenseerd door de continue productie van naïeve T cellen door de 
thymus, waardoor er steeds weer nieuwe T cel varianten ontstaan. Dit is, zoals 
reeds eerder gezegd, een vrij kostbare productiemethode met een hoge 
energierekening, omdat slechts 2-5% van de geproduceerde cellen in de circulatie 
(bloed, lymfe) terecht komt. Een goedkopere en snellere manier om het aantal T 
cellen te laten toenemen is door celdeling, waarbij een cel zich splitst in twee 
identieke dochtercellen. Keerzijde van celdeling is dat er geen nieuwe T cel 
varianten ontstaan: het bestaande repertoire blijft even groot; alleen het aantal T 
cellen met een specifieke voelhoorn neemt toe. 
In het lichaam bestaan naïeve (non-actieve), effector (aanvals-) en memory 
(geheugen) T cellen naast elkaar. Naïeve T cellen zijn namelijk belangrijk om de 
diversiteit van de T cellen populatie te waarborgen; effector T cellen om de vijand te 
ontmaskeren en uit te schakelen; en memory T cellen om snel ziekteverwekkers te 
vernietigen, die opnieuw een poging ondernemen om de macht over te nemen. Het 
totale aantal T cellen blijft in een volwassen individu ongeveer gelijk: er is sprake 
van een evenwicht tussen T cel productie en T cel sterfte. Tijdens de veroudering 
van mensen en dieren, gebeuren er twee belangrijke dingen in het lichaam: 1. de 
productie van nieuwe T cellen door de thymus vermindert (thymusinvolutie) en 2. de 
populatie memory (geheugen) T cellen wordt steeds groter, omdat er gedurende het 

Ineke BW 15-5.indd   126Ineke BW 15-5.indd   126 26-05-09   12:0526-05-09   12:05



Samenvatting voor niet-ingewijden 127

leven vele gevechten hebben plaatsgevonden om griep, mazelen, rode hond, 
waterpokken, voedselvergiftiging, enzovoorts te boven te komen. Gezien de 
beperkte hoeveelheid ruimte die er voor T cellen is, is het logische gevolg van beide 
processen dat het aantal naïeve (non-actieve)  T cellen afneemt bij het ouder 
worden. Omdat daarmee ook de diversiteit van het T cellen leger afneemt, hebben 
ouderen een verhoogde kans op infecties. 
 
Dit proefschrift: metingen aan het T cellen leger 
De centrale vraag waar wij ons in dit proefschrift mee hebben bezig gehouden is: 
hoe wordt het T cellen leger in stand gehouden? Om dit te onderzoeken worden er 
veel studies uitgevoerd in proefdieren (voornamelijk muizen). Het bouwplan van 
muizen en mensen lijkt namelijk erg veel op elkaar, zodat kennis die opgedaan 
wordt in muizen vaak overgedragen kan worden op de situatie in mensen. Ondanks 
het vele onderzoek dat al gedurende tientallen jaren uitgevoerd is, bestaat zelfs op 
eenvoudige vragen niet altijd een duidelijk antwoord. Als je aan een paar 
willekeurige immunologen zou vragen: hoe lang leeft een naïeve (non-actieve) T 
cel? Dan kun je antwoorden verwachten die variëren van een paar weken tot een 
paar jaar. Dit komt omdat de levensduur van een T cel moeilijk te meten is, maar 
daarnaast zou een deel van de verwarring ook kunnen ontstaan doordat de ene 
wetenschapper het heeft over naïeve T cellen in muizen en de andere over de 
situatie in mensen. Waarom is het eigenlijk überhaupt belangrijk om te weten hoe-
lang een T cel leeft? Deze kennis levert belangrijke inzichten op voor verschillende 
immunologische processen: een lange levensduur van naïeve T cellen suggereert 
bijvoorbeeld dat activatie en differentiatie (promotie tot effector T cellen) zelden 
voorkomt, en dat de heropbouw (reconstitutie) van het afweersysteem na chemo-
therapie of bestraling vrij lang duurt. 
 
Zwaar water 
Om de vraag hoelang cellen leven op te lossen, hebben we gebruik gemaakt van 
zogenaamd zwaar water (2H2O). Zwaar water kun je zien als gewoon water, maar 
dan met een “label” eraan. Water wordt gebruikt als bouwsteen voor de productie 
van allerlei celonderdelen (eiwitten, vetten, DNA) die nodig zijn als er een nieuwe cel 
geproduceerd wordt. Door gedurende enige tijd zwaar water te geven aan mensen 
of muizen, zal dat label (2H) ingebouwd worden in die nieuwe onderdelen (Fig.2). De 
hoeveelheid label in het DNA tijdens de toediening van zwaar water (oplabeling), is 
dus een maat voor de hoeveelheid geproduceerde cellen (productiesnelheid). Als je 
dan stopt met het geven van zwaar water, kun je meten hoe snel het label uit de 
cellen verdwijnt (down-labeling). Dit geeft aan hoe snel cellen doodgaan 
(sterftesnelheid). 
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Figuur 2 Als de hoeveelheid label in cellen snel toeneemt tijdens de labelingsperiode 
(aangegeven door het grijze vlak), is de productiesnelheid van die celpopulatie hoog (A). Als er 
nauwelijks label wordt opgenomen door cellen, worden er nauwelijks nieuwe cellen 
geproduceerd (B). De snelheid waarmee de cellen het label verliezen, geeft aan hoe snel de 
cellen dood gaan. Met behulp van wiskundige formules kunnen de levensduur van cellen, 
productie- en sterftesnelheden exact berekend worden. 
 

 
Flowcytometrie 
Als je wilt bepalen hoelang een naïeve (non-actieve) T cel leeft, moet je die 
populatie apart isoleren van effector (aanvals-) en memory (geheugen) T cellen. Dit 
doen we met behulp van een Sorter. Op het oppervlak van cellen zitten allerlei 
verschillende eiwitten, en die eiwitten zijn voor elke celpopulatie net weer iets 
anders. Aan een mix van cellen (afkomstig uit het bloed van gezonde vrijwilligers of 
uit de milt van muizen), voegen we vlaggetjes toe, die aan die eiwitten binden. 
Vervolgens worden miljoenen cellen door de Sorter gemeten en in verschillende 
populaties gesplitst op grond van hun grootte en de kleur van de gebonden 
vlaggetjes. Op deze manier kunnen populaties verkregen worden met een 
zuiverheid van gemiddeld 98%. Uit de gesorteerde celpopulaties wordt het DNA 
geïsoleerd, wat vervolgens verder opgewerkt en gemeten wordt. 
Behalve het splitsen van cellen, kan met deze techniek ook gekeken worden naar 
verschillende celeigenschappen. Door gebruik te maken van verschillende 
vlaggetjes kan gemeten worden of een cel op non-actief staat, zojuist of al langer 
geleden geactiveerd is, deelt, dood aan het gaan is, enzovoorts. Door deze 
informatie van gezonde vrijwilligers en verschillende groepen patiënten met elkaar te 
vergelijken, kan informatie verkregen worden over het werkingsmechanisme en het 
verloop van ziekteprocessen. 
 
Bevindingen 
Wat hebben we nu eigenlijk ontdekt in de afgelopen jaren? In gezonde, volwassen 
mensen worden er gemiddeld 82 miljoen nieuwe naïeve CD4+ (helpers) en 24 mil-
joen naïeve CD8+ T cellen (tanks) per dag geproduceerd (Hoofdstuk 2). Dat zijn 
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grote aantallen, maar als je het vergelijkt met het totale aantal T cellen dat in het 
menselijk lichaam aanwezig is, dan wordt slechts ongeveer 0.1% van het totale T 
cellenleger per dag vervangen. Naïeve (non-actieve) CD4+ en CD8+ T cellen leven 6 
en 9 jaar in mensen, terwijl memory (geheugen) CD4+ en CD8+ T cellen veel korter 
leven: 7 en 12 maanden. (Ter vergelijking: de vuilnismannen van het afweersysteem 
[granulocyten] leven slechts 6 dagen: Hoofdstuk 3). Opvallend is dat niet alle naïeve 
T cellen een evengrote overlevingskans hebben: cellen die net geproduceerd zijn, 
hebben de langste levensverwachting. Dit lijkt heel logisch: baby’s hebben in het 
algemeen meer jaren voor de boeg te verwachten dan volwassenen en bejaarden, 
maar in de T cel wereld was het algemene idee (op grond van muizenexperimen-
ten), dat net geproduceerde cellen die uit de thymus komen (recente thymus emi-
granten) een kortere levensverwachting hebben dan cellen die al een tijdje mee-
draaien. De spaarzamenlijk geproduceerde nieuwe naïeve T cellen krijgen dus een 
overlevings-voorkeurbehandeling. 
 
Nu zou je denken: klaar is Kees. Maar zo gemakkelijk was het niet. Toen we onze 
resultaten vergeleken met de uitkomsten van andere laboratoria, zagen we dat onze 
geschatte levensduur van T cellen tien keer zo hoog was als die van anderen. De 
vraag is dan natuurlijk: wie heeft er nu het juiste antwoord gevonden? Om daar 
duidelijkheid over te krijgen hebben we onderzocht hoe er zo’n verschillende uit-
komst verkregen kan worden als er min of meer vergelijkbare technieken gebruikt 
worden. Variatie in de lengte van zwaar water toediening bleek de boosdoener te 
zijn (Hoofdstuk 4). Een nieuw voorgesteld wiskundig model zorgt ervoor dat de uit-
slag niet meer afhankelijk is van de labelingsduur. 
 
Een tweede resultaat uit deze studie was dat T cellen die recent uit de thymus 
komen, in muizen dezelfde levensverwachting hebben als alle andere naïeve T cel-
len: 7 en 12 weken voor naïeve CD4+ en CD8+ T cellen. Recente thymus emigranten 
in muizen hoeven wat dat betreft dus niet gezien te worden als een aparte populatie 
binnen de naïeve T cel populatie; een bevinding die lijnrecht ingaat tegen de 
heersende opvatting dat recente thymus emigranten korter leven dan de overige 
naïeve T cellen in muizen. 
Een grappige bevinding is dat de levensverwachting van naïeve T cellen in muizen 
perfect schaalt met de levensverwachting van de soort: naïeve T cellen in muizen 
leven ongeveer 40x korter dan die in mensen, terwijl ook de levensverwachting 40x 
korter is (een muis leeft gemiddeld 2 jaar, een mens 80 jaar: zie Fig.3). 
 
Ondanks dat studies met zwaar water labeling het meest betrouwbaar zijn om pro-
ductie en sterftesnelheden te bepalen, kan daarmee geen onderscheid gemaakt 
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worden tussen productie door de thymus en door celdeling. Om de relatieve bijdrage 
van beide processen te bepalen hebben we een nieuwe serie experimenten uitge-
voerd. In volwassen muizen hebben we de thymus operatief verwijderd (thymecto-
mie), waarna we vervolgens gekeken hebben naar het effect daarvan op het aantal 
naïeve T cellen in het lichaam (Hoofdstuk 5). Kort na thymectomie neemt het aantal 
naïeve T cellen sterk af; daarna is de afname meer gradueel. Blijkbaar is er een 
compensatie mechanisme aan het werk als er weinig T cellen aanwezig zijn. Er zijn 
twee mogelijkheden: 1. de levensduur van cellen kan variëren naar mate er meer of 
minder concurrentie om voedsel (survival factoren) is, en/of 2. cellen delen meer als 
er weinig T cellen zijn. Beide mechanismen kunnen de gevonden resultaten ver-
klaren. Welke verklaring ook gekozen wordt, uit berekeningen blijkt dat slechts 12% 
van de naïeve CD4+ en 33% van de naïeve CD8+ T cellen delen. Zelfs in oude 
muizen, waar de thymus sterk geslonken is, wordt de meerderheid van naïeve T 
cellen geproduceerd door de thymus. De waarneming dat de thymus de 
belangrijkste producent is van naïeve T cellen in muizen, staat in sterk contrast met 
de situatie in volwassen mensen. Daar wordt namelijk 90% van alle naïeve T cellen 
gevormd door celdeling. Hoewel de levensduur van naïeve T cellen in muizen en 
mensen prima overeenkomt, als je rekening houdt met de levensduur van beide 
soorten, is er dus een belangrijk kwalitatief verschil tussen T cel handhaving in muis 
en mens (Fig.3). Consequentie van dit alles is dat men resultaten van muizenstudies 
(helaas) niet klakkeloos over kan brengen op mensen. 
 
Tenslotte vroegen we ons af wat er precies gebeurt in het geval dat het 
afweersysteem chronisch geactiveerd wordt (zoals dat bijvoorbeeld het geval is bij 
HIV geïnfecteerde patiënten). Om dat te onderzoeken hebben we gebruik gemaakt 
van muizen die genetisch iets anders waren dan de standaard labmuizen (transgene 
muizen). In deze muizen verdwijnen de naïeve (non-actieve) T cellen veel sneller 
dan normaal en gaan de dieren vroegtijdig dood aan aids-achtige verschijnselen 
(Hoofdstuk 6). Zelfs als de thymus veel nieuwe T cellen produceert, leidt chronische 
activatie tot ernstige vermindering van het aantal naïeve T cellen, omdat deze tot 
effector/memory T cel promoveren. 
 
Samenvattend, zijn de conclusies van dit proefschrift: 1. In vergelijking met muizen 
worden er in mensen weinig naïeve T cellen geproduceerd (Fig.3), 2. De net 
gevormde naïeve T cellen hebben een langere levensduur dan de gemiddelde 
naïeve T cel in mensen, maar een evengrote overlevingskans dan de andere naïeve 
T cellen in muizen, 3. De thymus genereert de meeste naïeve T cellen in muizen, 
terwijl celdeling de belangrijkste component is in de handhaving van de naïeve T cel 
populatie in mensen, 4.Overstimulatie van het afweersysteem leidt tot ernstige 
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reductie van het aantal naïeve T cellen in muizen met en zonder  thymus-output, 5. 
Granulocyten in mensen leven zes dagen: 10x langer dan tot nog toe werd 
aangenomen, en 6. Met behulp van een nieuw wiskundig model kan de levensduur 
van cellen onafhankelijk van de labelingsduur geschat worden. 
 
 

 
Figuur 3 Hoewel de levensduur van naïeve (non-actieve) T cellen relatief gezien overeenkomt in 
muizen en mensen, is de wijze waarop ze geproduceerd worden totaal verschillend. Naïeve T 
cellen in muizen worden vooral door de thymus gemaakt, terwijl de overgrote meerderheid van 
naïeve T cellen in mensen door celdeling ontstaat. 
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 1

DANKWOORD 
 

Na 5.5 jaar wetenschap is het nu hoog tijd om iedereen te bedanken voor alle hulp, 
gezelligheid, bezinning en ontspanning. Dit boekje is eigenlijk het resultaat van de 
inspanning van alle hieronder genoemde personen: zonder jullie was dit niet gelukt! 
 
Kiki, het begon met het lezen van je CD70Tg muizenpaper, dat ik dacht: daar zou ik 
ook aan willen werken. Gelukkig zag jij dat ook wel zitten en begonnen we met het 
opstarten van een muizenpoot van HIV onderzoek bij Sanquin. Langzamerhand 
verschoof het blikveld naar T cel homeostase in gezonde situatie, wat het onderzoek 
alleen maar interessanter maakte. Ik heb me er blijvend over verbaasd hoe je na al 
die jaren nog steeds stevig met twee benen in de lab-praktijk staat. Je enthou-
siasme, behulpzaamheid (stug doorfacsen tot middernacht), nuchterheid en je vele 
praktische adviezen waren erg waardevol. Enorm bedankt daarvoor! 
José en Rob, een wiskundige kijk op de immunologie bood vaak verrassende 
perspectieven. De waarde van modelleren is me zeker duidelijk geworden! Eerst 
doen, dan denken, blijkt in de wetenschappelijke praktijk erg goed te werken. Dank 
voor jullie constructieve bijdragen! Frank, je bijdrage aan discussies en papers was 
altijd waardevol. Tendai, thanks a lot for your mathematical contributions! Again and 
again new models were formulated and tested in a surprisingly good mood. Thanks 
to you, the experiments resulted in a couple of fantastic papers! 
 
Gerrit, Erik, Koos en Floris, petje af voor de miljarden gesorte cellen! Het leek een 
eindeloos verhaal, maar het resultaat mag er wezen! An en Mariëtte, de tijd op het 
AMC was gezellig en productief. De resultaten zijn terug te vinden in vier van de vijf 
hoofdstukken. Bedankt voor het wegwijs maken in de GC/MS-wereld en de bereid-
heid om mee te denken! Elise, geen experiment was te groot en je bleef altijd het 
overzicht houden: top! Mette, zonder jou zou de thymectomie niet van de grond 
gekomen zijn. Dank voor het aanleren van de techniek! 
 
Het was altijd erg gezellig in het muizenhuis van het NKI! Wat was ik blij dat ik onder 
jouw vleugels kwam, Loes! Dankzij jouw chirurgische expertise kwam het helemaal 
goed met de overleving van de muizen na thymectomie: die vacuümpomp was een 
gouden greep! Ook daarna was je altijd beschikbaar voor advies of een gezellig 
praatje: enorm bedankt voor alles! Martin, proefdierexpert bij uitstek en meedenken-
de vraagbaak. Je nuchtere kijk op dingen leverden altijd weer eye-openers op: ik 
heb het erg gewaardeerd! Henk Starrevelt, met z’n tweeën ging het thymectomeren 
toch echt een stuk sneller: dank voor alle muizenhechtingen! En voor de vele 
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injecties, muizenverzorging en overige praktische hulp waren daar altijd Sjaak, 
Brechtje, Dick, Henk G, Louis, Arnoud, Linda en Merel: geweldig! 
 
Misschien is het muizenhuis-eigen, maar ook in het GDL heerste er altijd een goede 
sfeer en gezelligheid. Helma, Willeke, Kees en Harry: bedankt voor jullie construc-
tieve meedenken! Joyce en Sabine, fijn dat de vele injecties nooit een probleem 
waren! Annemieke, Manuela en de overige dierverzorgers: het was altijd fantastisch 
voor elkaar! 
 
Lydia, wat was ik blij dat er iemand kwam om muizendiscussies mee aan te gaan 
tijdens de werkbespreking en in de wandelgangen. Dat intuberen laten we maar aan 
anderen over. Veel succes met je nieuwe onderzoek! Liset, dat waren verrassende 
TREC-resultaten die je boekte! Nu zelf AIO: dat gaat wel goed komen! Ik ben 
benieuwd naar de resultaten. Thomas, het was leuk om met je samen te werken! 
Janesh, altijd wat te leuteren onder het prutsen in het muizenhuis. Het was gezellig! 
 
Ex-KVI-virologen, terwijl iedereen naar Utrecht verhuisde, bleef ik gedeeltelijk in 
Amsterdam hangen. Gesprekjes op de gang, het beschikbaar stellen van een 
complete werkplek en allerhande andere zaken, hebben ervoor gezorgd dat ik met 
veel plezier nog twee jaar langer met jullie ben opgetrokken. Hanneke, bedankt voor 
de mogelijkheid om mijn experimenten te kunnen afronden. 
 
Wat zou het werk zijn geweest zonder de gezelligheid, tips, humor, steun,  
discussies en betrokkenheid van mijn (ex-)kamergenoten? Nening, Christine, 
Bregje, Eva, Nienke, Marieke, Ana, Tomek en Leonie: bedankt voor alles! 
 
Edith, Steve, Gerben en Johanna, mijn eerste stappen op het wetenschappelijke 
pad werden door jullie begeleid. Het legde de basis voor mijn AIO-onderzoek. Dank 
voor de wetenschappelijke vorming die jullie me hebben meegegeven! 
 
Er zijn nog veel meer mensen die door hun belangstelling op het werk of privé mij 
altijd gesteund hebben. Het voert te ver om iedereen hier te noemen, maar ook 
vanaf deze plaats: bedankt! 
 
Kerkfamilie in Spijk, ik ben dankbaar dat ik een onderdeel van jullie mag zijn. De 
wekelijkse bezinning zet alles in het leven weer in het juiste perspectief. 
 
Familieleden door het hele land, maar vooral Oma den Braber: bedankt voor de 
interesse die er altijd was! 
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Anna-Marie, Corrie, Jenine, Jennie, Marlies, Mirjam, Rianne en echtgenoten, be-
dankt voor de gezelligheid buiten het lab! Vrienden van de middelbare school moet 
je koesteren! 
 
Jeannet, je inbreng bleef niet beperkt tot meedenken in praktische zaken. ’s Avonds 
nog even helpen met meten, getallen invoeren of bestanden doorlezen: het kon 
altijd. Bedankt voor je vriendschap, steun en geduld. Ik ben blij dat jij mijn paranimf 
wilt zijn! 
 
Lieve Aline en Roel, Jaap en Henrieke, Lieneke en Arie: petje af voor jullie! Ik voel 
me gezegend met zo’n familie! Met Wilco, Jonieke, Lidia, Art, Susanne, Sanne, 
Gerdiene en twee kleintjes op komst, breidt de familie gestaag uit. Het wordt er 
alleen maar gezelliger op! 
 
Lieve papa en mama, heel erg bedankt voor alle onvoorwaardelijke liefde, steun en 
vertrouwen. Uit de grond van mijn hart: ik hou van jullie! Mama, de onzichtbare 
motor achter het hele gezin: ik ben blij dat u 16 juni ook letterlijk achter mij staat als 
paranimf! 
 
Boven dit alles gaat mijn dank uit naar de Heere God, de Schepper van al het leven, 
Die al die jaren wijsheid en kracht gegeven heeft, en Die nog steeds spreekt door 
Zijn Woord en Geest. Soli Deo Gloria! 

 
Dat hemel, aard’ en zee en berg en dal, 

Hoever men ook Zijn scepter ziet regeren, 
Nu Zijnen naam en grote deugden eren; 

En gij, mijn ziel, loof gij Hem bovenal. 
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CURRICULUM VITAE 
 

Ineke den Braber werd op 2 mei 1979 geboren te Barendrecht. Na het behalen 
van het VWO diploma aan het Van Lodensteincollege te Amersfoort, begon zij in 
1997 aan de studie Biologie aan de Universiteit Utrecht. Tijdens deze opleiding 
heeft zij stage gelopen bij de afdeling Veterinaire Farmacologie, Farmacie en 
Toxicologie van bovengenoemde universiteit onder supervisie van dr. G.J. 
Schaaf en prof. dr. J. Fink-Gremmels. Vervolgens liep zij stage bij de afdeling 
Cellular Immunology-3 van het La Jolla Institute for Allergy and Immunology 
(San Diego, USA) onder supervisie van dr. E.M. Janssen en dr. S.P. Schoen-
berger. In november 2002 werd het doctoraal examen cum laude gehaald. Vanaf 
juni 2003 werkte zij als assistent in opleiding bij de afdeling Klinische Viro-
immunologie van Sanquin Research (Amsterdam) en, na verhuizing van de 
vakgroep, bij de afdeling Immunologie van het Universitair Medisch Centrum 
Utrecht, onder begeleiding van dr. K. Tesselaar, prof. dr. R.J. de Boer en prof. 
dr. F. Miedema. De resultaten van dit onderzoek staan beschreven in dit proef-
schrift. Vanaf juni 2009 zal zij werkzaam zijn als post-doc binnen de groep van 
prof. dr. W. van Eden, op de afdeling Infectieziekten en Immunologie van de 
Universiteit Utrecht. 
 

Curriculum Vitae 137

Ineke BW 15-5.indd   137Ineke BW 15-5.indd   137 26-05-09   12:0526-05-09   12:05



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[Press Quality]'] Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


