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General introduction.

1.1 The adaptive immune system: T cells

The adaptive immune system plays an important role in defending the host
against pathogens. An essential branch of the adaptive immune system is
formed by T cells which mature in the thymus. Thymocytes undergo a matu-
ration process that is also referred to as thymic education. T cells that might
be beneficial to the immune system are spared by a process called positive
selection, while those T cells that might evoke a detrimental autoimmune re-
sponse are eliminated by a process called negative selection (Reviewed in [84]).
Each T cell that passes through this education process has a T cell receptor
(TCR) that can bind peptides presented by major histocompatibility complex
(MHC) molecules on the surface of antigen presenting cells (APCs). Thymic
selection determines the composition of the TCR repertoire. These T cells
(recent thymic emigrants, RTEs) then emigrate to peripheral organs such as
the spleen and lymph nodes and remain as naive T cells until they encounter
antigen.

There is a broad range of potential pathogens that can infect a host, and
some pathogens even evolve to evade detection by the host’s immune system.
Given that TCRs are very specific, their repertoire has to be very diverse
[12, 23]. Indeed, T cells are highly diverse, in the sense that almost every T
cell generated in the thymus expresses a different TCR. To ensure protection
of the host from infection by diverse and evolving pathogens, the host has to
maintain a diverse pool of naive T cells throughout life.

On encountering a pathogen, naive T cells become activated, proliferate and
provide help to humoral and cellular immune responses (in the case of CD4™
T cells), or become activated to kill specific infected target cells (in the case
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of CD8' T cells). Activated T cells that are directly involved in combating
pathogens are referred to as effector T cells. Some activated T cells mature into
memory T cells. Memory T cells ensure extended protection of the host against
re-encounters with similar pathogens, i.e. they provide immunological memory.
T cell populations that have previously encountered specific pathogens can
persist for decades. On encountering the same pathogen, they are activated,
proliferate rapidly and resume effector function to combat that pathogen. The
concept of immunization is based on immunological memory, and was first used
as far back as the 1790s when Edward Jenner developed the smallpox vaccine.
Exposure to antigens early in life should reduce the risk of the same antigen
causing illness later in life.

1.2  When things go wrong.

With the features of the adaptive immune response described above, T cells
should be able to provide effective protection for the host. However, T cells at
times fail to protect the host against pathogens or in some cases even harm the
host. The immune system may attack the host, as is the case in autoimmune
disorders such as rheumatoid arthritis, myasthenia gravis and diabetes mellitus
type 1. Several studies have shown that the diversity of the naive T cell reper-
toire shrinks with the age of the host (reviewed in [40]). The reason for this
decline in repertoire diversity is unclear, but one suggestion is that it is due to
a lack of new naive T cells from the thymus as the thymus involutes with age
[40, 92, 142]. In other cases the absence of T cells be detrimental to the host
as is the case in immunodeficiency diseases such as in severe combined immun-
odeficiency disease (SCID), or acquired immunodeficiency syndrome (AIDS).

To address why things go wrong, one needs to understand how things work
normally and also how to rectify problematic situations by therapeutic strate-
gies. A full understanding of T cell dynamics requires both a qualitative
and quantitative understanding of the processes involved. For example, the
mere knowledge that T cells can develop immunological memory to a specific
pathogen is not enough to make a successful vaccine. We need to know how
many effector cells are required, how fast they accumulate at the site of infec-
tion and how many infected targets they can kill [21].

Great strides have been made in immunological research over the years,
and scientists have developed techniques and animal models to study different
processes in immunology. However, the complex nature of the immune system
and its interaction with pathogens, can make the interpretation of immunolog-
ical data a formidable task. Furthermore recent advances in the development
of new technologies for obtaining and storing immunological data, has made
critical the need to develop tools to assimilate and interpret the data. Mathe-
matical models are one such tool that can be used to help interpret immuno-
logical data, provide substantial insights into components of otherwise complex
processes, and make predictions of what may follow as time evolves or as the
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characteristics of the system are modified. Most of the immunological research
is skewed towards a qualitative understanding, and in this thesis we seek to
strike a balance between the qualitative and quantitative understanding of T
cell dynamics. Our focus is on broadening the insights into mechanisms be-
hind normal dynamics of T cells, and the causes of T cell decline during HIV
infection. This thesis is in itself an illustration of how mathematical model-
ing and immunological experiments complement each other in gaining a better
understanding.

1.3 Thesis outline.

Part I: T cell dynamics in health.
This section focuses on understanding and quantifying the dynamics of differ-
ent T cell subsets in healthy mice.
e Chapter 2: A number of methods have been developed to study T cell dy-
namics in vivo. One such method makes use of labeling DNA of proliferating
cells with the non-radioactive stable isotope deuterium (*H). A meta-analysis of
2H labeling studies suggested that the estimated average turnover rate depends
on the length of the labeling period. In this chapter we show that this depen-
dence on the length of the labeling period is a consequence of the mathematical
model that was used to interpret the data. We develop a new mathematical
model which explicitly accounts for possible kinetic heterogeneity in the differ-
ent T cell subsets, and we show that average turnover rates of different T cell
subsets can be evaluated independently of the length of the labeling period.
We use this model to estimate the expected lifespans of naive and memory T
cells in mice.
e Chapter 3: Although we are able to estimate the production rate and lifes-
pan of naive T cells using 2H labeling, this method cannot distinguish between
thymic production and peripheral proliferation. To assess the contribution of
the thymus, we thymectomized 7 week old mice and measured the sizes of the
different T cell subsets in the spleen and peripheral lymph nodes for 65 weeks
after thymectomy. Using mathematical models to describe this data, we found
that throughout life, naive T cell production in mice almost exclusively occurs
in the thymus. This is in contrast to findings from human studies, which have
shown a significant contribution from peripheral naive T cell proliferation, par-
ticularly in adult life.
e Chapter 4: Contrary to previous studies that have suggested that recent
thymic emigrants (RTEs) form a separate sub-population with different dy-
namics from resident naive T cells, we did not find any evidence for such a
distinction (Chapters 2-3). We were able to describe both the naive T cell 2H
labeling data, and the naive T cell dynamics in control and thymectomized
mice, without explicitly separating the RTEs from resident naive T cells. In
this chapter we revisit the thymus implantation experiments that were the ba-
sis of the current consensus that RTEs in mice have a faster rate of turnover
than resident naive T cells. We show that the data from thymus transplan-
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tation studies are fully compatible with a mathematical model in which there
is no kinetic distinction between RTE and resident naive T cells. Collectively,
these analysis takes away the evidence that RTE form a kinetically distinct
sub-population within the naive T cell pool.

Part II: T cell dynamics during HIV infection.
The mechanism behind the CD4 T cell decline during HIV infection remains
unclear. Several studies have suggested that chronic immune activation is re-
sponsible for the loss of T cells while other studies have pointed at reduced
thymic output. The goal of this section is to investigate the role of immune
activation and thymic output in CD4 T cell decline during HIV infection.
e Chapter 5: Mice over-expressing CD70 are a model for chronic immune
activation. By comparing T cell dynamics in CD70 Tg mice to wild-type mice,
we investigated the effect of chronic immune activation and thymic output on
naive T cell depletion. by fitting a mathematical model to experimental data,
we show that chronic immune activation on its own is sufficient to cause naive
T cell depletion, while reduced thymic output accelerates this.
e Chapter 6: Using in vivo 2H labeling of T cells from HIVT and HIV~ indi-
viduals, we show that in HIVT patients there is a shift in the kinetics of both
naive and memory CD4 and CD8 T cells to faster turnover rates compared
to healthy controls. The kinetics of the naive T cell pool changes most dra-
matically upon HIV infection: while naive T cells typically form a kinetically
homogeneous population of cells, upon HIV infection naive T cells become het-
erogeneous and a sub-population of naive T cells acquires faster turnover rates.
e Chapter 7: Changes in T cell dynamics in HIV infection have been studied
using TRECs and telomeres. The decline in CD4 T cells during HIV infection
has been shown to be accompanied by a dilution of TRECs. In a longitudinal
study, we show that this decrease in TRECs is biphasic. Using a mathematical
model, we show that this data can be explained by massive recruitment of a
large fraction of naive T cells into the effector/memory pool, where they are
quickly lost.
e Chapter 8: Although TREC content data was initially proposed as a marker
for thymic output, it was shown in previous studies that the interpretation
of TREC data is complicated by dilution by T cell proliferation. Reversely,
telomere length dynamics, which were initially proposed as a measure of the
proliferative history of T cells, were shown to be influenced by thymic output.
In this chapter we review the use of these two markers in understanding T
cell dynamics in general, and apply our analysis to HIV infection. We find
that typically both markers are affected by thymic output and proliferation.
In one exceptional a case (where thymic output is small), TREC dilution was
observed without a significant change in average telomere length. Our model
explains the observations on TREC and telomere dynamics in HIV™ patients
when we allow for increased proliferation, in combination with either increased
death rates and/or decreased thymic output.
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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 re-
sults 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 investigate whether this difference in estimated
turnover rates could be due to differences in the length of the labeling period.
When applied to kinetically heterogeneous cell populations, such as the effec-
tor/memory T cell pool in mice, current models may lead to underestimation of
the average life span 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 model that can estimate labeling-time-independent average life spans of
heterogeneous cell populations. We estimate that in mice, naive CD4% and
CD8T T cells have average life spans of 48 and 91 days, respectively, while
memory CD4% and CD8% T cells live on average 12 and 17 days, respectively.

2.1 Introduction

Knowledge on the average life spans of different leukocyte populations has
important consequences for our insights in diverse immunological processes.
The long life span of naive T cells in humans, for example, suggests that priming
of specific naive T cells is a rare event, and that reconstitution of these cells
after depletion, for example due to HIV infection, may take 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 2H,-glucose and ?H5O have been introduced for
in vivo DNA labeling and quantification of leukocyte production and death in
humans [58, 93]. The average life spans of naive, memory and total CD4" and
CDS8™ T cells that have been estimated using these two compounds, however,
differ considerably between laboratories [10]. The origin of these differences
has so far not been explained.

It has been shown before that, if cell populations are kinetically hetero-
geneous, the rate at which labeled cells are 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 to-
wards cells with relatively rapid turnover. For longer labeling periods, the rate
at which label is lost more closely resembles the average turnover rate of the
cell population [5]. Importantly, the average turnover rate - which is used to
estimate the average life span - of a cell population should not depend on the



2.2. Results

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 estimated average life spans and the duration of label administration,
even when the same stable isotope was used [10]. In line with this, studies based
on deuterated glucose - which tends to be administered for shorter periods than
deuterated water - consistently reported shorter average T cell life spans than
deuterated water studies [10]. We therefore investigated how the length of the
labeling period could influence estimated average life spans. Current models
used to fit stable isotope labeling data typically assume that the labeling phase
can be described by a single exponential [5, 88]. We studied the hypothesis that
if there are sub-populations of cells with such high rates of turnover that their
label incorporation starts saturating during the labeling period while that of
other cells does not, such models may underestimate the average turnover rate
of the cell population as a whole, especially when labeling periods are long.

Here we experimentally tested our hypothesis that longer labeling periods
may lead to underestimation of the average rate of cell turnover of kinetically
heterogeneous cell populations when fitted to a single-exponential model. We
performed ?H,O experiments in mice which only differed in the length of the
labeling period, and analysed the kinetics of naive and effector/memory T cells.
We found that effector/memory T cells in mice form a kinetically heterogeneous
population, and when fitted to a single exponential model [5] 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 influenced by the length of the labeling period.
We introduce an alternative modeling strategy, based on a multi-compartment
model [38], which fits average life spans independent of the length of the la-
belingg period even for populations that are kinetically heterogeneous. Fitting
this new model to all the labeling data that we collected in mice yielded reliable
estimates of the average T cell life spans in mice, which varied from 48 and 91
days for naive CD4™ and CD8*" T cells, to 12 and 17 days for memory CD4*
and CD8T T cells, respectively.

2.2 Results

Estimated average turnover rates can be dependent on the length
of the labeling period
To investigate whether the length of label administration may influence the
estimated average life span of T cells, we gave 12-week old C57B1/6 mice a bolus
of 2H, 0 and subsequently 4% 2H,O in the drinking water for one, four, or eight
weeks. Total thymocytes and naive and effector/memory CD4% and CD8T T
cells were isolated from the spleen during the up- 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.
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2.1), were fitted with a single exponential model proposed by Asquith et al. [5].
In this model cells have an average turnover (or production) rate p and labeled
cells disappear at rate d*. Production of labeled naive T cells is a combination
of thymic output and proliferation, whereas labeled effector/memory T cells
emanate from self-renewal and differentiation of naive T cells. Labeled naive
and effector /memory T cells disappear by differentiation, migration and/or cell
death [56]. The model was extended to correct for the 2H2O concentration in
the plasma (see Materials and Methods). After withdrawal of deuterium from
the drinking water the concentration of the label in the plasma dropped with
a half-life of 2.7 days.
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Fig. 2.1: Best fits of the single exponential model to the naive and effector /memory
T cell data. Label enrichment was corrected for H>O 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. The black
dots are all data measured during labeling, the grey dots, black triangles and black
asterix are the 1, 4 and 8 week down-labeling data, respectively. Data were fitted
separately for each labeling period, using the single exponential model to estimate
the average turnover rate p of the total population and the disappearance rate d* of
the labeled cell population. (see Table S.2.2 for parameter values.)

Each of the data sets was fitted separately with the single exponential model
(Materials and Methods and Fig. 2.1). The disappearance rate d* of labeled
naive T cells did not depend on the length of the labeling period, while that of
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effector /memory T cells decreased significantly when the length of the labeling
period increased (Fig. 2.2B). This suggests that effector/memory T cells in
mice form a kinetically heterogeneous population [5], while naive T cells are
kinetically homogeneous (Den Braber et al. unpublished). Fitting the different
effector/memory data sets with the single exponential model confirmed the
unexpected observation in the literature [10] that even the estimated average
turnover rates p can depend on the length of the labeling period (Fig. 2.2A).
The resulting estimated average life spans of CD4" and CD87 effector /memory
T cells based on the one-week labeling experiment were 1/p = 15 (12-16 days)
and 28 days (22-32 days), respectively, while the estimates based on the longer
labeling experiments were 1/p =25 (22-27 days) and 45 days (38-49 days),
respectively. For naive CD47 and CD8™T T cells, we estimated average life spans
of 1/p = 48 (33-48 days) and 83 (51-83 days) days, respectively, independent
of the length of the labeling period.

A B

012 Naive T cells Memory T cells 012 Naive T cells Memory T cells

p (per day)
s g <
d (per day)
g

1wk 4wk 8wk 0] 1wk 4wk 8wk (i) 1wk 4wk 8wk 1wk 4wk 8wk
Labeling period Labeling period

Fig. 2.2: Effect of the length of the labeling period on the average turnover
rates and the disappearance rates of labeled cells. The estimated average turnover
rates, p, of the total populations (A) and the disappearance rates, d*, of the labeled
cell populations (B) based on the single exponential model, for the different labeling
periods. The estimates were based on the best fits through the 1, 4 or 8 week labeling
data of naive CD4" (solid squares), naive CD8" (solid circles), effector/memory
CD4™" (open squares) and effector/memory CD8 (open circles) T cells (Fig. 2.1).
The points indicated by (i) and (ii) are the average turnover rates from simultaneously
fitting all data sets to the two-compartment model.Bars with whiskers represent the
95% confidence intervals on the average turnover rates.(see Table S.2.2)

Dependence on the labeling period due to the modeling approach.
We investigated whether the dependence of the estimated average turnover rate
on the length of the labeling period could be due to the mathematical model
used. Although the model introduced by Asquith et al. [5] captures kinetic
heterogeneity in the sense that the rate at which labeled DNA 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 a single
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exponential. Such a model may not correctly describe the average turnover
rate of a cell population that contains cells which proliferate so rapidly that
their label incorporation starts saturating during the labeling phase and cells
that proliferate more slowly. Instead the model will seek a compromise be-
tween the true average turnover rate which is reflected in the initial rapid label
increase, and the subsequent labeling of the cells with slower rates of turnover.
Such compromises may cause underestimation of the true average turnover rate
especially for longer labeling periods.

Our own experiments described above are illustrative of this problem. The-
oretically, the up-slopes of the three labeling experiments should follow exactly
the same curve and approach the same asymptote. In fact, the separate fits
of the 1, 4, and 8-week labeling data of effector/memory cells show different
slopes during the labeling phase (Figure 1). According to the model by [5],
at the asymptote a fraction p/d* of the DNA is labeled. Because short label-
ing periods lead to high values of the disappearance rate of labeled cells, d*,
the asymptotes could paradoxically only be the same if the estimated average
turnover rate, p, would be higher for short labeling periods. Hence, differences
in average turnover rates may even be imposed by the different down-slopes.

Estimating T cell turnover with a multi-compartment model.
To overcome these problems we introduce a new modeling approach, which
explicitly takes into account kinetic heterogeneity between sub-populations of
cells [38]. The new model splits the cell population of interest into an arbitrary
number of kinetically different compartments, each with a different turnover
rate. Kinetic heterogeneity between sub- populations has indeed been reported.
For instance, memory T cells in both mice and men can be phenotypically sepa-
rated into effector-memory (T gys) and central-memory (Teay) cells [114], with
kinetic differences, e.g., the estimated turnover rate of human CD4" T gy, cells
is three times faster than that of CD4™ Ty cells [81]. The generalized mathe-
matical model considers n different sub-populations, each forming a fraction «;
of the total population, with average turnover rate p; (where i = 1,2,..n). We
have demonstrated that as the number of compartments in the model increases,
the estimated average turnover rate increases until it saturates at the true av-
erage turnover rate (Bartha et al. unpublished). By systematically fitting the
general model to the individual data-sets and each time testing whether adding
an extra kinetic sub-population changed the estimated average turnover rate,
we found that the effector/memory labeling data could be described by two
kinetic sub- populations. In contrast to the single exponential model, the two
compartment model correctly described the 1, 4, and 8-week labeling data with
almost overlapping up-labeling curves (Fig. 2.3). As a result, the estimated
average turnover rates became independent of the length of the labeling pe-
riod (Fig. 2.4). Thus, estimates for cellular life spans are no longer dependent
on the length of the labeling period when mathematical models are used that
correctly capture the multi-phasic nature of labeling curves. As expected, the
estimated average turnover rates of naive T cells remained independent of the

10
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Fig. 2.3: Best fits of the two-compartment model to the naive and effector/memory
T cell 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 effec-
tor/memory CD8" T cells (D) in the spleen were determined. The black dots are all
data measured during labeling, the grey dots, black triangles and black asterix are
the 1, 4 and 8 week down-labeling data, respectively. Data were individually fitted
to a two-compartment model to estimate the average turnover rates of the different
T cell populations.

length of the labeling period (Fig. 2.4), further supporting the notion that the
naive T cell pool in mice is kinetically homogeneous.

We took advantage of the three different detests per T cell population that
we collected, by fitting all labeling experiments simultaneously using our new
modeling approach. Based on these extensive data sets, we estimated that
CD4™" and CD8™ effector/memory T cells in mice have average turnover rates
of 0.086 and 0.060 per day, yielding average life spans of 1/p = 12 and 17
days, respectively (Table 2.1). Naive CD4 T and CD8" T cells in mice were
estimated to live on average 48 and 91 days, respectively (Table 2.1).

2.3 Discussion
Estimated average T cell life spans based on stable-isotope labeling have

previously been shown to differ between laboratories [10]. Our study shows
that differences in estimated average life spans may in part be caused by dif-

11
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Fig. 2.4: The two compartment model estimates the same average turnover rate
regardless of the length of the labeling period. The estimated average turnover rates,
p, of the different T cell populations based on the two compartment model. The
estimates were based on the individual best fits through the 1-, 4- and 8-week labeling
data of naive CD4" (solid squares), naive CD8" (solid circles), effector/memory
CD4" (open squares) and effector/memory CD8 (open circles) T cells (Fig. 2.3).
The points indicated by (i) and (ii) give the average turnover rates resulting from
simultaneous fits to the 1, 4 and 8 week labeling data of naive CD4™, naive CD8™T,
effector/memory CD4" and effector/memory CD8" T cells (see Fig. 2.5). Bars with
whiskers represent the 95% confidence intervals on the average turnover rates.

ferences 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 a single exponential model [5], we found that the es-
timated average turnover rate decreased as the labeling period became longer
(Fig. 2.2). This dependence of the estimated average turnover rate on the
labeling period was probably caused by a sub-population of cells that had such
a high rate of turnover that its level of label incorporation started to saturate
during the labeling phase while that of other cells did not. Because the sin-
gle exponential model could not correctly capture the biphasic nature of the
up- and down-labeling curves, the model yielded a compromise and thereby
underestimated the average turnover rate of the effector/memory population,
especially when the labeling period was long. We demonstrate that the use of a
multi-compartment model [38] solves these problems and gives rise to average
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2.3. Discussion

Table.

2.1: Estimated turnover rates of naive and effector/memory T cells based

on simultaneously fitting the one, four and eight week labeling data using the two-
compartment model. 95% confidence intervals are given in parentheses.

Parameter Naive Effector/memory
p1(day™1) 0.024 (0.020 - 0.201) 0.257 (0.196 - 0.461)
CDA+ po(day™1) 0.010 (0.000 - 0.199) 0.024 (0.011 - 0.053)
« 0.793 (0.031 - 0.995) 0.272 (0.212 - 0.343)
average p(day~!)  0.021 (0.020 - 0.029) 0.086 (0.078 - 0.139)
p1(day 1) 0.092 (0.042 - 0.471)  0.446 (0.247 - 1.000)
D&+ po(day~1) 0.012 (0.001 - 0.142)  0.018 (0.005 - 0.075)
« 0.000 (0.000 - 0.047) 0.101 (0.079 - 0.148)
average p(day~—!) 0.011 (0.005 - 0.019)  0.060 (0.048 - 0.120)
Shared A 4.105 (3.717 - 4.417)  0.000 (0.000 - 0.488)
A . B .
100 | CD4 Naive T cells 100 k- CD8 Naive T cells
80 I 80 -
60 |
ol 40}
2
o 20 |
o
= o
() 0 50 100 150 200 0 50 100 150 200
§ 100 | CD4 E/M T cells 100 | CD8 E/MT cells
2l st 80 |
60 60
a0 |- 40
20 20
0 0 =
0 50 100 150 200 0 50 100 150 200
Time (days)
Fig. 2.5: Best fits of the two compartment model, when all naive and effec-

tor/memory Tcell data were fitted simultaneously. 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. The dots are all data measured during labeling, the grey dots, black tri-
angles and black asterix are the 1-, 4- and 8-week down-labeling data, respectively.
Data were simultaneously fitted with a two-compartment model to estimate the av-
erage turnover rate of each T cell population.
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2. NAIVE AND MEMORY T CELL TURNOVER IN MICE.

turnover rates that are independent of the labeling period.

Our new modeling approach improves upon previous models, especially
when fitting experiments with long labeling periods. Long-term labeling has
considerable advantages over short-term labeling, because long labeling periods
i) allows even cells with relatively slow turnover to become labeled, ii) allows for
more data sampling during the labeling phase, which is essential to estimate
the average turnover rate, and iii) allows for detailed analysis of the kinetic
composition of the cell population under investigation. In order to obtain
reliable estimates in future labeling studies, we therefore suggest to perform
long-term labeling experiments with relatively dense sampling during the start
of the labeling phase (because that is when the slope of the labeling curve
most closely resembles the true average turnover rate), and to apply our new
modeling strategy to help the interpretation of the experiments.

It is widely believed that naive T cells in mice exist in two separate pop-
ulations with different kinetics: recent thymic emigrants with a turnover of
approximately three weeks [7, 8] and resident naive T cells, with an estimated
life span of several months [25, 99, 130]. Our labeling data provided no evi-
dence whatsoever for such kinetic heterogeneity in the naive T cell population:
1) when the one exponential model [5] was fitted to the naive CD4" and CD8"
labeling data, the average turnover rate p was similar to the loss rate of la-
beled cells d*, and the loss rate of labeled cells d* did not depend on the length
of the labeling period, and 2) when the new model was fitted to the naive
CD4" and CD8' T cell labeling data, the introduction of a second kinetic
compartment neither improved the quality of the fits, nor changed the param-
eter estimates. Both observations suggest that the naive T cell population in
mice is in fact kinetically homogeneous. The observation that effector/memory
T cells are kinetically heterogeneous is not surprising, because phenotypically
separate sub-populations of effector-memory (Tgas), central-memory (Tear),
and quiescent bone marrow memory cells with kinetic differences have been
described before [81, 114, 129).

Based on our labeling experiments, which to the best of our knowledge
form the most extensive labeling data set collected in mice to date, we esti-
mate that naive CD4" and CD8% T cells in mice have an expected lifespan
of 48 and 91 days, respectively. Effector/memory CD4" and CD8T T cells,
which are kinetically heterogeneous, have expected life spans of 12 and 17 days
respectively.

2.4 DMaterials and methods

Mice
C57B1/6 mice were maintained by in-house breeding at the Central Animal
Facility at Utrecht University under specific pathogen-free conditions in accor-
dance with institutional and national guidelines. 2H50 labeling was achieved
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2.4. Materials and methods

by giving 12-week old mice one boost injection (i.p.) of 16.5 ml/kg of 90%
2H,0 in PBS (Cambridge Isotopes, Cambridge, MA), followed by subsequent
feeding with 4% 2H,O 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 C57B1/6 mice at different time points
before, during and after 2H2O labelingg. After mechanical disruption, the cells
were prepared and stained as previously described [136]. Cells were analyzed
on a LSR II flow cytometer and BD FACSDiva software. Naive (CD62L™T,
CD447) and effector/memory (CD447) T cells were sorted using a FACSAria
cell sorter and FACSDiva software (BD). Purity of the sorted cells was compa-
rable between the different labeling experiments. The average purity was: 98.3
+ 1.6 % (naive CD47,91.1 - 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 % (effec-
tor/memory CD8%, 89.6 - 99.6 %). Thymocytes and sorted T cells were frozen
until further processed.

Measurement of 2H,0O enrichment in plasma and DNA
Deuterium enrichment in serum was measured as reported by Previs et al. [106].
The isotopic enrichment of DNA was determined as previously described [136].

Mathematical modeling of 2H,O data.
Following Vrisekoop et al. [136], the availability of heavy water at any moment
in time was calculated by fitting the 2H enrichment in the plasma during up-
and down-labeling to the following equations:

Sit) = f(1- 67&) + Soefatduring label intake(t < 7),and (2.1)
St) = [f(l — 6_6T) + Soe_‘sﬂ e =T after label intake(t > 7). (2.2)

In these equations, S(t) represents the fraction of 2H,O in plasma at time ¢ (in
days), f is the fraction of H,0 in the drinking water, labeling was stopped at
t = 7 days, § represents the turnover rate of body water per day, and Sy is the
plasma enrichment attained after the i.p. boost of label at day 0. The best fits
for the plasma data are shown in Fig. 2.1A and the parameter estimates are
given in Supplementary Table S.2.1.

To model the label enrichment of adenosine in the DNA of cells we previ-
ously extended the single exponential model proposed by Asquith et al. [5] to
include the dependence on the actual enrichment of the body water (as esti-
mated by S(t)) [136]. To determine the maximal level of label incorporation
that could possibly be attained, we fitted this model [136] to labeling data from
mouse thymocytes (see Fig. 2.1B and Supplementary Table S.2.1), which are
known to have a high rate of turnover [59, 93]. Parameters based on the single
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2. NAIVE AND MEMORY T CELL TURNOVER IN MICE.

exponential model for the different T cell subsets were subsequently determined
as described before [136].

Alternatively, labeling data from the different T cell subsets were fitted
to a multiple compartment model [38] in which each kinetic sub-population ¢
contains a fraction «a; of cells with turnover rate p;. Assuming a steady state
for each kinetic sub-population, label enrichment of adenosine in the DNA of
each sub-population i was modeled by the following differential equation:

where [; is the total amount of labeled adenosine in the DNA of sub-population
i, A the total amount of adenosine, ¢ is an amplification factor that needs to be
introduced because the adenosine deoxyribose (dR) moiety contains seven hy-
drogen atoms that can be replaced by deuterium, and p; is the average turnover
rate of the sub-population. Basically one writes that each adenosine residue in
sub-population ¢ replicates at rate p; and will incorporate a deuterium atom
with probability ¢S(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 of sub-population 4, i.e., defining L; = [;/(a;A;), yields:

Ly = picS(t) — piL (2.4)

throughout the up- and down-labeling period, where L; represents the fraction
of labeled deoxyribose residues of adenosine in the DNA of sub-population 4.
The corresponding analytical solutions are

During label intake:

Lz(t) = 5 — i

After label intake:
Li(t) = 5”” [S(T)e—w—ﬂ - S(t)} FLM)e P (> 1), (2.6)

— Vi

[pi(Soe P — S(t)) + 6f(1 — e P")] if (¢t < 7), (2.5)

Because we observed a lag in appearance of labeled naive T cells in the spleen
after start of labeling, suggesting that cells divided in the thymus and then
migrated to the spleen, we modified Equations 2.5 and 2.6 by introducing a
time delay, A, when fitting to naive T cell data. The corresponding equations
are:
Ift < A:

Li(t)=0
fTA<t<7T4+A:

Lilt) = o [pilSoe ™07 = S(1 = ) 671 — e =)

Ift >7+ A:

L;i(t) = é)_;c [S(T)e_pi(t_A_T) - S(t— A)} + L(r)ePilt=A=T)
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The fraction of labeled DNA in the total T cell population under investi-
gation was subsequently derived from

L(t) =Y oiLi(t)

and the average turnover rate p was calculated from

p= Z%‘pz‘

Best fits were determined by minimizing the sum of squared residuals after arc-
sin(square-root) transformation, because all enrichment data were expressed as
fractions. The 95% confidence intervals (Cls) for the inferred parameters were
determined using a bootstrap method [33], where the residuals to the optimal
fit were resampled 500 times.

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 sig-
nificant.
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2.5 Supplementary information.

Table. S.2.1: Parameters values of deuterium enrichment in the plasma and
in thymocytes”. We take the deuterium enrichment in the plasma to reflect the
enrichment in the body water. Sy represents the baseline plasma enrichment attained
after the boost at the end of day 0. ¢ is the turnover rate of body water and f the
fraction of *HoO in the drinking water. Labeling in thymocytes was measured to
normalize the data (see Materials and Methods).

Paremeter Value (95% confidence interval)
S 0.015 (0.012-0.018)
Plasma 8(day=1) 0.261 (0.230-0.272)
Fday™) 0.006 (0.006-0.007)
p(day= 1) 0.416 (0.377-0.468)
Thymocytes ¢ 3.093 (2.974 -3.161)

“Values are estimates of the best fit depicted in (Fig. 2.1A) and (Fig. 2.1B) .

Table. S.2.2: Parameter values” from the best fits of the single exponential model
to the naive and effector/memory T cell data. Data were fitted separately for each
labeling period (see Fig. 2.1), using the single exponential model to estimate the
average turnover rate p of the total population and the disappearance rate d* of the
labeled cell population for each labeling period.

70 7 days 28 days 56 days

Naive

D4+ p 0.023 (0.021-0.031)  0.023 (0.021-0.027) 0.023 (0.021-0.026)
d 0.035 (0.019-0.047)  0.023 (0.019-0.026) 0.023 (0.019-0.027)

cpgs P 0014(0012:0.020) 0013 (0.012:0.016) 0.013 (0.012-0.015
d 0.015 (0.004 -0.027) 0.012 (0.009-0.015) 0.013 (0.009-0.015)

Memory

D4+ p  0.067 (0.063-0.085) 0.041 (0.039-0.050) 0.039 (0.037-0.046)
d 0.080(0.060 -0.099)  0.041 (0.035-0.046) 0.041 (0.033-0.047)

D8+ p  0.035 (0.031-0.046)  0.025 (0.023-0.030) 0.022 (0.020-0.026)
d 0.048 (0.030 -0.067) 0.019 (0.016-0.023) 0.024 (0.019-0.029)

®Value (95% confidence interval)
“Length of labeling period.
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3. LACK OF PERIPHERAL DIVISION IN NAIVE T CELL MAINTENANCE: A
MOUSE-MAN DIVIDE.

Abstract

The contribution of thymus output to the maintenance of the naive T cell
pool is still controversial. Using a combination of deuterium labeling and
thymectomy experiments, we show that, throughout life, naive T cell main-
tenance in mice depends almost completely on thymus output. In contrast to
the situation in men, peripheral naive T cell division hardly contributes to the
naive T cell pool in mice, which was confirmed by the absence of T cell receptor
excision circle (TRECs) dilution of mouse naive T cells with age. Naive CD4*
and CD8% T cells in young adult mice have a life expectancy of about 7 and
11 weeks, respectively. The differences in naive T cell dynamics between mice
and men point to a serious limitation regarding extrapolation from mouse to
man and vice versa.

3.1 Introduction

Naive T cells are generated via two different pathways: de novo production
in the thymus, giving rise to naive T cells with new T cell receptor (TCR)
specificities [67, 127], and peripheral cell division which does not add novel
T cell specificities. Both in mice and men, daily output of T cells from the
thymus declines with age [45, 124]. 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 dramatically
than thymocyte numbers [34, 117]. In line with this, at old age the peripheral
T cell pool becomes dominated by memory T cells [34, 78], coinciding with
severe perturbations of the naive T cell repertoire and impaired immunity at
very old age [1, 92, 142]. Because of the parallels between T cell kinetics in
mice and men, insights into the role of thymus output in the maintenance of
the T cell pool, and in particular into the role of recent thymic emigrants, are
widely extrapolated from mice to men, and vice versa. In fact it is unknown,
how the average life spans of CD4" and CD8T T cells of mice and men relate
to the longevity of the species, and whether the source of cells responsible for
naive T cell maintenance is similar in mice and men.

TREC analysis has been used to estimate the role of thymus output and
peripheral T cell proliferation. It has been used to show that peripheral prolif-
eration contributes substantially to the establishment and maintenance of the
human peripheral naive T cell pool [53]. The recently introduced technique of
stable isotope labeling has paved the way for reliable quantification of human
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 expectancy of six years for naive CD4% and nine
years for naive CD8T T cells, and that recently-produced naive T cells live
even longer [136].

Using deuterium labeling we found that the life span of murine naive CD4"
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and CD8T T cells is much shorter than that in humans, i.e. in the order of
6-7 weeks throughout life. In contrast to humans, in whom peripheral T cell
division is a major source of naive T cells from early life onward [53], in mice
naive T cells are predominantly derived from thymus output, even at old age.
Our data thus show that maintenance of the naive T cell pool is fundamentally
different in mice and men, with obvious limitations for the extrapolation of
insights into lymphocyte dynamics obtained from murine models to humans
and vice versa.

3.2 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 administered a bolus of
99.8% deuterated water (2H0) followed by long-term maintenance labeling
with 4% deuterated water in the drinking water. Deuterium enrichment in the
DNA of thymocytes and naive T cells from the spleen was determined during
four weeks of label administration 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, where they kept on accumulating up to a week after the end of labeling
(Fig. 3.1A), suggesting that these cells were labeled by cell division in another
compartment.

The cellular turnover rates were estimated by fitting the labeling data to a
mathematical model [5, 136], which distinguishes between an average turnover
or production rate, p, and a death rate of labeled cells, d* (see Methods). The
average turnover rates of naive CD4" and CD8T T cells in young adult mice
were found to be 0.021 and 0.013 per day (Fig. 3.1A), corresponding to average
life spans (1/p) of 47 and 80 days, respectively (Table 3.1). In contrast to what
is commonly observed in deuterium labeling studies in man [5], the death rates
of labeled cells, d*, did not significantly differ from the average turnover rates,
p (Fig. 3.1), suggesting that naive T cells form a dynamically homogeneous
population in the mouse.

Thymus output.
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 renewal [10]. In a separate set
of experiments we therefore enumerated single positive (SP) CD41 and CD8*
thymocytes ( Fig. S.3.1A) and naive CD4% and CD8" T cells in the spleen
and PLNs of normal euthymic or sham-thymectomized mice and mice that had
been thymectomized at seven weeks of age (Fig. 3.2). There were no significant
differences in thymocyte or naive T cell numbers between normal mice and
sham-thymectomized mice at any age (data not shown), allowing us to combine
the data from both types of mice in one euthymic control group. In euthymic
mice, the numbers of SP CD4" and CD8" thymocytes were found to increase
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Fig. 3.1: Estimating average naive CD4" and CD8" T cell turnover rates from
deuterium labeling experiments. (a) 12-week old and (b) 85 week-old mice were given
4% 2H, 0 for four weeks. Each dot in the graphs represents the normalized deuterium
enrichment in the DNA of 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
?H20 administration at four weeks. The level of label enrichment was normalized to
that of thymocytes (see Methods). The data were fitted with a mathematical model
described in Methods. The estimated average turnover rates (p) and death rates of
the labeled cells (d*) are given in each graph.

exponentially after birth, after which they peaked at week 6/7, and decreased
by almost 40% during week seven. Thereafter, thymocyte numbers declined
exponentially at a rate of 50% per year (see Methods and Fig. S.3.1A). Naive T
cell numbers in spleen and PLNs peaked at week 7/8, and subsequently declined
more slowly than thymocyte numbers. In combination with the long-lasting
slow decline of naive T cell numbers after thymectomy, these data suggest that
a homeostatic mechanism compensates for loss of thymus output.

Homeostatic compensation through decreased peripheral cell death. A
likely homeostatic mechanism by which cell numbers are regulated is a cel-
lular survival rate that depends on the population density [37]. When T cell
numbers are low, T lymphocytes will experience less competition for survival
signals, such as contact with MHC-peptide ligands or cytokines, and thus have
a longer life expectancy. To study the relative contribution of thymus output
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Table. 3.1: Estimated average life spans of naive CD4% and CD8" T cells in
euthymic and thymectomized mice.

Method Age Average life spans (days) ¢
Naive CD4™" Naive CD8™
21,0 12 weeks 47 (41 - 54)° 80 (67 - 92)
2 85 weeks 41 (36 - 47) 116 (94 -139)
7 weeks 23 (22 - 25) 70 (63 - 78)
12 weeks 31 (29 - 33) 72 (65 - 75)
Cell counts 85 weeks 46 (43 - 49) 101 (94 - 105)
12 weeks (Tx) 62 (61 - 64) 113 (105 - 117)

® 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 (*H20), and
on the combination of estimated parameters from the homeostatic cell death model
and the T cell counts at the indicated ages (Cell counts; where the average life span
is defined as 1/(r + dnN), where N is the average number of naive T cells at the
indicated age).

® 95% confidence limits are given in brackets.

and peripheral T cell proliferation to the maintenance of the naive T cell pool
in mice, we developed a simple mathematical model with parameters that were
optimally fitted to the naive T cell counts of euthymic and thymectomized mice
of different ages that were measured experimentally. The model describes thy-
mus output, peripheral T cell renewal, and naive T cell loss, which represents
both cell death and priming of naive T cells into the memory T cell pool (see
Material and Methods), and which depends on the number of T cells present
( Fig. S.3.1B). 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 but allows for an increase
in the average life span when T cell numbers decline (Fig. 3.2).

According to this homeostatic survival model, the average life spans of naive
CD4™ and CD8™ T cells in 12-week old mice are 31 and 72 days, respectively,
which is in reasonable agreement with the 47 and 80 day expected life spans
estimated from the deuterium labeling experiments (Table 3.1). Because the
export of naive T cells from the thymus is proportional to the number of SP
thymocytes [7] (depicted in Fig. S.3.1A), we could estimated that every day
3.4% (3.2 - 3.6%) of the SP-thymocyte pool emigrates from the thymus to
the spleen ( Table S.3.1). In 14-week old mice this corresponds to a daily
emigration of 3.6x10° newly produced naive CD4* and 1.4x10° naive CD8*
T cells to the spleen. These estimates were solely derived from modeling of
thymocyte numbers and naive T cell numbers in euthymic and thymectomized
mice. From the 2H,O labeling experiments in euthymic mice described above,
we independently calculated the total daily production of naive T cells by
multiplying the average turnover rates (p) with the actual number of naive
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Fig. 3.2: Size of the naive CD4" and CD8" T cell populations over age in
euthymic and thymectomized mice: the population density model. Numbers (><106)
of naive CD4™ (left panels) and naive CD8" T cells (right panels) were determined
in spleen (upper graphs) and PLNs (lower graphs) of euthymic mice (o) and mice
that had been thymectomized at week 7 (+). The population densities in control
and thymectomized mice were fitted to a mathematical model allowing for a source
from the thymus proportional to the number of SP thymocytes, and a cellular death
rate that increases linearly with the population density (model (i)) ( Fig. S.3.1B 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 continuous and dotted
lines. Best fitting parameters are given in Table S.3.2, and corresponding average life
spans are given in Table 3.1.

T cells in the spleen (N), yielding a total daily production of 2.9x10° naive
CD47" and 1.3x10° naive CD8" T cells (supplemental Fig. S.3.2). Since total
daily production and daily thymic output are quite similar we conclude that
naive CD4" and CD8" T cells in young adult C57B1/6 mice are almost entirely
thymus derived and are hardly formed by peripheral T cell proliferation.

Homeostatic compensation through increased peripheral cell division. Since
some studies have suggested that T cell proliferation rates may increase when
T cell numbers decrease [126], we also analyzed the data with an alternative
model, in which the rate of T cell proliferation increases when cell numbers
become low (Fig. S.3.1C). The fit of this alternative model to the data of
euthymic and thymectomized mice was almost as good as the fit with the model
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in which T cell death rates are dependent on T cell densities ( Fig. S.3.3). T cell
proliferation rates resulting from these analyses were used to calculate average
inter-division times: In normal 12-week old mice, the average time between T
cell divisions was estimated to be 218 and 655 days for naive CD8' and CD4™*
T cells, respectively. Comparing the estimated average life spans from the
deuterium labeling experiments with these average inter-division times shows
that naive CD8%T and CD4% T cells in euthymic mice live on average 3- to
14-fold shorter than their average inter-division times, implying that during
their stay in the naive T cell pool most naive T cells never divide.

T cell dynamics in 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 naive T cell life spans in
old mice which have much lower thymus output. To this end, we performed
deuterium labeling experiments in 85-week old mice (Fig. 3.1B). 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 (47 days). The expected
life span of naive CD8T T cells was found to be 116 days, which is nearly
50% longer than that in young adult mice (80 days, Table 3.1). Total daily
naive CD4™" T cell production (p x N) in old (60-65 weeks of age) mice was on
average 1.9x10° cells, of which 1.7x10° were produced by the thymus ( Fig.
S.3.2). Similarly, of the 0.63x10° naive CD8% T cells produced per day in old
(60-65 weeks of age) mice, all cells were produced by the thymus (Fig. 3.3B).
Thus, even in old mice, in which thymus output has dropped significantly,
naive CD4" and CD8" T cells are almost entirely produced by the thymus,
and hardly by peripheral T cell proliferation.

TREC dynamics in mice.
The result that peripheral T cell proliferation hardly contributes to the main-
tenance of the naive T cell pool in mice is in sharp contrast with observations
on TREC dynamics in humans. TRECs are stable episomal DNA circles that
can only be formed in the thymus, and are not replicated during cell division.
The fraction of TREC™ naive T cells is therefore proportional to the fraction
of naive T cells that were originally produced by the thymus [32, 51] (see also
the SI). In humans the fraction of TREC™T naive T cells declines approximately
5% [69, 105] (Vrisekoop, unpublished data) to 10% per year [46, 107], suggest-
ing that in humans the number of naive T cells that originally came from the
thymus halves every 7 to 14 years. An experimental prediction that naturally
follows from our results is that in contrast to humans the fraction of TRECT
naive CD4" and CD8™ T cells in healthy mice should not decrease with age.
We tested this prediction by comparing the average TREC contents of SP thy-
mocytes and naive T cells from normal euthymic mice of 20-39 and 82-104
weeks of age. We found less than a two-fold difference between the TREC
content of SP thymocytes and peripheral naive T cells, and no evidence for
TREC dilution in mouse naive T cells with age (Fig. 3.3). This is independent
experimental confirmation of our main finding that irrespective of their age
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Fig. 3.3: TREC analysis in SP thymocytes and peripheral T cell subsets. The
number of SJTRECs per naive T cell were determined by real time quantitative PCR
in adult (20-39 week old) mice (control or thymectomized [Tx] at week 7) and in old
(82-104 week old) mice. Horizontal bars depict median values. As controls, TREC
contents of effector/memory (E/M) T cells and SP thymocytes were included. There
were no significant differences between TREC contents in naive T cells from young
adult, old or Tx mice. TREC contents in SP thymocytes tended to be slightly higher
than in naive T cells (p = 0.047 for CD4" T cells), whereas TREC contents in memory
T cells were significantly lower than those in naive T cells (p = 0.000 for CD4" and
p = 0.002 for CD8" T cells).

naive CD4" and CD8™ T cells in euthymic mice are almost exclusively formed
by thymus output. Interestingly, even in thymectomized mice the fractions of
TRECT 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.

3.3 Discussion

We here present several lines of evidence that in contrast to human naive
T lymphocytes mouse naive T cells are hardly formed by peripheral T cell
proliferation. The limited role for peripheral T cell proliferation in the main-
tenance of the naive T cell pool in mice that we report here is fully compatible
with in vivo BrdU labeling results in classical studies [127, 130, 135], and with
our own previous findings of deuterium labeling experiments in thymectomized
C57Bl/6 mice [136]. Converting the 10 % of labeled cells in terms of a daily
production rate, these data suggest that per day maximally 0.3% of all naive T
cells in euthymic mice undergo peripheral proliferation while maintaining the
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naive phenotype, which is 5-10 times less than the total daily production rates
of naive CD4T and CD8% T cells in normal mice that we estimated here. These
findings are perfectly in line with our observation that TREC frequencies of
naive T cells in thymectomized mice are hardly diluted. In fact, in 12-week old
mice thymectomized at 7 weeks of age, the numbers of naive CD4™ and CD8™
T cells in the periphery could fully be explained by an increase of average life
spans (of 62 and 113 days, respectively, Table 3.1). Apparently, if present at
all, almost all naive peripheral proliferation induces loss of the naive pheno-
type. This agrees well with the view that most naive T cells triggered to divide
by lymphopenia obtain effector or memory (like) T cells characteristics [126].

The conclusion that peripheral T cell proliferation hardly contributes to the
maintenance of the naive T cell pool in mice was independently and experi-
mentally confirmed by our demonstration of a lack of TREC dilution in the
naive T cell compartment of aging mice. In humans, there is ample evidence
that naive T cell TREC contents decline about 100-fold from early adulthood
to old age [46, 65, 69]. This gradual TREC dilution has been shown to be
evidence for peripheral T cell proliferation within the naive lymphocyte pool
of humans [32, 51]. Studies from our own laboratory have pointed out that in
healthy children total body TREC numbers are stable when total body naive
T cell numbers are still increasing, suggesting that even in young children a
substantial proportion of naive T cells is derived from peripheral T cell renewal
[53]. Our current finding that naive T cells in the mouse have a relatively short
life span, and are almost completely thymus derived, contrasts strongly with
the long life span of naive T cells and the predominant role of peripheral T cell
proliferation in the maintenance of the naive T cell pool in humans.

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 turnover [8, 25, 99, 130]. Our previously reported
deuterium labeling studies in young human adults has provided no evidence
for such kinetic differences within the naive T cell pool [136]. On the contrary,
recently produced naive T cells in human adults were found to have a longer
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, p [136].
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 kinetically homogeneous population, and that there is no kinetically
separate RTE population. In addition, we here show that naive T cell numbers
in euthymic and thymectomized mice can perfectly be explained by a model
that does not incorporate separate RTE dynamics. Different biological markers
are used to identify naive T cells in mice, (CD67L and CD44 and in humans
(CD27 and CD45RA). This difference in naive T cell definition may be the
driving force behind the difference in dynamics and composition of naive T
cells between mice and humans. However since extrapolation from mice to
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humans is generally done based on these markers, our conclusions therefore
still hold.

The present findings have bearing on our understanding of the maintenance
of naive T cell numbers and the diversity of the TCR repertoire throughout life
and how this fundamentally differs between mouse and man. In mice, the naive
T cell repertoire is sustained because of a total thymus dependency of naive T
cells. In humans, T cell maintenance is less dependent on the thymus and is
sustained by peripheral T cell generation at the expense of the breadth of the
TCR repertoire. The major implication of this work is that one cannot freely
extrapolate insights obtained from naive T cell kinetic data from young adult
(or old) mice to young adult (or old) humans, for the source by which naive T
cell numbers are maintained is qualitatively different between mice and men.

3.4 Methods

Mice

C57Bl/6 mice were maintained by in house breeding at the Netherlands Can-
cer Institute in Amsterdam (thymectomy experiments) or the Central Ani-
mal Facility at Utrecht University in Utrecht (2H,O labeling) under specific
pathogen free conditions in accordance with institutional and national guide-
lines. Thymectomy was performed as previously described [136]. 2HO labeling
was achieved by giving mice one boost injection (i.p.) of 15 ml/kg with 99.8%
2H,0 (Cambridge Isotopes, Cambridge, MA), followed by subsequent feeding
with 4% 2H,0 in the 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), and APC-labeled CD44 (clone
IM7) were purchased from BD Biosciences PharMingen (San Diego, CA).

Cell preparation and flow cytometry

Spleen, (axillary, brachial, inguinal and superficial cervical) peripheral lymph
nodes (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 described [136].
Cells were analyzed on an LSR II flow cytometer and BD FACSDiva software.
Naive (CD62L", CD447) cells were sorted using a FACSAria cell sorter and
FACSDiva software (BD). The average purity was: 98.4 + 1.0% (naive CD4™T,
96.3-99.7%), 97.2 + 1.6% (effector/memory CD47", 92.8 - 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 2H,0O enrichment in plasma and DNA
Deuterium enrichment in plasma was measured as reported by Previs et al.
[106]. The isotopic enrichment of DNA was determined as previously described
[136].
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Mathematical modeling of ?H,O data

Enrichment data were fitted using a previously developed mathematical model
[5] which was extended to allow for a delay with which labeled cells reach the
spleen. Best fits were determined by minimizing the sum of squared residu-
als after arc-sin(square-root) transformation, because all enrichment data were
expressed as fractions. The best fits for the enrichment in plasma and rapidly
turning over thymocytes are shown in Fig. S.3.4 and the corresponding pa-
rameter estimates are given in Table S.3.3. All cellular enrichment data were
normalized by the maximal enrichment level observed in thymocytes [136].
The 95% confidence intervals (CIs) for the inferred parameters were deter-
mined using a bootstrap method [33], where the residuals to the optimal fit
were resampled 500 times.

Mathematical modeling of thymectomy data

We devised a mathematical model to quantify naive T cell dynamics in con-
trol and thymectomized mice, and we considered that under normal conditions
naive T cells are maintained by thymic output and peripheral T cell prolif-
eration, while they are lost via differentiation into effector/memory T cells,
and through cell death. Thymic output was described by a phenomenological
function fi(t), which is proportional to the number of single positive (SP) thy-
mocytes. The fraction of sp thymocytes exported to the spleen daily is given by
€ . The function is a modification of the thymus involution function described
by Steinmann et al. [124] and is explained below.

Both cell death rates (d, N, Fig. S.3.1B) and proliferation rates (m,

Fig. S.3.1C) were allowed to be density-dependent, i.e, we allowed cells to live
longer and/or proliferate more frequently under lymphopenic conditions, when
survival signals are more abundant. The differential equation for the number
of naive T cells (N) is consequently given by:

r

—— N —d,N?
1+N/h

N = €f1(t) +

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

(i) density-independent proliferation and density-dependent death rates,

ie: N =efi(t)+rN —d,N? , or for:

(ii) density-independent death and density-dependent proliferation rates,

ie: N'=efi(t) + TN — dnlN.

Since naive T cells have an intrinsic (limited) lifespan [25], density-independent
death should always be present. As proliferation, differentiation and density-
independent cell death rates were all proposed to be constants, a net prolifera-
tion rate (r) was used in model (i). Similarly, in model (ii) the net death rate
d,, includes differentiation.

Since T cells continuously recirculate through the body, it seems reason-
able to let naive T cell dynamics in different organs be similar. We therefore
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simultaneously fitted the dynamics in the spleen and PLN, and related the two
with a proportionality function, fa(t) (described below), which was fitted to
the cell densities in the two organs, i.e. Nprn = fo(t)Ngpieen where Nppny
and Ngpjeen are the numbers of naive CD41 and CD8' T cells in peripheral
lymph nodes and spleen, respectively. Parameter estimates of the differential
equations were obtained by fitting the prediction of the total cell number, N, to
the data (taking the natural logarithm) based on the Levenberg-Marquardt al-
gorithm [83] for solving nonlinear least-squares problems. The 95% confidence
intervals (CIs) for the inferred parameters were determined using a bootstrap
method [33], where the residuals to the optimal fit were resampled 500 times.

Mathematical modeling of the thymic output function and the
proportionality function
We described both the thymic output function and the proportionality func-
tion between cell numbers in lymph nodes and spleen by a phenomenological
function f;(t) (where ¢ = 1 for the function describing thymic output and i = 2
for the proportionality function):

fit) = o(l —e™*) for t <t,fs
S filTogy) [ae’sZ(t*Toff) + 1+ a)efsg'(t’Toff)] for t>Toys

The function is composed of a sum of exponents with constants si, so and
s3. The initial increase of the function until time ¢ = T,f; has an up-slope
given by s; and reaches a maximum o if T,r; — T . Starting at T,5f, the
biphasic decrease of the function is described by a sum of two exponents with
so describing the initial fast slope and s3 the later slower slope. These two
exponents are weighted by a constant 0 < o < 1. The parameter values of the
best fit of this function f;(t) to the SP thymocyte data ( fi(t) , Fig. S.3.1A)
are shown in Table S.3.1, and the parameter estimates of the best fit of the
function to the ratios of the lymphocyte counts in lymph nodes and spleen
(NpLn/Nspicen) for control and thymectomized mice ( f2(t), Fig. S.3.5) are
given in Table S.3.4.

Mathematical modeling of TREC dynamics

Writing a model for naive T cell dynamics and their TRECs [51], demonstrates
that at quasi steady state the average TREC content, A, obeys the equation
Alc=efi(t)/(efi(t)+pN), where ¢ is the TREC content of an RTE, and e f;(t)
and pN are the daily production rates of naive T cells by the thymus and by
peripheral renewal, respectively. The scaled TREC content, A/c, thus provides
a measure for the fraction of naive T cells that were originally produced by the
thymus. This result is also intuitive, because one could view a TREC as a
marker that is unique for a cell that was originally produced by the thymus,
and that is not passed on to new daughter cells upon peripheral division.

Statistical analysis
The Mann-Whitney test was performed to determine differences between mouse
groups. All statistical analyses were performed using the software program
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SPSS 15.0 (SPSS Inc, Chicago, Illinois). Differences with p < 0.05 were con-
sidered significant. Mathematical models (model (i) and model (ii)) were com-
pared using the sum of squared residuals.
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3.5 Supplementary information.

Table. S.3.1: Parameters values of the best fit of the thymic output function fi (¢)
to CD4" and CDS8" single positive thymocyte data®.

Parameter Value (confidence limits)®
CD4* Spe¢ a(x107 cells)? 3.459 (3.224 - 3.772)

s1 (day—1)4 0.084 (0.065 - 0.106)
CD8* SP¢ a(x107 cells)? 1.679 (1.074 - 9.786)

s1 (day~1)¢ 0.023 (0.003 - 0.056)
CD4F SP, CD8F SP® 55 (day 1)° 0.524 (0.187 - 2.961)

s3(day~1)° 0.001 (0.001 - 0.002)

T,rs (days) 46.88 (42.00 - 48.58)

a 0.352 (0.313 - 0.384)

% Values are estimates of the best fit depicted in Fig. S.3.1A.

® 95% confidence intervals.

¢ While the generation of CD4" and CD8" SP thymocytes differs, the mechanism
and driving force of thymus involution is the same. Therefore, we allowed CD4"
and CD8" SP thymocytes to have different dynamics during the establishment
of the immune system (o, s1) but to have the same thymus involution dynamics
(s2,83,Toff and «)

4 & x s1 is the initial rate at which the thymus becomes populated by thymocytes.
¢ s and s3 describe the involution of the thymus. The initial involution rate (s2)

was so fast that the number of SP thymocytes halved within a week.
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Table. S.3.2: Parameters values of two mathematical models describing naive T
cell numbers.

Parameter Value (confidence limits)®
Model (i): density-dependent death?
CD4* d,(x1079 day—1) 2.479 (2.328 - 2.674)
rn (day™!) 0
CD8* do(x107 day~1)  1.489 (1.366 - 1.623)
Ty, (day—1) 0
Shared® € (day™1) 0.034 (0.032 - 0.036)
Model (ii): density-dependent renewal?
CDh4+ d, (day 1) 0.021
rn (day™t)/ 1
h(x10* cells) 2.415 (1.750 - 2.415)
CD8™ d, (day=—1)e 0.013
rp(day 1)/ 1
h(x10* cells) 3.015 (2.630 - 3.524)
Shared® € (day1) 0.022 (0.021 - 0.023)

* 95% confidence intervals.

® Values are estimates of the best fit depicted in Fig. 3.2.

¢ These parameters were forced to be equal when fitting CD4™ and CD8" data.

4 Values are estimates of the best fit depicted in Fig. S.3.3.

¢ Parameter fixed to deuterium enrichment estimate.

I The best fit of the model gives a maximal renewal rate r, = 1 for both CD4t
and CD8™ naive T cells.

Table. S.3.3: Parameters values of deuterium enrichment in plasma and in
thymocytes®.
Parameter Value (confidence limits)?
Plasma® Sg 0.015 (0.012 - 0.018)
ds (day—1)e 0.261 (0.230 - 0.272)
a(dayfl)f 0.006 (0.006 - 0.007)
Thymocytes? Pyoung mice(day™) 0.416 (0.377 - 0.468)
Pold mice (day™1) 0.307 (0.254 - 0.470)

® Values are estimates of the best fit depicted in Fig. S.3.4.

® 95% confidence intervals.

¢ We take the deuterium enrichment in the plasma to reflect the enrichment in the
body water.

4 g0 represents the baseline plasma enrichment attained after the boost at the end
of day 0.

¢ ds is the turnover rate of body water.

f & is the fraction of deuterated water consumed daily.

9 Thymocytes where used to normalize the data as described in Vrisekoop et al.

[136].
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Table. S.3.4: Parameters values of the function f2(¢) a describing the ratio of the
number of naive T cells in the PLN over those in the spleen.

Parameter Value (confidence limits)?

CD4t CDS8™
Control®
o 1.578 (1.197 - 2.373) 5.401 (1.399 - 18.58)
S1 0.098 (0.049 - 0.168) 0.017 (0.004 - 0.096)
S 0.024 (0.020 - 0.030) 0.022 (0.015 - 0.030)
S3 0 0
o 0.723 (0.692 - 0.750) 0.576 (0.523 - 0.618)
Tory 14.00 (11.56 - 18.16) 14.72 (11.56 - 19.50)

After thymectomy?®

$9 0.025 (0.016 - 0.041) 0.024 (0.011 - 0.054)
S3 0 0
o 0.679 (0.597 - 0.784) 0.459 (0.363 - 0.589)

® Values are estimates of the best fit depicted in Fig. S.3.5.
® 95% confidence intervals.

¢ The upper part of the table shows parameter values of the best fit to control mice

data.

4 The lower part shows parameters values of the best fit to data from thymectomized

mice (from the time of thymectomy onward, ¢ > 49 days).
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Fig. S.3.1: Visual representation of model parameters. The number (x10°%) of
single positive thymocytes from C57Bl/6 mice of different ages (a). The continuous
and dotted lines represent the best fits of the thymic output function fi(t) to CD4™
(o) and CD8" () SP thymocyte data. Model parameters are given in Table S.3.1.
Graphical representation of the dependence of the death rate on T cell population
densities in the first model (b), and dependence of the proliferation rate on T cell
population densities in the second model(c).
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Fig. S.3.2: Comparison of total daily naive T cell production and thymic output
over age Total daily naive T cell production in spleens from young adult mice and
old mice were estimated by multiplying the average production rates from the 2H,O-
labeling experiment in young adult (Fig. 3.1A) and old (Fig. 3.1B) mice with the
naive T cell numbers in the spleen of each mouse. Thymic output of the same mice
was calculated by multiplying the estimated thymic output rate (¢ = 0.034) with the
absolute number of single positive thymocytes of the mice. The medians of the data
in each group are indicated by a dashed line.
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Fig. S.3.3: Size of the naive CD4™ and CD8T T cell populations over age in
euthymic and thymectomized mice: the homeostatic proliferation model. Best fits
of the homeostatic proliferation model (model (i)) to naive CD4" and CD8" T cell
counts (x10°) in spleen (upper graphs) and PLNs (lower graphs), in control (e)
and thymectomized (+) C57B1/6 mice. The cellular death rates were fixed to the
estimates obtained with deuterium labeling (Fig. 3.1).
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Fig. S.3.5: Proportionality function f2(¢) between T cell numbers in peripheral
lymph nodes (PLNs) and spleen. The proportionality function describes the propor-
tion between naive T cell numbers in PLNs and spleen. The continuous and dotted
lines represent the best fits of the proportionality function to data from control (e)
and thymectomized (4) mice, respectively. Model parameters are provided in Table
S.3.4.
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4. NO EVIDENCE FOR SEPARATE DYNAMICS OF RECENT THYMIC
EMIGRANTS: THYMUS GRAFTING EXPERIMENTS REVISITED.

Abstract

It is generally believed that the naive T cell pool consists of a population of
relatively long-lived resident naive T cells and a population of short-lived recent
thymic emigrants (RTE). Both stable isotope labeling of naive T cells in mice
and humans, and thymectomy studies in mice, however, have not provided any
evidence for such kinetic heterogeneity in the naive T cell pool. The strongest
support for the existence of a kinetically separate population of RTEs comes
from thymus transplantation studies, which suggested that RTE are exempted
from homeostatic control for about 3 weeks, after which they either die or
become part of the resident naive T cell pool. Here, we revisit these thymus
grafting experiments and show that the results from these studies are in fact
fully compatible with a model in which RTE and “resident” naive T cells are
kinetically identical. Taken together, there is no evidence (neither in mice, nor
in men) that RTE form a kinetically distinct sub-population within the naive
T cell pool.

4.1 Introduction

It is generally believed that the naive T cell pool is composed of two kinet-
ically distinct sub-populations, RTEs and “resident” naive T cells. However,
the direct assessment of RTE dynamics in mice and men is hampered by the
lack of an RTE marker, which is only available in rats and chickens [64, 72].
TCR excision circles (TRECs), expression of the cell surface marker CD31, and
green fluorescent protein (GFP) expressed under the RAG promoter[13, 70, 73]
have been used as surrogate markers for thymic export. However, some of these
measures are influenced by a combination of thymic export, cell division, and
longevity of thymic emigrants and thus cannot give a strict definition of an
RTE [51, 69]. Recently, in humans, protein tyrosine kinase 7 (PTKT) was
introduced, as a potentially better RTE marker [44].

Although there is consensus that T cell numbers are regulated through
competition for survival signals [127], some studies have suggested that RTEs
are excluded from peripheral homeostatic control [7, 8]. To study the dynamics
of RTEs in mice, Berzins et al. [7] grafted neonatal thymic lobes beneath the
kidney capsule of 5-6 week old C57BL/6 mice. They found that grafting 2, 6
or 9 neonatal thymus lobes resulted in an almost linear steady state increase in
total T cell numbers in the spleen of 21 x 10°, 71 x 105 and 111 x 10% T cells.
Based on an estimated thymic output of 10° cells per day, the increase in total
T cell numbers corresponded to the accumulation of RTEs from the grafts over
a 3 week period. In another study [7], grafting thymic lobes from congenic
Ly5.2T mice into Ly5.2~ mice suggested that RTEs are rapidly lost from the
peripheral T cell pool, i.e. in about 4 weeks about 87% percent of Ly5.21 were
lost. These studies suggested that the RTE population is composed of T cells
that live on average for approximately 3 weeks, independent of the peripheral
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naive T cell density [7, 8]. Berzins et al. [§] therefore claimed that during these
3 weeks, RTEs were exempted from homeostatic control.

Based on our own data described in Chapters 2 and 3, we did not find any
evidence for a kinetically heterogeneous naive T cell pool. Since the thymus
transplantation experiments by Berzins et al. [8] form the basis for the concept
that RTEs are a kinetically separate T cell sub-population, we revisited the
thymus grafting experiments [7, 8] and used mathematical models to investigate
whether a separate RTE sub-population is necessary to explain this data.

4.2 Results

T cell dynamics in control and thymectomized mice.

To investigate whether the conjecture that RTEs form a dynamically sepa-
rate population is necessary to explain the thymus grafting experiment data
of Berzins et al [7, 8], we compare 2 mathematical models. In one model,
naive T cells consist of two kinetically distinct populations (RTE model), and
in another model, the naive T cell pool is kinetically homogeneous and regu-
lated by density dependent death (homogeneous model). To parametrize these
models, we counted the number of single positive (SP) CD4" and CD8™ thy-
mocytes, as well as naive and memory CD41 and CD8" T cells in the spleen
(Fig. 4.1,4.2) and peripheral lymph nodes (PLNs) (Fig. S4.1,54.2) of normal
euthymic or sham-thymectomized mice and mice that had been thymectomized
(Tx) at seven weeks of age. The data were subsequently fitted by the 2 different
mathematical models.

First, we studied whether the “RTE model” (Fig. 4.1) is compatible with
the data from control and thymectomised mice. The model describes the data
well and predicts that 4% of the SP thymocytes are exported to the spleen daily,
which accounts for a daily thymic output of about 1% of total thymocytes, and
is in agreement with previous estimates [116]. According to the ”RTE model”,
CD4™ RTEs live on average for 8 days, CD8'T RTEs for 21 days, and about
2% of the RTEs mature into resident naive T cells per day (Table 4.1). When
compared to RTEs, resident naive T cells would have slower dynamics, with
an average lifespan of 128 and 248 days for CD4" and CD8™ naive T cells,
respectively. At the time of thymectomy (week 7), about 75% of naive CD4™
T cells and about 65% of naive CD8* T cells are predicted to be RTEs (Fig.
4.3c). This high fraction of RTEs together with their fast dynamics compared
to resident naive T cells result in the observed biphasic loss of naive T cells
after thymectomy (Fig. 4.1 and Fig. S4.1).

Next we consider a mathematical model (Eqn. 4.2) in which the naive T cell
population is homogeneous and densities regulate cell numbers in the periphery.
Fitting this “homogeneous” model to data from control and thymectomized
mice (Fig. 4.2, Fig. S4.2 and chapter 3) we estimate that the daily contribution
of CD4™ and CD8T single positive (SP) thymocytes to the spleen is about 3%.
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Fig. 4.1: Simulation results of fitting the "RTE model” to data on CD4" and
CDS8T T cell numbers from the spleen of control and thymectomised mice. Results
are shown for different subsets:(a) CD4" and (b) CD8" naive T cells and (c) CD4"
and (d) CD8" memory T cells from control mice (bullets) and thymectomised mice
(crosses). The continuous and dotted lines show the best fit of the mathematical
model with parameter values given in Table 4.1

Table. 4.1: Parameter results from fitting the " RTE model” to control and thymec-
tomised mice data.

Parameter CD4 CDS8

d, 0.122 (0.095—0.164) 0.047 (0.029—0.075)
dp 0.008 (0.007—0.009) 0.004 (0.003—0.005)
an 0.020 (0.015—0.027) 0.016 (0.008—0.026)
Qm, 0.007 (0—0.011) 0 (0—0.044)

r 0.190 (0.150—0.268) 0.856 (0.415—1.000)
h x10° 41.610 (27.410—62.480) 2.698 (2.043—5.864)
dpm 0.086 0.06

Shared parameter

€ 0.043 (0.037—0.054)

In 12 week old control mice, naive T cells have an expected lifespan of 32 days
for CD4™ naive T cells and 83 days for CD8T naive T cells (Table 4.2). After
thymectomy at the age of 7 weeks, the expected lifespan in 12 week old mice
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increases to 56 and 121 days, for CD4% and CD8™ naive T cells respectively.

A CD4 Naive T cells C CD4E/MT cells
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Fig. 4.2: Simulation results of fitting the ”homogeneous model” to data on CD4™
and CD8™' T cell numbers from the spleens of control and thymectomised mice. See
Fig. 4.1 legend. Parameter values given in Table 4.2

Because Berzins et al [7, 8] measured T cell totals, we also consider the
dynamics of the memory T cell pool. To reduce the degrees of freedoms of
the model when estimating the activation rate and renewal rates of memory
T cells, models we fixed the average life-span of CD4% and CD8" memory T
cells to our previous estimates from deuterium labeling experiments, i.e. 12
days and 17 days respectively (Chapter 2).

T cell dynamics during thymus grafting.

After parametrization of the mathematical models (Table 4.1,4.2), we checked
for consistency of the two models with the thymus grafting experiments [7, §].
Like Berzins et al. [8], we calculated the percentage increase in total T cell
numbers in the spleen, 8 weeks after the thymus grafting. When we simulated
the grafting experiments using the "RTE model”, we found a similar linear
increase in the total number of T cells with increasing thymic output as was
found experimentally [8]. However, the linear increase resulting from the model
was steeper, with increments of 38%, 115% and 172% of the total number
of T cells in the spleen compared to the observed 15%, 50% and 77% after
grafting 2, 6 and 9 thymic lobes, respectively [8, Fig. 4.3]. This difference
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Table. 4.2: Parameter results from fitting the "homogeneous model” to control
and thymectomised mice data with k = 1.

Parameter CD4 CDS8

d,x107° 2.396 (2.213—2.585) 1.261 (1.124—1.396)
r 0.335 (0.268—0.389) 0.502 (0.355—0.779)
h x10° 11.500 (8.457—15.920) 2.262 (0.564—4.188)
Qm 0 (0—0.014) 8x107° (0—0.104)
dm 0.086 0.06

Shared parameter

€ 0.032 (0.030—0.034)

k 1.000

suggests that the model requires homeostatic control of RTEs, or that the
model overestimates the output from the grafted thymic lobes. Using the data
available on the number of thymocytes from the grafted thymus [7], suggest
that the grafted thymus approaches the same size as the host thymus. However,
if the model assumes that the thymus graft grows to only half the size of the
host thymus, the ”RTE model” would correctly describe the fractional increase
in total T cells from the grafting experiment data (Fig. 4.3). Thus the "RTE
model” is consistent with both the thymectomy data (Fig. 4.1) and the thymic
transplantation data (Fig. 4.3).

Using the ”homogeneous model”, the model predicted a 21%, 48% and
62% increase after grafting 2, 6 or 9 thymic lobes, respectively. The increase
in the peripheral T cell pool saturates due to density dependent regulation of
the death rate of naive T cells, which in turn depends on the extent to which
death rates are density dependent, which is determined by the parameter k,
(Fig. 4.4). This model would predict that there is a critical number of graft
thymi beyond which additional grafts have no effect on total T cell numbers.
However for the current range (1 < k < 2), the model does account for the
approximately linear increase found by Berzins et al [7, 8], with the correct
steepness (Fig. 4.4). Thus, the "homogeneous model” is also consistent with
both the thymectomy data (Fig. 4.2) and the thymic transplantation data
(Fig. 4.4).

Ly5.2 T cell dynamics.
In a separate study, Berzins et al. [7] grafted Ly5.2% thymic lobes into Ly5.2~
mice and followed at the dynamics of Ly5.27 T cells in the periphery. The
grafted thymus exclusively exported graft derived Ly5.2% T cells for the first 3
weeks. The fraction of Ly5.27 thymocytes in the grafted thymus then decreased
such that by week four, when the grafted thymus was fully reconstituted by
host derived thymocytes, all T cells exported from the grafted thymus were
host derived. At week 8, Berzins et al. [7] found that only 13% of the total
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Fig. 4.3: Simulation results of the grafting experiment using the ’RTE model”. (a)
The percentage increase in total T cell numbers in the spleen was calculated assuming
that the grafted thymus grows to 100% of the size of the host thymus (continuous
line) or to 50% of the size of the host thymus (dotted line). Results are compared to
experimental data from Berzins et al [7, 8] (triangles and bullets). (b) The predicted
total number of Ly5.2" T cells in the spleen. (c) The predicted percentage of RTEs
present in total naive CD4" T cells (continuous line) and total naive CD8" T cells
(dotted line).

number of Ly5.2% T cells present at week 4 remained in the periphery (9% for
CD4™" Ly5.2% T cells and 19% for CD41 Ly5.2T T cells).

We simulated this experiment using our models, assuming that all T cells
coming from the grafted thymus for the first 3 weeks are Ly5.2%. We consider
a conveyor belt system of thymocyte generation and export, such that after
week 3 all T cells exported by the grafted thymus are Ly5.2~ T cells. Using
the ”RTE model”, we calculate that 45% of Ly5.27 T cells present at week 4
should still be present at week 8 (Fig. 4.3b). Similarly, using the ”homogeneous
model”, we calculated that between 25% and 42% of Ly5.2% T cells present at
week 4 should still be present at week 8 (for k = 2 and k = 1 respectively) (Fig.
4.4b). Both estimates are higher than what was observed by Berzins et al. [7]
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Fig. 4.4: Simulation results of the grafting experiment using the homogeneous
model”. (a)The percentage increase in total T cell numbers in the spleen was calcu-
lated for the "homogeneous model” with & = 1 (dotted line) and k = 2 (continuous
line) and compared to experimental data from Berzins et al [7, 8] (triangles and
bullets). (b) The predicted total number of Ly5.2" T cells in the spleen from the
”homogeneous model” with k =1 (dotted line) and k = 2 (continuous line).

4.3 Discussion

Although there is a general agreement that T cell numbers are homeostat-
ically regulated in the periphery, the mechanism behind this control remains
controversial. In this study we investigated whether or not RTEs form a ki-
netically distinct sub-population of the naive T cell pool. Here we show that
a model where RTEs form a separate sub-population provides a good descrip-
tion of the T cell numbers after thymectomy (described in chapter 3), as well
as T cell numbers after thymus grafting [8]. For the parameter values that
best describe the thymectomy data, there is a quantitative (but explainable)
disagreement with the thymus grafting data. The predicted T cell numbers
after thymus grafting depended strongly on the estimated thymic output from
the grafted thymic lobes as compared to the host thymus. The thymus graft-
ing data are explained well with the "RTE model” when the grafted thymus
exports about 50% less T cells than the host thymus. Different grafted thy-
mus dynamics have been reported: In rats, the grafted thymus remains smaller
than the host thymus [61], however, in C BA mice grafted thymic lobes were
shown to approach a similar size as the host thymus [19]. Dominguez-Gerpe
and Rey-Mendez [27] also show that gender had an effect on the size of the
thymus. Due to limited availability of data, and the possibility of different
thymus dynamics in female mice (as used by [7]) and male mice (as used in our
thymectomy experiment), we do not know the precise dynamics of the grafted
thymus. Additional experiments are therefore needed to accurately determine
the size of the grafted thymus and host thymus (work in progress).

Importantly, a model in which all naive T cells are kinetically similar and
subject to the same density dependent death rate ("homogeneous model”), can
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explain both the thymectomy data and the thymus grafting data. Despite a
homeostatic control on naive and memory T cell numbers, the model predicts
an approximately linear increase in peripheral T cell numbers after grafting up
to 9 thymic lobes. However, the "homogeneous model” predicts that there is
a ceiling beyond which additional thymic output would not result in a further
increase in peripheral T cell numbers, suggesting that the T cell pool may not
be as elastic as previously suggested [8].

By grafting Ly5.2% thymus lobes into Ly5.1" mice, Berzins et al. [7] were
able to directly assess the dynamics of graft-derived T cells. Berzins et al.
[7] found that 8 weeks post-transplantation, only 13% of the total number of
Ly5.27 T cells present at 4 weeks remained in the periphery. In contrast, both
the "RTE model” and the "homogeneous model” predicted that 25-45% of
the total Ly5.27 T cells would remain over the same period. This discrepancy
cannot easily be explained. Assuming an exponential death rate of RTEs, these
data suggest that Ly5.2" T cells have an average lifespan of 14 days (11 days for
CD4* Ly5.2% T cells and 17 for CD4™ Ly5.2% T cells). In the current study,
the "RTE model” estimated that CD4™ and CD8" RTEs live on average for 8
(6-11 days, 95% confidence interval) and 21 days (13-34 days, 95% confidence
interval), respectively, which is similar to the turnover rates calculated from
the dynamics of Ly5.2T T cells [7]. However, we cannot directly compare
these turnover rates because after 8 weeks, some of the graft derived Ly5.2% T
cells have matured into “resident” naive T cells and effector/memory T cells
that may have different turnover rates compared to RTEs. In that sense, the
Ly5.2% T cells measured by Berzins et al. [7] are not exclusively RTEs. When
we calculated the turnover rate of Ly5.2T T cells, both the "RTE model”
and the “homogeneous model” predicted that Ly5.2% T cells live 2-fold longer
than the experiment suggested [7]. Since the 14-17 day estimated lifespan of
Ly5.2% T cells is based upon just two data points, it is essential to repeat the
experiments and at least separate naive T cells from memory T cells (work in
progress).

Mice expressing GFP under the recombination activating gene 2 promoter
(Rag2p-GFPtg mice), have been used to follow RTE dynamics. After RAG
expression is extinguished, GFP lingers on in the thymus as well as in the
periphery with a half-life of 54 hours [13, 45, 85]. Although the short half-life
of GFP expression allows for a more strict definition of RTEs, and makes it
possible to study their phenotypic features [13, 82], it also hinders its use to
study the turnover of RTEs because the data may in fact show the dynamics
of GFP expression, rather than that of RTEs [Mugwagwa et al, unpublished
result] if the marker disappears faster than the RTEs themselves. This calls
for a more stable marker for RTEs, like the recently proposed protein tyrosine
kinase 7 (PTK7) [44].

The relative contribution of self renewal of memory T cells versus an input
by activation and expansion of naive T cells to the memory T cell pool is un-
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known. Currently the only data available suggests that about 35% of Ly5.27
T cells at 16 weeks post-transplantation are memory T cells [8]. In mice with
additional thymic lobes, increasing thymic output allows for increased reper-
toire diversity in the periphery. If memory T cells are largely independent of
naive T cells in adult mice, as suggested by our parameter estimates (Table 4.1
and 4.2), the diversity of the memory T cell repertoire would fail to increase
when thymic output is boosted. Since so little is known about the relative
contribution of naive T cells to the memory T cell pool, we plan to investigate
the accumulation of Ly5.2" T cells in individual T cell subsets after grafting
Ly5.2% thymus lobes into Ly5.1" mice.

In summary, both the "RTE model” and the ”"homogeneous model” are
consistent with both the thymectomy experiment data and the thymus graft-
ing experimental data. Therefore, the data that are currently available provide
no evidence for the existence of a dynamically separate RTE sub-population.
Using deuterium labeling in 12 week old mice, we preciously showed that the
naive T cell pool in mice is kinetically homogeneous (den Braber et al, submit-
ted and chapter 2). Similarly in humans, we previously showed that naive T
cells are kinetically homogeneous [136]. While the incorporation of RTEs into
an established T cell pool may be important to maintain the diversity of the
T cell repertoire, RTEs need not have different dynamics from resident naive
T cells to achieve this.

4.4 Methods

Mathematical modeling of thymic output.

To simulate the thymus grafting experiments of Berzins et al [7, 8], we compared
the limited data available on the number of thymocytes in the grafted thymuses
[7] and thymocyte numbers from control mice (Chapter 3, see Fig. 4.5). This
suggests that a neonatal thymus implanted into a 5 week old mouse grows to
reach the same size as the host thymus within 3 weeks after transplantation.
Subsequently the grafted thymus follows the same thymic involution dynamics
as the host thymus. In cases where more than one thymus is implanted, each
thymus graft grows to the size of the host thymus independent of the number of
thymi grafted [87]. In addition, each of these grafts exports the same fraction
of thymocytes as the host thymus [7]. We describe thymic output from the host
thymus with the function f(¢) as described earlier (Chapter 3) and assume an
exponential growth of the grafted thymus for 3 weeks, after which it follows the
same dynamics as the host thymus, until thymocyte numbers from the graft
are equal to those from the host (see insert of Fig. 4.5).

RTE model: Mathematical modeling of a T cell population with RTEs.

Considering that RTEs form a separate population from resident naive T
cells, we write a mathematical model with three populations, RTEs R, resident
naive T cells IV, and memory cells M. Input of RTEs into the spleen comes
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Fig. 4.5: An overlay of total thymocyte data (bullets) from control male B6 mice
(Chapter 3) and the total number of thymocytes from neonatal female B6 thymus
grafts [7] (asterisks). The insert shows the thymic output function f(¢) of the host
thymus (continuous line) and the grafted thymus (dashed line) used in the mathe-
matical model.

from the thymus at a rate ef(t) cells per day. RTEs mature into resident naive
T cells at a rate a,, and are lost either due to death or transition into resident
naive T cells at a constant rate d,.. Resident naive T cells in turn are lost either
due to death or priming into memory T cells at a constant rate d,,. Resident

naive T cells can be activated into memory T cells at a rate % cells per

day. Memory T cells are self-renewed at a rate % cells per day. Both

activation and renewal rates depend on the density of memory T cells with a
saturation constant h. Memory cells are lost at a constant death rate d,,. The
dynamics of RTEs, resident naive T cells and memory T cells are thus given
by:

/

R = ef(t)—d.R,
N = a,R—d,N,
, N +rM
M = %_de. (4.1)
1+ 5
”Homogeneous model”:  Mathematical modeling of the naive T cell

population without RTE.

Assuming that RTEs do not form a kinetically distinct T cell sub-population,
we also write a mathematical model with two T cell populations, i.e. naive and
memory T cells. Naive T cells, IV, enter a peripheral niche, such as the spleen,
at a rate ef(t) per day. At lower cell densities, survival signals are abundant
and naive T cells live long, while at higher cell densities they are shorter lived
due to scarce survival signals. Thus, in the spleen RTEs are subjected to the
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same survival signals as “resident” naive T cells, such that their death rate,
d,N*, is regulated by the total naive T cell population density, where k is the
strength of the density dependent regulation. Since we cannot distinguish be-
tween death and priming of naive T cells, the term d,, N* denotes a composite
loss rate. Like in the RTE model, naive T cells are activated into memory T
cells at a rate % Memory T cells have the same dynamics as in Eqn 4.1.
The dynamics of the total naive and memory T cell population is thus given
by:

N = €f(t) —d,N*,
, N 4 M
= G ETH M (4.2)
1+ 5

4.5 Supplementary information.

Table. S4.1: Parameter results from fitting the homogeneous model to control and
thymectomised mice data with & = 2.

Parameter CD4 CDS8

d,x10~16 3.087 (2.736—3.498) 2.339 (2.020—2.690)
r 0.213 (0.148-0.235) 0.512 (0.324—0.750)
h x10° 27.380 (22.950—50.600) 2.165 (0.641—4.935)
m 4x10=* (0—0.007) 0 (0—0.093)

dm 0.086 0.06

Shared parameter

€ 0.045 (0.040—0.050)

k 2
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Fig. S4.1: Simulation results of fitting the RTE model to data on CD4" and CD8*
T cell numbers from the peripheral lymph nodes of control and thymectomised mice.
See Fig. 4.1 legend. Parameter values given in Table 4.1
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Fig. S4.2: Simulation results of fitting the homogeneous model to data on CD4*
and CD8" T cell numbers from the peripheral lymph nodes of control and thymec-
tomised mice. See Fig. 4.1 legend. Parameter values given in Table 4.2
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5. T CELL EXHAUSTION AND DEPLETION IN MICE WITH CHRONIC IMMUNE
ACTIVATION VIA CD27/CD70 COSTIMULATION.

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 impairment 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 ef-
fector/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 hyper-activation on
naive T cell depletion. Continuous immune activation also induced enhanced
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.

5.1 Introduction

CD4% T cell depletion is the hallmark of HIV-1 infection. Thanks to
decades of intensive research it has become accepted that chronic immune ac-
tivation 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 role [30, 98]. 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 process [14, 97]. The role of impairment of de novo thymic production
of T cells in CD4™ T cell depletion is still a matter of debate [26, 29, 107].
Loss of lymphoid cells and profound stromal damage has been observed in the
thymus of HIV-1 infected patients [63]. 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 ham-
pers T cell immunity in HIV-1 infected individuals. Loss of functional capacity,
like cytotoxicity, cytokine production and proliferative capacity, is thought to
reflect prolonged excessive immune activation and to correlate with disease
progression. Enhanced expression and function of inhibitory receptors like
CTLA4 and PD-1 might reflect this dysfunction, and blockade of these recep-
tors improves in vitro T cell function and vaccination responses in SIV-infected
macaques [20, 66, 68, 133, 134]. 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 in-
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dividuals, the viral load usually decreases and naive T cell numbers slowly
increase [96, 138]. Slow T cell recovery is a problem in some HIV patients, and
stimulation of T cell reconstitution 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 cells [74, 76]; in contrast, GH treatment signif-
icantly increased T cell numbers and had little adverse effects [91]. IL-7 has
potent stimulatory effects on T cell numbers and T cell diversity in healthy
humans [121], 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 inves-
tigate 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 also responsible for naive T cell
depletion, and induces naive T cell depletion in mice with normal thymic out-
put. 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 con-
clusion our data suggest that immune activation by itself may induce severe
immune depletion in situations of marginal thymic output, as found in human
adults.

5.2 Results

Chronic stimulation of murine T cells wvia CD27 in CD70Tg-F13 mice
induces excessive differentiation of naive CD4" and CD8™ T cells into effector-
memory T cells and accelerates thymic involution (Fig. 5.1) [128]. To investi-
gate 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. 5.1,
Fig. S.5.2 and chapter 3), demonstrating that also in transgenic mice thymic
output plays an important role in the maintenance of the naive T cell compart-
ment, 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 involu-
tion, continuous immune activation further decreased naive T cell numbers in
these mice (Fig. 5.1).
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Fig. 5.1: Decline in naive T cell numbers after thymectomy of CD70Tg-F13
mice. (A) Age-dependent number of single positive (SP) thymocytes in CD70Tg-
F13 mice of different ages (dots). The number of SP thymocytes was described by
a phenomenological model (see methods): the solid line represents the best fit to
the number of SP thymocytes from CD70Tg-F13 mice. (B, C) Total number of (B)
naive and (C) effector/memory (E/M) CD4% and CD8' T cells in the spleen of
thymectomized (crosses) and control (dots) CD70Tg-F13 mice. The solid line and
the dashed line represent the best fits of control and thymectomized CD70Tg-F13
mice. Model parameters are provided in Table 5.1 and Table 5.2.

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
self-renewal are taken to occur at a fixed rate, i.e. are density-independent,
the resultant priming rate (r,) 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 priming, followed
by subsequent clonal expansion. Effector/memory T cells are lost by density-
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dependent death. We fitted the wild-type and CD70Tg data simultaneously
allowing for different priming rates (r,,) 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 5.1.

Table. 5.1: Parameter estimates for C57B1/6, 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 method [60].

CDh4 CD8
C57B1/6 m (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- 1, (day 1) 0.059 (0.052-0.078)  0.021 (0.017-0.029)
F12 a (day=1) 0.038 (0.026-0.046)  0.089 (0.042-0.117)
CD70TG- 1, (day 1) _ 0.015 (0.012-0.018) _ 0.012 (0.010-0.015)
F13 a (day~1) 0.080 (0.056-0.137)  0.221 (0.149-0.616)
Shared d,(107° day~ 1) 2.894 (2.501-3.385)  2.103 (1.623-2.678)
rm (day=!)  0.057 (0.033-0.099)  0.288 (0.224-0.537)
h(109) 2.008 (0.869-4.280)  1.082 (0.264-3.320 )
dp (day=')  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 estimate that in both wild-type and CD70Tg-
F13 mice 4% of the number of SP thymocytes was exported on a daily basis
(Table 5.1: ¢ = 0.041 per day ). Since the size of the thymus was different
between C57Bl/6 and CD70Tg-F13 mice (Fig. S.5.1), 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, respectively). Thus, reduced thymic output is
partially responsible for the 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 estimate a daily
loss of 1.5% and 1.2% of the naive CD4" and CD8" T cells, respectively, by
priming ounly (r,, = 0.015 and 0.012; Table 5.1). Indeed the average life span
of naive T cells in 12-week old CD70Tg-F13 mice are 15% to 30% shorter than
those in wild type mice (Table 5.2). 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 E/M T cells produced by
T cell differentiation . As a result, 60% of the CD4™ and 47% of the CD8*
T 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
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cell priming, and both contributed about equally to the naive T cell depletion
in these mice.

Table. 5.2: 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 mice CD70Tg-F13 mice
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 deple-
tion. For our initial analysis of CD27 function we generated two CD70Tg lines
[3]. 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(Fig. S.5.2). Additionally, CD70Tg-F12 mice show no
signs of enhanced thymic involution compared to wild-type mice (Fig. 5.2,Fig.
S.5.2), suggesting a normal thymic output [8]. The main dynamic difference
between C57B1/6 mice and CD70Tg-F12 mice would therefore be the periph-
eral activation rates. To address the effect of continuous immune activation
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
combining the data sets of all three types of mice (Fig. 5.2). 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 5.1). Since thymic
output is normal in the F12 mice, this shows that enhanced priming is suf-
ficient to decrease naive T cell numbers. Comparison 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, r,,, was highest in F12
mice. Since the clonal expansion rate, a, combines naive T cell priming with
their subsequent clonal expansion, this suggests a much more extensive clonal
expansion in CD70Tg-F13 mice.

Increased fraction of PD-1 expressing memory cells in CD70Tg mice. Re-
markable differences were observed when evaluating the life span of the differ-
ent 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 im-
mune activation has additional effects on immune-function. Regulatory T cells
were measured by the number of CD4" CD25%7 CD103" GITR™ T cells, and
we measured exhaustion of memory cells by analysing the fraction of PD-1
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Fig. 5.2: Thymocyte and T cell counts in CD70Tg-F12 mice. Best fits (solid lines)
through the number of (A) SP thymocytes, (B) naive and (C) effector/memory T
cell numbers (dots). Model parameters are given in Table 5.1 and Table 5.2.

expressing cells within this compartment. Continuous expression of CD70 at
young age increased the fraction and the number of regulatory T cells in both
spleen (Fig. 5.3A) 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*1 and
CD8' memory compartment in the spleen (Fig. 5.3B) 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 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 ad-
ministration has been used as treatment for T cell depleted patients. IL-7
enhances thymic function and restoration of naive T cell pool [103, 117], and
IL-7 can down-regulate PD-1 expression [6]. 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 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 C57B1/6 mice remained healthy. Repeating
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Fig. 5.3: Functional characteristics of CD70Tg mice. (A) The percentage CD4™
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 C57B1/6 (grey dots),
CD70Tg-F12 (black dots), and CD70Tg-F13 mice (open circles) of different ages. ((C)
Splenocytes were isolated from 19-week old control (solid squares) and IL-7 treated
C57B1/6 (open squares) and control (closed circles) and IL-7-treated CD70Tg-F13
mice (open circles). 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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the experiment with a two-day treatment period, we could not find any evi-
dence 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-vy producing CD8 cells in CD70Tg-F13 mice tended to be
increased (Fig. 5.3C).

5.3 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 3). 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, r,, 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 expres-
sion indeed showed increased fractions of proliferating cells within the naive
and memory compartments in CD70Tg mice. This might indicate that in the
CD70Tg system increased renewal compensates somewhat for the naive T cell
loss by increased priming. The increased Ki67 expression in the naive compart-
ment 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 production in CD70Tg-F13 mice. The most striking differ-
ence was the difference in life spans of the mice. Both failing immunity and
disturbed haematopoiesis could be the 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, with-
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out overt increases in infection incidence [71]. In addition, healthy Ethiopians,
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 exhaus-
tion 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 com-
partment causing the immune failure and death in CD70Tg mice. We indeed
observed CD70Tg-F13 mice suffering and dying from opportunistic infections
[128]. Alternatively, the enormous numbers of IFN-vy producing effector cells
in the CD70Tg mice [3] could indirectly cause immuno-pathology, and the pre-
mature death of these mice. Severe anaemia is observed in some old CD70Tg
mice, and IFN-v inhibits erythropoiesis [35]. Enhancement of T cells numbers
producing IFN-v and TNF-« has been implicated in hematopoietic destruction
in aplastic anemia [31]. When we treated CD70Tg-F13 mice with hIL-7, with
the idea that this would increase 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 mice [2]. IL-7 is
known to induce CD8' memory T cell proliferation, and in combination with
TCR triggering, is known to abate PD-1 expression [6]. Administration of this
cytokine to the CD70Tg mice could thus have led to a massive increase of func-
tional 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.

5.4 Materials and Methods

Mice.
C57B1/6, heterozygous CD70Tg-F12, and hemizygous CD70Tg-F13 mice [3],
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 ac-
cordance with institutional and national guidelines. The phenotype of C57Bl1/6
and CD70Tg mice was comparable in both animal facilities (data not shown).
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Thymectomy was performed as described previously [136]. Mice were i.p. in-
jected with 10 pg hIL-7 (Cytheris, Vanves, France) in PBS on a daily basis for
3 weeks.

Antibodies.

FITC-labeled antibodies against IFN-v (clone XMG1.2), Ki-67 (clone B56),
CD4 (clone RM4-5)and CD8a (clone 53-6.7), PE-conjugated antibodies recog-
nizing 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 Biosciences PharMingen (San Diego, CA). Anti-CD25
(PE) antibodies (clone PC61 5.3) were purchased from Caltag laboratories
(Burlingame, CA). FITC-conjugated antibodies against CD103 (clone 2E7)
and biotinylated GITR (clone DTA-1) were purchased 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. FACSstaining was performed as described previ-
ously [136]. Intracellular staining for IFN-y was performed after 4h stimulation
with 10 ng/ml PMA and 100 pug/ml ionomycin in the presence of 1 pg/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
thymectomized mice, we consider a naive T cell pool that is maintained by
input from the thymus. We describe thymic output with a phenomenologi-
cal function f(¢) which is proportional to the number of single positive (SP)
thymocytes (Fig. 5.2; see chapter 3 for a detailed description). The rates of
thymic involution are the same for CD4" and CD8' SP thymocytes, but their
population kinetics (o and v1) are allowed to be different. Parameter estimates
of the best fit of this model to the data are given in Supplementary Table S.5.1.

In addition to an input of naive T cells from the thymus, the mathematical
model allows for maintenance of naive T cells by self renewal, or loss by priming
and a density dependent death rate (d,N), allowing cells to live longer when
the population density is low (see chapter 3). However, because the model has
too many degrees of freedom to separately estimate self renewal and priming
rates, we lump these to rates together into a net rate r, per day. 7, can be
positive or negative depending on the magnitude of the renewal rate relative
to the priming rate. Naive T cell dynamics are described by the equation:

N' =¢f(t) —rnN —d,N*.
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Memory T cells are produced from either density dependent activation of naive
T cells at a rate W or by density dependent renewal at a rate HTT"}/h where
h is the half saturation constant, i.e. when M = h the production of memory
cells is half maximal. Memory T cell dynamics are described by the equation:

alN + r, M

M =
1+ M/h

—dm M

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,
¥ (t), relating the number of cells in PLN to those in the spleen. In the first
weeks, when ¢ < ¢ , the ratio of cells in PLN to spleen increases, which is
described by 9 (t) = 6(1 —e*'?). Hereafter this ratio decreases, which in control
mice is described by

¥(t) = (<) [216712“70 +(1- zl)e*zg(t—c)} _

At the time of thymectomy the ratio changes and we describe the PLN/spleen
ratio by the same function with new parameters, i.e.,

() = (Tosy) {216712@—1’0”) +(1- zl)e*IB(t*T"ff)} , whereT,rp > <.

The function ¥ (t)was fitted to the data of each mouse strain separately, and
the parameter estimates of the best fits (Fig. S.5.1) are given in Supplementary
Table S.5.2.

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 sig-
nificant.
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5.5 Supplementary information.

Table.

S.5.1: Parameters values and 95% confidence intervals for the best fit of the

thymic output function to CD4" and CD8™ single positive thymocytes from C57B1/6
mice, CD70Tg-F12 mice and CD70Tg-F13 mice.

C57Bl/6 CD70Tg-F12 CD70Tg-F13

CDh4

o(107 cells)  3.459(3.224-3.772)  4.555 (3.580-10.820) 4.741 (3.925-6.058)
v1 (day~1) 0.084 (0.065-0.106)  0.032 (0.010-0.056)  0.056 (0.035-0.087)
CD8

0(107 cells) 1.679 (1.074-9.786)  0.995 (0.692-3.508)  241.8 (0.944-697.6
vy (day™1) 0.023 (0.003-0.056)  0.041 (0.006-0.507)  0.000 (0.000-0.093)
Shared

vy (day™1) 0.001 (0.001-0.002)  0.003 (0.002-0.004)  0.201 (0.097-0.415)
v (day~1) 0.524 (0.187-2.961)  1.846 (0.132-36.71)  0.008 (0.003-0.012)
Tors (days) 46.88 (42.00-48.58)  50.21 (47.85-50.97)  37.79 (34.25-40.38)
y 0.352 (0.313-0.384)  0.555 (0.437-0.652)  0.655 (0.579-0.760)
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Table.

S.5.2: Parameters values and 95% confidence intervals the best fit of

the function 1(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.

C57B1/6

CD70Tg-F12

CD70Tg-F13

CDh4
o

€

€2

T3

Y2

Y3

21

Z2

S

1.578 (1.197-2.373)
0.098 (0.049-0.168)
0.024 (0.020-0.030)

0 0 0.017 (0.013-0.022)

0.025 (0.016-0.0408)
0

0.723 (0.692-0.750)

0.679 (0.597-0.784)

14.00 (11.56-18.16)

3.880 (2.212-22.99)
0.064 (0.006-2.915)
0.125 (0.055-0.480)

0.025 (0.016-0.041)
0

0.929 (0.873-0.957)
0

40.16 (28.00-49.00)

3.500 (1.425-15.84)

0.0422 (0.007-0.202)

0

0.004 (0.000-0.007)
0
0
0

14.00 (8.692-26.23)

CDS8

€
€2
3
Y2
Y3
21
Z2

5.401 (1.399-18.58)

0.017 (0.004-0.096)

0.022 (0.015-0.030)
0

0.024 (0.011-0.054)
0

0.576 (0.523-0.618)

0.459 (0.363-0.589)

14.72 (11.56-19.50)

3.952 (2.304-30.90)

0.062 (0.005-2.961)

0.141 (0.066-0.810)
0

0.024 (0.011-0.054)
0

0.927 (0.877-0.959)
0

41.70 (33.98-49.00)

3.427 (1.441-13.34)
0.047 (0.009-0.322)
0
0.014 (0.009-0.021)
0.002 (0.000-0.006)
0
0
0
14.00 (7.442-33.70)
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Fig. S.5.1: Proportionality function ®(t) correlating T cell dynamics in spleen and
peripheral lymph nodes, based on cell densities in the two organs. Proportionality
functions of Naive (A) CD4", (B) CD8', memory (C) CD4" and (D) CD8*' from
C57B1/6 mice, CD70Tg-F12 mice, and CD70Tg-F13 mice. Black solid and dotted
lines represent the best fits of the proportionality function to data from control mice
(grey dots) and thymectomized mice (black crosses), respectively. Model parameters
are provided in Table S.5.2.
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5. T CELL EXHAUSTION AND DEPLETION IN MICE WITH CHRONIC IMMUNE
ACTIVATION VIA CD27/CD70 COSTIMULATION.
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Fig. S.5.2: Comparison of thymocyte and T cell counts from C57B1/6 mice (black
lines) and CD70Tg-F13 mice (grey lines).(A) The lines represents the best fit to the
number of single positive (SP) thymocytes in mice of different ages. The number
of SP thymocytes was described by a phenomenological model (see material and
methods). For clarity the data points from C57Bl/6 and CD70Tg-F13 mice are not
shown; data points from C57Bl/6 and CD70tg-F13 mice are shown in chapter 3 and
Fig. 5.1 respectively. (B, C) The lines represents the best fit to the total number
of (B) naive and (C) effector/memory (E/M) CD4" and CD8" T cells in the spleen
of thymectomized (dashed lines) and control (solid lines) C57B1/6 and CD70Tg-F13
mice. Model parameters are provided in Table 5.1 and Table 5.2.
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Fig. S.5.3: Comparison of thymocyte and T cell counts from C57Bl/6 mice (black
lines), CD70Tg-F12 mice (dashed black lines) and CD70Tg-F13 mice (grey lines).(A)
The lines represents the best fit to the number of single positive (SP) thymocytes in
mice of different ages. The number of SP thymocytes was described by a phenomeno-
logical model (see material and methods). Data points from C57Bl/6, CD70tg-F12
and CD70tg-F13 mice are shown in chapter 3, Fig. 5.2 and Fig. 5.1 respectively.
(B, C) The lines represents the best fit to the total number of (B) naive and (C)
effector/memory (E/M) CD4" and CD8' T cells in the spleen of control C57BI/6,
CD70Tg-F12 and CD70Tg-F13 mice. Model parameters are provided in Table 5.1and
Table 5.2.
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6. QUALITATIVE CHANGES IN T CELL TURNOVER DURING HIV-1
INFECTION.

Abstract

The cause of the progressive decline of CD4" T cell numbers during hu-
man immunodeficiency virus (HIV) infection remains debated. Based on dif-
ferent markers and labeling strategies, several studies have shown that T cell
turnover rates are increased during HIV infection. Using long-term in vivo
2H,0 labeling, we show that during HIV infection, naive CD4* and CD8%
T lymphocytes live on average 618 and 271 days, while memory CD4" and
CDS8™ T lymphocytes have average life spans of 53 and 43 days, respectively.
We show that these average life spans are at least three-fold shorter than in
healthy volunteers. Our analyses also show that while the naive T cell pool in
healthy individuals forms a kinetically homogeneous population of long-lived
cells, upon HIV infection a significant subset of naive T cells acquires a much
higher rate of turnover. Such a shift towards faster turnover, even within the
naive T cell population, supports the conjecture that changes in the naive and
memory T cell populations during HIV infection are caused by chronic immune
activation.

6.1 Introduction

The cause of the progressive decline of CD4™ T cell numbers during human
immunodeficiency virus (HIV) infection remains debated. There is increasing
evidence that the state of chronic immune activation induced by HIV plays a
key role in disease progression. Major controversies remain, however, on the
role of impaired thymic output in HIV infection. Several studies have shown
increased production rates of CD4" and CD8T T cells during HIV-infection,
measured by different labeling techniques or markers for T cell proliferation
[36, 55, 75, 86, 88, 100]. It is also clear that these increased turnover rates are
not merely due to shifts in the percentages of naive and memory T cells [110],
because studies in separated naive and memory T cell populations have shown
that both naive and memory CD4% and CD8' T cells are turning over more
rapidly in HIV-infected individuals [57].

The major challenge in the field remains to understand how the depletion
of naive CD4% and CD8™, and memory CD4" T cells can be made consistent
with increased per capita production rates. Here we compare per capita
production rates (i.e., fractions of cells turning over per day) and total daily
production rates (i.e., numbers of cells produced per day) between healthy
volunteers and HIV-1 infected individuals. The recently introduced technique
of stable isotope labeling has paved the way to analyze T cell dynamics in
healthy and HIV-infected individuals in much detail. A few studies based on
2H-glucose or 2H50 labeling have been performed in healthy and HIV-infected
individuals [55, 57, 80, 81, 86, 88, 108, 110, 136, 139], but until now complete
up- and down-labeling curves, which are required to reliably estimate average
turnover rates, in HIV infection are lacking. Here we performed long-term in
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6.2. Results

vivo labeling with deuterated water (*H20) in 4 HIV patients and 5 healthy
volunteers, and followed the fate of labeled naive and memory CD4" and CD8*
T cells after label cessation. Mathematical analysis of these data confirms that
per capita production and death rates of naive and memory CD4" and CD8"
T lymphocytes are significantly increased during HIV infection, and shows
that the naive T-lymphocyte population, which is kinetically homogeneous in
healthy individuals, becomes kinetically heterogeneous upon HIV infection. We
discuss why our data are fully compatible with the concept that changes in the
T cell population of HIV-infected individuals are caused by chronic immune
activation, rather than by impaired thymic output.

6.2 Results

A steady-state model for label enrichment

During the entire protocol, absolute CD4" T cell counts and fractions of naive
CD4™ and CD8* T cells remained fairly constant in all HIV patients (data not
shown). Absolute CD4* T cell counts were about 3.5-fold lower in HIV-infected
individuals compared to healthy volunteers, and numbers of naive CD4% and
CD8*" T cells were about 5-fold and 2-fold lower, respectively (Table 6.1).
Fractions of Ki67T CD4" and CD8' T cells in HIV patients were also con-
stant during the execution of the study and were 2-3 fold higher compared to
healthy volunteers (Table 6.1). Because naive and memory CD4" and CD8% T
cell counts hardly changed during the analyses, we fitted the label enrichment
data of naive and memory CD4" and CD8T T cells with a mathematical model
assuming that the size of the cell population under investigation remained in
steady-state. In the model we allowed for kinetic heterogeneity within T cell
populations, i.e. each cell population was modeled as a combination of sub-
populations ¢, with size «;, an turnover rate p; (see Material and Methods).
From the best fit to the data, we subsequently calculated the average lym-
phocyte turnover rate (p) of the whole cell population under investigation. To
determine the maximum level of label enrichment in the DNA that could po-
tentially be attained, we measured the label enrichment in granulocytes, a cell
population that is thought to turnover completely during the labeling period
[93]. The granulocytes of the HIV-infected study subjects reached similar en-
richment levels as those of healthy volunteers [136]. To correct for the actual
availability of deuterium for the different cell populations at any point in time,
we also determined the label enrichment in urine of the study participants at
different time points (see Material and Methods and Fig. S.6.2) [136].

CD4" and CD8* T cell turnover in healthy volunteers

We have previously measured T-lymphocyte turnover rates in 5 healthy
volunteers by heavy water labeling [136]. After 9 weeks of labeling, enrichment
levels reached were about 1-5% for naive and 10-20% for memory CD4% and
CD8™ T cells. During the down-labeling phase of 16 weeks we observed no

73
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INFECTION.

Table. 6.1: Characteristics of HIV-infected individuals

A B C D Healthy”
Age at start 47 63 54 25 22
protocol (yrs)
CD4™ count 306° 182 189 450 890
(cells/pul (283-354)  (165-221)  (165-243)  (425-503)
blood)
CDS8™ count 667 1612 296 532 470
(cells/pul (558-816)  (1574-1798) (259-384)  (489-548)
blood)
Y%mnaive CD4T 52.8 23.7 23.9 49.0 68

(51.0-64.5) (20.3-26.9) (22.4-24.4) (45.6-56.5)
%memory 42.7 4.7 74.6 42.6 32
CDh4™ (33.9-46.2) (71.6-78.8) (74.0-76.6) (35.0-45.9)
Y%naive CD8T 17.3 8.1 14.0 25.6 59

(15.4-17.4)  (6.9-10.2)  (13.0-14.6) (22.8-29.2)
Y%memory 29.6 67.0 58.5 24.9 18
CD8* (28.4-35.5) (65.1-69.1) (57.2-63.0) (20.2-26.7)
%Ki67T 4.7 7.2 6.4 2.8 1.9
in CD4" (3.60-6.40)  (6.30-8.40) (4.70-8.30) (2.00-3.60)
%Ki6TT in 1.3 3.8 4.1 1.4 0.8
naive CD4% (0.80-1.60)  (3.10-4.30)  (2.90-4.80) (0.70-2.00)
%Ki6TT 7.0 7.7 6.4 4.6 3.4
in memory (6.20-10.20) (6.90-9.70) (4.70-7.90) (3.00-6.50)
Ch4t
%Ki6TT 2.4 2.6 8.3 4.1 1.5
in CD8" (1.40-3.60)  (2.50-3.40) (6.30-10.20) (3.40-6.40)
%Ki6TT 1.9 2.2 4.7 4.4 0.7
in naive CD8"  (0.90-2.30) (2.10-3.00)  (4.00-5.60) (2.20-6.90)
%Ki6TT 3.8 2.8 9.4 10.8 2.1
in memory (2.10-5.90) (2.50-3.70) (6.80-11.10) (8.20-13.90)
CDs*

@ Median values from healthy individuals described in Vrisekoop et al. [136].
® Depicted are median values and inter-quartile ranges during the entire follow-up.

significant loss of label from the naive T cell populations. To reconfirm our
conclusion that naive T cells in healthy volunteers are extremely long-lived
[136], 4 of the 5 healthy volunteers donated blood once again approximately
3 years after label cessation. When these samples were analyzed along with a
few historic samples, we found that indeed, even 3 years after label cessation,
labeled DNA could still be detected in the naive T cell pools of these indi-
viduals. When fitting the full data-sets of each healthy individual, we found
no statistical evidence for kinetic heterogeneity in the naive T cell pool, i.e.
the labeling kinetics of the naive T cell pool could perfectly be described by a
model in which all naive T cells have the same rate of turnover (Fig. 6.1 and
Fig. 6.2 ). The fits reconfirmed the very low rate of turnover of naive T cells
that we previously reported [136] (see Table 6.2), while they also described the
late data points (Fig. 6.2), strengthening our conclusion that naive T cells in
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Fig. 6.1: %H enrichment of naive and memory T cells of healthy individuals

described in Vrisekoop et al. [136]. Best fits of the percentage of labeled DNA in
naive and memory CD4" and CD8" T cells of 5 healthy volunteers. The curves show
the best fit of the two-compartment model to the full experimental data-set, including
the long-term follow-up points whenever available. For clarity, the quality of fit to the
long-term follow-up points is shown separately in Fig 6.2. Label enrichment in the
DNA of the different cell populations was scaled between 0 and 100% by normalizing
for the estimated maximum percentage labeled DNA obtained in granulocytes (see
Material and Methods).

healthy adults undergo very little turnover and do not contain a substantial
pool of short-lived recent thymic emigrants (RTE). The labeling kinetics of the
CD4" and CD8" memory T cell populations, in contrast, were significantly
better described when the model allowed for heterogeneity in turnover rates of
memory T cells. Summarizing, naive T cells in healthy adults are long-lived
(with expected life spans of 5.6 and 8.8 years for CD4™ and CD8% T cells, re-
spectively, see Table 6.2) and form a kinetically homogeneous population, while
memory T cells have a shorter expected life span (with expected life spans of
0.45 and 0.33 years for CD4" and CD8% T cells, respectively, see Table 6.2)
and are kinetically heterogeneous.

CD47" and CD8" T cell turnover in HIV-infected individuals
After 9 weeks of 2HyO administration, HIV-infected patients reached signifi-
cantly higher labeling levels (of about 5-20% for naive CD4" and CD8" T cells,
and 30-50% for memory CD4% and CD8' T cells, respectively) compared to
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Fig. 6.2: Long-term 2H enrichment of naive and memory T cells of healthy in-
dividuals. Best fits of the percentage of labeled DNA in naive and memory CD4™
and CD8" T cells of 4 healthy volunteers. he curves show the best fit of the two-
compartment model to the full experimental data-set, and visualize the quality of fit
to the long-term follow-up points. (See legend of Fig. 6.1 for details.)

Table. 6.2: Average per capita turnover rates (p day~1) of healthy individuals
Naive CD4™ Naive CD8™ Memory CD4™ Memory CD8™
A 0.0013 0.0006 0.0141 0.0108
(0.0008-0.0015)°  (0.0004-0.0009)  (0.0103-0.0290) (0.0035-0.0213)
B 0.0005 0.0002 0.0079 0.0084
(0.0003-0.0008)  (0.0001-0.0004)  (0.0062-0.0153) (0.0055-0.0181)
C 0.0003 0.0001 0.0035 0.0064
(0.0002-0.0005) (0.00-0.0004) (0.0025-0.0103) (0.0261-0.0280)
D 0.0004 0.0003 0.0020 0.0637
(0.0002-0.0006)  (0.0002-0.00-5)  (0.0014-0.0081) (0.0026-0.0280)
E 0.0006 0.0004 0.0061 0.0048
(0.0003-0.0008)  (0.0003-0.0006)  (0.0048-0.0098) (0.0028-0.0133)
o 0.0005 0.0003 0.0061 0.0084

“ Median values of the 5 healthy individuals

b 95%-confidence intervals (given in parentheses) were determined by a bootstrap
method [33, 60]

healthy individuals, in line with previous data from HIV-infected subjects [57].
In order to follow the fate of the newly produced T cells in HIV infection, we
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also measured the percentage of labeled DNA within each T cell population
during the subsequent 16 weeks after label cessation. The data of (3 out of 4)
HIV-infected individuals turned out to be significantly better described by a
model that allowed for kinetic heterogeneity, not only for memory but also for
naive T cells, (Fig. 6.3). The dynamics of the naive T cell pool thus became
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Fig. 6.3: 2H enrichment of naive and memory T cells of HIV-infected individ-
uals. Best fits of the percentage of labeled DNA in naive and memory CD4" and
CD8" T cells of 4 HIV-infected individuals. The curves show the best fit of the
two-compartment model to the experimental data. Label enrichment in the DNA of
the different cell populations was scaled between 0 and 100% by normalizing for the
estimated maximum percentage labeled DNA obtained in granulocytes (see Material
and Methods).

qualitatively different upon HIV infection; instead of the homogeneous behav-
ior of naive T cells in healthy humans, naive T cells in HIV-infected individuals
become kinetically heterogeneous. The average turnover rates of naive CD4™
and CD8T T cells were ~0.16% and 0.37% of the naive CD4" and CD8*T T
cell pool per day, corresponding to expected lifespans of 618 and 271 days,
respectively, which is 3 and 12 times shorter than in healthy volunteers. The
average turnover rates of memory CD4" and CD8" T cells were 1.9% and 2.3%
of the memory CD4% or CD8T T cell pool per day, corresponding to expected
lifespans of 53 and 43 days, respectively, i.e. 3 times shorter than in uninfected
individuals (Table 6.3 and Fig. 6.4A,B).

Although average per capita T cell turnover rates of all T cell subsets
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6. QUALITATIVE CHANGES IN T CELL TURNOVER DURING HIV-1

INFECTION.
Table. 6.3: Average per capita turnover rates (p day 1) of HIV-1 infected indi-
viduals.
Naive CD4T Naive CD8T Memory CD4™ Memory CD8™
A 0.0023 0.0017 0.0190 0.0124
(0.0015-0.0033)"  (0.0009-0.0031)  (0.0139-0.0290) (0.0081-0.0319)
B 0.0024 0.0038 0.0186 0.0140
(0.0016-0.0034)  (0.0031-0.0048)  (0.0150-0.025) (0.0103-0.0426)
C 0.0010 0.0036 0.0291 0.0328
(0.0005-0.0016)  (0.0024-0.0054)  (0.0148-0.1210) (0.0194-0.1060)
D 0.0006 0.0039 0.0096 0.0344
(0.0005-0.0008)  (0.0027-0.0061)  (0.0077-0.0142) (0.0256-0.0508)
(SN 0.0016 0.0037 0.0188 0.0234

% Median values of the 4 HIV infected individuals.

b 95%-confidence intervals (given in parentheses) were determined by a bootstrap
method [33, 60]

were increased in HIV infection, total naive CD4T T cell production rates,
expressed in cells per day, were found to be reduced in 3 out of 4 HIV-infected
individuals when compared to healthy volunteers (Fig. 6.4C). This was a direct
consequence of the dramatically reduced naive CD4™ T cell counts of the HIV-
infected individuals included in this study (Table 6.1). Total memory CD4™
T cell production was similar in HIV-infected and healthy individuals (Fig.
6.4D). Total naive and memory CD8" T cell production expressed in cells
per day were found to be significantly increased during HIV infection (Fig.
6.4C,D) even though naive CD8% T cell counts were significantly decreased in
HIV-infected individuals (Table 6.1).

6.3 Discussion

Long-term administration of 2H,O and follow-up of labeled T cells after
label cessation enabled us to measure T cell turnover rates even in the naive
T cell pool of healthy and HIV-infected individuals. Our data suggest that
both naive and memory CD4% and CD8' average T cell life spans are at
least 3-fold shortened during HIV infection, and point at qualitative changes
in the kinetics of the naive T cell pool of HIV-infected individuals. Whereas in
healthy individuals, naive T cells form a kinetically homogeneous pool of cells
that are extremely long-lived, upon HIV infection the naive T cell population
becomes kinetically heterogeneous, and a significant subset of naive T cells
acquires a high rate of turnover. During the entire follow-up period, naive T cell
numbers nevertheless stayed relatively constant in all HIV-infected individuals,
suggesting that the naive T cells that acquired a short expected life span were
also produced at high rates. Although the ages of HIV-infected and healthy
subjects differed, it is highly unlikely that the observed differences in T cell
turnover are due to age differences, because T cell turnover rates in healthy
individuals have previously been shown to be hardly influenced by age [139].
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Fig. 6.4: Estimated T cell life spans and total daily production in healthy and
HIV-infected individuals. Estimated life spans of (A) naive and B) memory CD4*
and CD8" T cells in HIV-infected (closed symbols) and healthy (open symbols) in-
dividuals, calculated from the average T cell turnover rate (p) resulting from fitting
a two-compartment model to the data. Total daily production (expressed in cells per
day) of (C) naive and (D) memory CD4% and CD8" T cells in HIV-infected (closed
symbols) and healthy (open symbols) individuals, calculated by multiplying the esti-
mated average T cell turnover rate (p), based on the two-compartment model) with
the number of T cells in the population under investigation.

Elevated T cell production rates in HIV-infected patients have been pro-
posed to reflect either a homeostatic response to compensate for the progressive
loss of CD4™ T cells [26, 62], or to be driven by immune activation [50, 54].
It has previously been shown that HIV-infected patients suffering from AIDS
have increased levels of IL-7 production in lymphoid tissue [90], and that naive
T cells can divide in response to IL-7 while retaining the naive phenotype
[120, 123], suggesting that homeostatic T cell proliferation may occur in HIV
infection. However, the observation that HAART strongly decreases the per-
centage of Ki67-expressing CD4™ T cells long before CD4™" T cell numbers have
recovered to normal values provides a very strong argument that increased T
cell production rates in HIV infection are driven by the effects of the virus,
rather than by a homeostatic response to low CD4" T cell numbers [54].

The role of the thymus in the altered dynamics of naive T cells during
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HIV-1 infection is vigorously debated [26, 29, 51, 86]. Using mathematical
modeling we have shown that the observed relatively rapid dilution of the
average T cell receptor excision circle (TREC) content of naive T cells in HIV-
infected individuals [29] cannot be explained by changes in thymic output alone
[61] when naive T cells are long-lived. TREC dilution in HIV infection is
therefore presumably caused by the state of chronic immune activation induced
by the virus [51]. This conclusion is confirmed by our long-term follow-up
of 2H,0-labeled individuals, demonstrating that under healthy circumstances
naive CD4" and CD8T T cells are kinetically homogeneous and have expected
life spans as long as 5.6 and 8.8 years, respectively.

Our original proposal that rapid dilution of the TREC content in naive T
cells during HIV infection is caused by increased rates of naive T-lymphocyte
turnover [51] was criticized for several reasons. Firstly, it was argued that
if the naive T cell pool comprises a sub-population of short-lived RTE, as
has been suggested in mice [7, 8], the average TREC content of naive T cells
may be rapidly affected when thymic output is blocked [26]. Our analysis of
2H,0 labeling data demonstrates that human naive T cells are very long-lived
and form a kinetically homogeneous population, arguing against the presence
of a substantial RTE population with rapid kinetics in healthy adults (see
Dion et al. [26], Vrisekoop et al. [136]. Secondly, the fact that increased Ki67
expression of naive T cells in HIV infection was taken as support for the immune
activation hypothesis, has been criticized because Ki67 expression may be high
due to cell cycle arrest [18]. Here we show that naive and memory per capita
production and death rates in HIV infection are significantly increased, which
is perfectly consistent with their increased Ki67 expression. Importantly, we
also show that the increased turnover in the naive T cell population during HIV
infection is probably caused by sub-populations of naive T cells obtaining higher
production and loss rates. Apparently these cells retain the CD45RATCD27+
phenotype of naive T cells, and readily explain the observed dilution of the
naive T cell TREC content during HIV infection. This result refutes the third
criticism, that the generation of a population of transitional naive T cells, which
are about to enter the memory T cell pool, would not reduce the average naive
T cell TREC content [42].

By gradually building up the mathematical model, from a one-compartment
model in which every cell is produced and lost at the same rate, to a two-
compartment model, we found that adding a second compartment did not
significantly improve the quality of the fit of the naive T cell labeling data
from healthy volunteers. This suggests not only that there is no substantial
pool of short-lived RTE in healthy humans, in contrast to what was previously
suggested by others [26], but also that recently-produced naive T cells have the
same life expectancy as resident naive T cells, in contrast to what we proposed
based on our previous modeling approach [136]. Interestingly, despite much
higher rates of naive T cell turnover in mice compared to humans, we found
that even in mice there is no evidence for kinetic heterogeneity in the naive T
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cell pool (Den Braber et al. unpublished).

The current data are fully in line with the idea that changes in the T-
lymphocyte populations of HIV-infected individuals are to a large extent caused
by the immune activation induced by the virus. Other lines of evidence for the
critical role of immune activation in HIV-1 infection include i) the finding
that the level of T cell activation is the strongest prognostic factor for disease
progression, even independent of plasma viral load [24, 39, 52], and ii) the
observation that both SIV-infected sooty mangabeys, which do not develop
AIDS despite high HIV loads [119], and rare, long-term asymptomatic HIV-
infected patients with high plasma loads of pathogenic HIV [17] have low levels
of immune activation. The acute, drastic loss of memory CD4™" T cells from the
gastro-intestinal tract which causes translocation of microbial products from
the gut into the blood in HIV-infected individuals may be the driver of chronic
immune activation during HIV-infection [14].

Summarizing, mathematical modeling of the longest human labeling time
series published so far suggests that naive T cell populations become kinetically
heterogeneous during HIV-1 infection, probably by adding a compartment of
naive T cells with rapid turnover. At present it remains unclear how one should
interpret the biological nature of the naive T cells comprising this compartment.
The fact that treatment normalizes naive turnover rates long before CD4™
T cell counts have normalized [54] demonstrates that the rapid naive T cell
compartment is not reflecting a homeostatic response, and is more likely a
consequence of the state of chronic immune activation induced by the virus.
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6.4 Material and Methods

Subjects and in vivo H;0 labeling protocol
Four HIV-infected and five healthy male volunteers were admitted to the AMC
hospital, Amsterdam, the Netherlands to receive the initial dose of 10 ml 2H,O
per kg body water in small portions throughout the day. Body water was esti-
mated to be 60% of body weight. As a maintenance dose, the subjects drank
1/8 of their initial dose daily for nine weeks. Blood and urine were collected
before labeling, at the end of the first labeling day, four to six times during the
rest of the nine-week labeling phase, five to seven times during the down-label
phase of 16 weeks, and approximately 3 years after stop of label in healthy indi-
viduals. All HIV-patients were treatment-naive at inclusion and did not receive
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antiretroviral therapy during the whole protocol (CDC class A). Patient B ex-
perienced bronchitis (diagnosed and treated by the general practitioner) which
started a few days prior to the second visit at day 22. Patient C withdrew from
the protocol from day 113 onward, because he was advised to start treatment,
and developed a disseminated Varicella shortly after withdrawal. Patient D
developed gastro-enteritis (light fever and diarrhea) a few days prior to the
visit at day 63. All healthy volunteers were asked to answer a questionnaire
to exclude (a high risk of) infections and immunomodulatory medication. De-
tails about the HIV-infected patients are shown in Table 6.1, while those about
the healthy volunteers have been described previously [136]. This study was
approved by the medical ethical committee of the AMC and written informed
consent was obtained from all participants [136].

Flow cytometry and cell sorting

Absolute CD4™ and CD8*" T cell counts were determined by dual-platform
flow cytometry. Peripheral blood mononuclear cells (PBMC) were obtained by
Ficoll-Paque density gradient centrifugation from heparinized blood and cryop-
reserved until further processed. T cell proliferation in CD4" and CD8T T cell
subsets was studied by flow-cytometric measurements of the Ki67 nuclear anti-
gen, as described previously [54]. To measure the fraction of labeled cells within
the naive (CD45RO~CD27%) and memory (CD45RO%) CD4* and CD8* T
cell population, these subsets were isolated by cell sorting on a FACSAria (BD)
as previously described [136]. Purity of the sorted cells was on average 99.2%
for naive CD4™", 98.7% for naive CD8T T cells, 98.1% for memory CD4™ T
cells and 97.1% for memory CD8T T cells.

Measurement of 2H,O enrichment in body water and DNA and
mathematical modeling
Deuterium enrichment in urine was measured by a method adopted from Previs
et al. [106]. The isotopic enrichment of DNA was measured according to the
method described by Neese et al. [93] with minor modifications [136]. We first
fitted a simple label enrichment/decay curve to the urine enrichment data of
each individual:
During label intake (¢ < 7):

Ut) = f(1—e %) + e (6.1)
After label intake (¢t > 7):
Ut)=[f(1- e ) + 667&] e 0T, (6.2)

as described previously [136] (see Fig. S.6.2, Table S.6.3 and Table S.6.1),
where U(t) represents the fraction of 2HoO in plasma at time ¢ (in days), f
is the fraction of 2H0O in the drinking water, labelling was stopped at t =
7 days, ¢ represents the turnover rate of body water per day, and 3 is the
plasma enrichment attained after the boost of label by the end of day 0. We
incorporated these best fits when analyzing the enrichment in the different

82



6.4. Material and Methods

cell populations. Up- and down-labeling of the granulocyte population of each
individual was analyzed as described previously [136] (see Fig. S.6.2, Table
S.6.4 and Table S.6.2), to estimate the maximum level of label intake that
cells could possibly attain. The label enrichment data of all cell subsets were
subsequently scaled by the granulocyte asymptote of each individual [136].

Labeling data of the different T cell subsets were fitted with mathematical
models that did or did not allow for kinetic heterogeneity between cells of
the same population. Each kinetic sub-population i was modeled to contain
a fraction «; of cells with turnover rate p;. Assuming a steady state for each
kinetic sub-population, label enrichment of adenosine in the DNA of each sub-
population ¢ was modeled by the following differential equation:

where [; is the total amount of labeled adenosine in the DNA of sub-population
i and A is the total amount of adenosine in the cell population under investi-
gation , ¢ is an amplification factor that needs to be introduced because the
adenosine deoxyribose (Dar) moiety contains seven hydrogen atoms that can be
replaced by deuterium, and p; is the average turnover rate of sub-population .
Basically, labeled adenosines in sub-population ¢ are gained when a deuterium
atom is incorporated with probability cU (¢) into the DNA of cells that replicate
at rate p;, and they are lost when cells of sub-population 7 are lost at rate p;.
For naive T cells this replication may occur both in the periphery and in the
thymus. Scaling this equation by the total amount of adenosine in the DNA of
sub-population i, i.e., defining L; = I;/(a; A), yields

L; = piCU(t) — PZLl (64)

throughout the up- and down-labeling period, where L; represents the frac-
tion of labeled adenosine dR moieties in the DNA of sub-population 7. The
corresponding analytical solutions are

Li(t) =

[ (Gempit = U(®) + (1 = )] (6.5)

during label intake (¢t < 7), and

pi€
0 —pi

Li(t) = [U(T)e—p;(t — ) — U(t)] + Ly()e P (=) (6.6)
after label intake (¢ > 7).

The fraction of labeled DNA in the total T cell population under investigation
was subsequently derived from L(t) = 3 «; L;(t), and the average turnover rate
p was calculated from p = > «;p;. Labeling data were first arc-sin(square-root)
transformed, because all enrichment data were expressed as fractions. Best
fits to the transformed data were subsequently determined using least square
minimization, using the DNLS1 subroutine from the Common Los Alamos
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Software Library, which is based on the Levenberg-Marquardt algorithm [83]
for solving nonlinear least-squares problems. Ninety-five percent confidence
intervals for the inferred parameters were then determined using a bootstrap
method [33], where the residuals to the optimal fit were re-sampled 500 times.
Half-lives were calculated from the average turnover rates as In 2/p.

6.5 Supplementary information.

Table. S.6.1: Parameter estimates of the urine enrichment curves of the healthy
subjects, where f represents the fraction of ?H,O in the drinking water, d is the
turnover rate of body water per day, and [ represents the baseline urine enrichment
attained after the boost of label by the end of day 0.

Individual f o (day1) [E]

A 0.0010 0.0610 0.0086
B 0.0011  0.0822 0.0071
C 0.0012  0.0705 0.0082
D 0.0017 0.1204 0.0073
E 0.0020 0.1338 0.0059

Table. S.6.2: Parameter estimates of the granulocyte enrichment curves of the
healthy subjects, where d represents the loss rate of labeled granulocytes, p is the
average production rate of granulocytes, and ¢ the amplification factor.

Individual pc (day~1) d (day~1)

A 0.4105 0.0938
B 0.4813 0.1016
C 0.3729 0.0751
D 0.3195 0.0853
E 0.4237 0.1052

Table. S.6.3: Parameter estimates of the urine enrichment curves of the HIV-
infected subjects, where f represents the fraction of ?H,O in the drinking water,
d is the turnover rate of body water per day, and [ represents the baseline urine
enrichment attained after the boost of label by the end of day 0.

Individual f 0 (day~1) I}

0.0007 0.1080 0.0053
0.0010 0.0735 0.0087
0.0009 0.1221 0.0102
0.0012 0.0811 0.0178

gQw>
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Table.

S.6.4: Parameter estimates of the granulocyte enrichment curves of the

HIV-infected subjects, where d represents the loss rate of labeled granulocytes, p is
the average production rate of granulocytes, and ¢ the amplification factor.

Individual pc (day~1) d (day~1)
A 0.5265 0.0994
B 0.3391 0.0790
C 0.5390 0.1196
D 0.4174 0.0937
A Urine Granulocytes
0.02 Healthy 0.02 HIV infected 120 Healthy 120 HIV infected
80 80 |/
0.01 0.01 |
ﬂ 40 40
B 0 J 0 la. J 0 é 1 J 0
0.02 0.02 - 120 120
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Fig. S.6.2: H enrichment of urine and granulocytes of healthy and HIV-infected
individuals. Best fits of the fraction of 2H2O in urine and of the enrichment curves
of granulocytes of 5 healthy volunteers and 4 HIV-infected individuals (see Material

and Methods).
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7. BrpHAsiIC TREC DYNAMICS DURING HIV-1 INFECTION.

Abstract

HIV-1 infection is frequently associated with a reduction in T cell receptor
excision circles (TREC). However, most TREC data come from cross-sectional
studies, and little is known about the time course of the changes in TRECs
during HIV-disease progression. We have obtained longitudinal data on CD4%
and CD8' T cell TRECs and T cell counts from human subjects before and
after HIV seroconversion. The data demonstrate that CD4™ and CD8" T cell
TREC dynamics during HIV infection are biphasic, with a rapid TREC loss
during the first year and a slow loss during the chronic phase of infection.
During the first year of HIV infection in our study subjects, the total number
of TRECs in the blood at least halved, and the loss of TRECs from the blood
exceeded the loss of naive T cells. During later stages of HIV infection, CD4%
T cell TREC contents remained fairly constant because total CD4™ T cell
TREC loss paralleled the loss of naive and effector/memory CD4™ T cells,
while in the CD8™ T cell pool the loss of TRECs generally exceeded the loss of
naive T cells. We interpreted these data using mathematical modeling, which
pointed out that massive recruitment of naive T cells into the effector/memory
compartment is a likely explanation for the biphasic dynamics of TREC during
HIV infection.

7.1 Introduction

HIV-1 infection has repeatedly been associated with reduced absolute T
cell receptor excision circle (TREC) numbers per ml blood (TREC total) and
reduced TREC levels per peripheral T cell (TREC content) [29, 51, 143]. This
observation has widely been interpreted as evidence for impairment of the thy-
mus during HIV infection [29, 143]. However, not only changes in thymic
output, but also changes in the naive/memory T cell ratio, T cell division
and death rates, and priming rates of naive T cells affect TREC dynamics
[29, 51]. Since all of these factors are disturbed in HIV infection, TREC data
from HIV-infected subjects cannot be used as evidence for HIV-induced thymic
impairment, and the cause of TREC changes during HIV infection seems multi-
factorial.

During thymic TCR rearrangement, several types of TRECs, including V3
and Sj TRECs, are formed sequentially. Dion et al. [26] described relatively
rapid changes in Sj/V TREC ratios within the first 3 months of HIV infection.
These changes were attributed to changes in intrathymic proliferation, because
peripheral T cell proliferation dilutes both types of TRECs equally, leaving the
Sj/V3 TREC ratio unaffected. Based on these observations, it was concluded
that the changes in Sj TREC in HIV infection are due to the rapid loss of recent
thymic emigrants (RTE) containing most of the TRECs. Indeed, the existence
of a considerable short-lived RTE pool has been suggested in young mice [117]
and chickens [73]. However, our own recent work has indicated that in human
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adults recently produced naive T cells are rare and long-lived [136, Chapter 6],
which questions the existence of a substantial short-lived RTE pool in human
adults. Moreover, the effect of SIV infection on TRECs in sooty mangabeys
[89] and rhesus macaques [4] was shown to exceed the effect of thymectomy,
which suggests that SIV infection does much more than just remove RTEs [11].

In order to understand the cause of TREC changes during HIV infection,
longitudinal TREC analyses over seroconversion and during HIV infection
are needed. So far, most TREC data have come from cross-sectional stud-
ies, and little is known about the course of the changes in TRECs during
HIV-disease progression. Cross-sectional studies are further hampered by the
large inter-individual differences in TREC of both healthy and HIV-infected
subjects. Indeed, a considerable overlap between TREC content in CD4* T
cells from healthy and HIV-infected individuals has repeatedly been reported
[47, 94, 118, 143]. In the absence of longitudinal data, the interpretation of
TREC data often remains inconclusive. For example, Nobile et al. [94] re-
ported that HIV-infected individuals with high CD4% T cell counts had in-
creased CD4T T cell TREC contents, while HIV-infected individuals with low
CD4™ T cell counts had lower CD4" T cell TREC contents than age-matched
controls. Longitudinal interpretation of these cross-sectional data seems to
suggest that CD41 T cell TREC contents increase over HIV seroconversion,
and progressively decrease during HIV-disease progression. Alternatively, the
observed high TREC contents in HIV-infected individuals with high CD47
T cell counts may be due to a selection bias, because individuals with high
pre-seroconversion CD4™ T cell counts may also have high pre-seroconversion
CD4™ TREC contents, e.g. due to high levels of thymic output [94]. Indeed,
extrapolation of cross-sectional data to longitudinal interpretation is prone to
be erroneous.

The longitudinal studies on TREC dynamics in HIV infection that are avail-
able, unfortunately measured TRECs in PBMC [16, 47, 132, 143], and not in
the more relevant T cell sub-populations. TREC contents in PBMC may not
be representative for the TREC content of CD4™ T cells, since the fraction of
CD4™ T cells declines during disease progression, and the TREC content of
CDS8™ T cells has been found to be lower than the TREC content of CD4* T
cells [94, 118].

To overcome the above problems in elucidating the mechanism behind the
dynamics of CD4" and CD8' T cell TREC contents during HIV-infection,
we performed a longitudinal analysis of T cell counts, naive/memory T cell
ratios, and T cell TREC dynamics in the different CD4" and CDS8T T cell
subsets in HIV-1 infected patients. It has recently become clear that even
during the acute phase of HIV infection large changes in immune parameters
occur. For example, effector CD4™ T cells in the mucosal tissues (e.g. lung
and gut) have been shown to be massively depleted during acute HIV and STV
infection [15, 43, 102], and HIV viral load and immune activation levels have
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been shown to be much higher during acute compared to chronic HIV infection
[111, 118]. Whenever possible our longitudinal analyses therefore included T
cell and TREC data over HIV seroconversion and during the acute and chronic
phase of infection. The resulting data were interpreted with the help of a
mathematical model.

7.2 Results

TREC dynamics in CD4" and CD8*' T cells over seroconversion
and during HIV infection
We performed longitudinal analyses of TREC contents per CD4™ and CD8*
T cell over HIV-seroconversion in 13 individuals, seven of whom we were also
able to follow during chronic HIV infection. An additional 5 HIV-infected
individuals could only be followed during chronic HIV infection. The median
time point at which samples were analyzed before seroconversion was 4.8 years
(range 2.8-11.4) and the median times during HIV infection were 1.0 year (range
0.8-1.3) and 5.0 years (range 3.5-5.2) post-seroconversion. We refer to the
period between seroconversion and 1 year post-seroconversion (i.e. the acute
phase) as phase I, the period between 1 year and 5 years post-seroconversion
as phase II. In addition to TRECs, absolute CD4" and CD8* T cell counts
and fractions of naive and effector/memory CD41 and CD8' T cells were
determined for all HIV-infected individuals.

Longitudinal analysis of CD4% T cell TREC contents showed biphasic dy-
namics during HIV-disease progression, consisting of a rapid decline in CD4™"
T cell TREC content over seroconversion (p=0.01), and a rather stable TREC
content during the chronic phase (p=0.424, Fig. 7.1a). Absolute numbers of
TRECSs per ml blood in the CD4™" T cell population showed a steep decline over
seroconversion (p=0.002), but continued to decline, albeit to a lesser extent,
during chronic infection (p=0.032, Fig. 7.1b). The TREC content of CD8* T
cells decreased significantly during phase I (p=0.001) and nearly significantly
during phase II (p=0.052) (Fig. 7.1c). Absolute CD8" T cell TREC numbers
decreased during phase I (p=0.033) but - unlike CD4" T cell TREC numbers
- stayed stable during phase II (p=0.250) (Fig. 7.1d).

When analysed cross-sectionally, neither the CD4" T cell TREC content 1
or 5 years after seroconversion in these individuals, nor the CD4" T cell TREC
content of 27 additionally measured chronic HIV-infected individuals differed
significantly from 38 healthy age-matched control values. Only HIV-infected
individuals who had progressed to AIDS (n=16) had significantly lower CD4™
T cell TREC contents compared to healthy individuals when compared cross-
sectionally (Fig. 7.1). Similarly, the longitudinally observed decrease in CD8™
T cell TREC contents during HIV infection was neither apparent when CD8* T
cell TREC contents at 1 or 5 years post-seroconversion in these individuals, nor
in the additionally studied chronic HIV-infected individuals were compared to
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healthy control values (Fig. 7.1a,c), underlining the importance of longitudinal
follow-up in TREC analyses.
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Fig. 7.1: CD4" and CD8" T cell TREC dynamics over seroconversion and during
HIV infection. CD4% T cell TREC contents (a), total TREC numbers in CD4" T
cells per ml blood (b), CD8" T cell TREC contents (c), and total TREC numbers
in CD8" T cells per ml blood (d) measured over seroconversion and during HIV
infection. Longitudinal data are connected by straightbp lines, while cross-sectional
data are denoted by loose data points. Data were collected during acute and chronic
HIV infection as well as during progression to AIDS and were compared to age-
matched controls. P-values for phase I and phase II are indicated in the figure, and
the P-value for the difference between cross-sectional data from healthy and HIV
infected subjects if marked by an asterisk if p < 0.05.

We also analysed TREC contents in FACS-sorted naive CD4™ T cells dur-
ing chronic infection (Phase IT) in 7 HIV-infected individuals who were followed
longitudinally. The naive CD4" T cell TREC content did not decrease during
follow-up even when HIV-infected individuals progressed to AIDS, or evolved to
CXCR4-using virus variants capable of infecting naive CD4™" T cells (p=0.469,
comparing first and last time points, Fig. 7.2). Again, no significant difference
was found between naive CD4™ T cell TREC contents from HIV-infected in-
dividuals and healthy age-matched controls (Fig. 7.2). Unfortunately, we did
not have sufficient cells pre-seroconversion to obtain TREC data within the
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naive T cell pool during phase I.
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Fig. 7.2: Naive CD4% T cell TREC-content dynamics during chronic HIV infec-
tion. Longitudinal analyses of TREC contents per naive CD4" T cell in patients
during chronic HIV infection (black circles), infection with CXCR4-using/ SI virus
variants (x-marked) and progression to AIDS (grey circles) compared to healthy con-
trols (white circles).

To obtain insights into the mechanism behind the early rapid and late slow
decay of CD4" and CD8" T cell TREC contents, we calculated the fractional
changes per year in naive and effector/memory T cell numbers, and in absolute
TREC numbers per ml blood during the different phases of infection. During
phase I, we found that the fractional loss of TRECs per ml blood in CD4™ and
CD8™ T cells tended to be higher than the loss of naive CD4* and CD8* T
cells, resulting in a decrease in the CD4% and CD8% T cell TREC content. In
some HIV-infected individuals the number of naive CD4™" or CD8™ T cells even
increased over seroconversion despite decreased CD4™ or CD8' T cell TREC
numbers per ml blood (Fig. 7.3a,d), suggesting that naive CD4% and CD8™
T cells expanded by division during HIV infection. In general, the fractional
loss of naive CD8" T cells during phase I was smaller than the loss of naive
CD4™ T cells. Effector/memory CD4% T cell numbers showed a tendency
to decrease during phase I (Fig. 7.3b), while effector/memory CD8T T cell
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numbers increased in all individuals (Fig. 7.3e). As a consequence, the ratio
of naive/memory CD8' T cells tended to decrease during phase I (Fig. 7.3f),
while the ratio of naive/memory CD4T T cells did not show any clear pattern
(Fig. 7.3c).

During phase II, the fractional changes of all the variables were much
less pronounced than in phase I, but tended to follow the same pattern (Fig.
7.3a,b,d,e). As a consequence, naive/memory CD4% and CD8T T cell ratios
were mostly stable in this phase (Fig. 7.3c,f), and the proportional loss of
TRECs and naive CD4% and CD8" T cells was reflected in stable CD4" and
CD8* TREC contents.

Explaining the biphasic TREC kinetics during HIV-disease pro-
gression
Combining the above observations, we sought for a mechanism that could ex-
plain the biphasic TREC dynamics during HIV infection. Thanks to the com-
bination of TREC and total cell-number data, several explanations could be
ruled out: i) The rapid decline in CD4" and CD8" T cell TREC contents
during phase I cannot merely be attributed to TREC dilution by peripheral T
cell proliferation, because absolute TREC numbers per ml blood also decreased
(Fig. 7.1b,d). In half of the individuals CD4" and CD8" T cell TREC num-
bers per ml blood declined more than 50 percent during the first year of HIV
infection (Fig. 7.3a,d). ii) The rapid decline in CD4" T cell TREC contents
during phase I cannot be attributed to decreases in naive/memory CD4™" T cell
ratios, because both increases and decreases in this ratio were observed during
phase I (Fig. 7.3¢). Decreased naive/memory CD8™ T cell ratios may, however,
explain the rapid decline in CD8% T cell TREC contents over seroconversion
(Fig. 7.3f). iii) We have also ruled out the possibility that the decreases in
CD4" and CD8T T cell TREC contents in phase I were related to sampling
time before seroconversion (data not shown).

To search for an alternative explanation for the biphasic TREC dynam-
ics during HIV infection, we used a previously developed mathematical model
[51] for the dynamics of TRECs which we extended to include naive and effec-
tor/memory T cells (see Methods). In the model, naive T cells are maintained
by thymic output and peripheral renewal, while effector/memory T cells are
maintained by activation (and subsequent clonal expansion) of naive T cells
and by renewal. HIV infection could influence TREC dynamics of naive and
memory T cells in several ways: 1) directly increase the death rates of naive
and memory CD4™" T cells, 2) increase the antigen-driven priming of naive
CD4* and CD8T T cells into the memory compartment, and 3) induce naive
and memory CD4% and CD8*' T cell division as a result of increased activa-
tion. We implemented HIV infection in the model by increasing the death rate
of memory CD4™T T cells, the activation of naive CD4% and CD8" T cells into
memory T cells, and the proliferation rate of naive CD4% and CD8' T cells.

Simulations of the model showed that such HIV-induced changes in T cell
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Naive-Memory ratio in CD4* T cells

Fig.
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7.3: Fractional loss of naive and effector/memory CD4" and CD8' T cells
and TRECs. The loss of naive T cells during phase I and II as a percentage of the
baseline values pre-seroconversion and 1 year after sero-conversion, (a,d) compared
to the percentage loss of total TREC numbers per ml blood and (b,e) compared to
the percentage loss of effector/memory T cells. Circles represent the percentage lost
during the first year of infection (phase I) and diamonds denote the loss during the
chronic phase (phase II) of HIV infection. Panel (c,f) depicts longitudinal changes in
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dynamics together were sufficient to mimic the experimentally observed bi-
phasic CD4" and CD8*" (Fig. 7.4) T cell and TREC dynamics. We found
that an early loss of naive and memory CD4™ T cells, TREC numbers, and
CD4* T cell TREC contents was achieved if HIV infection leads to the re-
cruitment of a large fraction of naive CD4" T cells into the effector/memory
compartment. Once naive cells and their TRECs have been recruited into the
memory pool, they are rapidly lost as a result of the relatively short natural
lifespan of effector /memory CD4" T cells, which might be further shortened by
virus-mediated killing of effector/memory CD4T T cells. Similarly, the early
decrease in CD8™ T cell TREC contents can be explained by the recruitment of
TREC-bearing naive CD8' T cells into the CD8T memory T cell pool, where
they are lost by the shorter life span of effector/memory cells. An increase in
division of naive CD8% T cells may compensate for this recruitment, leading to
a net increase in naive CD8' T cell numbers. The increased proliferation and
priming of naive CD8% T cells in the absence of increased death of memory
CD8™ T cells during HIV infection could explain the accumulation of cells in
the memory CD8' T cell compartment.

During the chronic stage of HIV infection CD4% T cell TREC contents
remain fairly constant, because total TREC loss remains in pace with the loss
of naive and effector/memory CD4" T cells. The naive CD4" T cell dynamics
predicted by the model displayed a similar biphasic pattern as observed for
total CD4™ T cell TREC contents (data not shown).

7.3 Discussion

Our comparison of longitudinal and cross-sectional TREC data demon-
strates that evident TREC dynamics can easily be masked by large inter-
individual differences in TREC measurements. In line with our own cross-
sectional data, Sempowski et al. [118] did not detect differences in CD41 T
cell TREC contents during acute HIV infection in a cross-sectional study, and
concluded that TRECs were not affected during acute HIV infection. In similar
cross-sectional studies, the TREC content of PBMC was found to decrease over
seroconversion in only half of the HIV-infected individuals, while it remained
stable in the other half of the patients [143], and decreased CD4" T cell TREC
contents were reported during chronic HIV infection [94].

In contrast, our longitudinal data show that CD4" and CD8" T cell TREC
dynamics during HIV infection are biphasic, with a rapid decline during the
first year and a slow decline during the chronic phase of infection. The sharp
decline in CD4" T cell TREC content in the first year of HIV infection is
the result of a more rapid loss of CD4" T cell TREC numbers per ml blood
compared to the loss of naive CD4™ T cells. Remarkably, in the majority of
HIV-infected individuals as much as 50% of the number of CD4™" T cell TRECs
per ml blood was lost during the first year of infection.
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Fig. 7.4: CD4% and CD8" T cell and TREC dynamics during HIV infection
according to the mathematical model. Simulation results of the model for CD4™
(a-d) and CD8% (e-h) T cell and TREC dynamics during HIV infection (solid curves)
compared to healthy dynamics during the same period (dashed curves). Parameter
values for CD4% T cells of healthy individuals: ¢ = 8%, v =0, a = 1e7%, r; = 0,
dy = 4e71% ¢ = 64, ro = 0.004, dpy = 3e7°, d, = 0.001, ¢ = 1, and upon HIV
infection: a = 3e~2, ¢ = 21.3, r; = 0.0008, 72 = 0.008, dy; = 0.03. Parameter
values for CD8" T cells of healthy individuals: ¢ = 8%, v =0, a = 1e7%, r; = 0,
dy = 4e71% ¢ = 64, ro = 0.005, dps = 8¢~ °, d, = 0.001, ¢ = 1, and upon HIV
infection :a = 1.5e72, ¢ = 8, 1 = 0.0001.
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At first glance, the fast decline of TRECs and the smaller loss of naive
T cells from the peripheral pool seem in good agreement with the loss of a
short-lived TREC-rich RTE pool upon HIV infection, as thymectomy has been
shown to cause a similar drop in TREC content in mice [117] and chickens
[73]. However, heavy water labeling studies in human adults [136] and thymec-
tomy studies in monkeys [Muthukumar et al]! have indicated that RTE need
not be short-lived (also see chapter 4). We therefore proposed an alternative
model, in which a large fraction of naive CD4" T cells is transferred into the
effector/memory T cell compartment during HIV infection. The more rapid
loss of cells in the effector/memory compartment is responsible for the loss of
TREC-bearing cells. Increased division of naive CD4™ T cells to some extent
replaces the cells with non-TREC-bearing cells resulting in a decrease in CD4™"
TREC content. This model appeared to be consistent with the longitudinal
CD4" TREC and T cell dynamics that we observed, suggesting that increased
activation of naive CD4" T cells throughout HIV infection is sufficient to ex-
plain these biphasic dynamics. Of note, not all naive CD4™ T cells transferred
into the effector/memory pool need to be HIV specific. Bystander activation
by cytokines, or other pathogens e.g. due to a compromised gastrointestinal
mucosal surface, might even play the dominant role in chronic immune activa-
tion during HIV infection [14]. The bi-phasic dynamics of CD8* T cell TREC
contents can be explained by the same mechanism, except for the fact that
CDS8™ T cells seem to compensate better for the loss of cells.

Although our model presents one way to explain the T cell and TREC
dynamics without the need for a short-lived RTE pool, we do not exclude that
other mechanisms may play a role. For example, increasing naive T cell death
rather than increasing naive T cell recruitment to the effector/memory pool
upon HIV infection probably explains the data equally well. Furthermore, we
did not take redistribution of T cells from the blood to the lymphoid organs
into account. Upon HIV infection, the percentage of naive CD4™ T cells was
found to be increased in lymphoid tissues and TREC losses were found to be
less pronounced in lymphoid tissues than in the periphery. While in PBMC an
inverse correlation between TREC and cellular viral load was found, there was
a positive relation between TREC and cellular viral load in lymphoid tissue,
suggesting that TREC-bearing cells may be selectively trapped in the lymphoid
tissue during HIV infection [95].

In conclusion, our study shows that HIV infection has an almost instanta-
neous and large impact, not only on the memory CD4" T cell compartment
[14], but also on the naive CD4™ and CD8" T cell pools. The biphasic dynamics
of CD4™ and CD8™ T cell TREC contents that we observed are consistent with
a model in which both CD4" and CD8" naive T cells are massively recruited
into the effector/memory compartment due to hyper-immune activation.

IMuthukumar A, Wozniakowski A, Matthews C, et al. Impact of thymectomy on SIV
infection in macaques. 2004. Presented at: XIV international AIDS conference, Barcelona,
Spain.
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7.4 Materials and Methods

HIV- infected individuals

Samples from HIV-infected individuals for the longitudinal study and part of
the cross-sectional study were derived from the Amsterdam Cohort Studies
on HIV infection and AIDS. Cross-sectional data were extended with data
obtained from previous studies [137, 138]. None of the HIV-infected individuals
had been treated at the time of sampling. Individuals were called acute HIV-
infected individuals when sampling took place within 2 months after onset of
symptoms of acute HIV infection. Age-matched blood bank donors were used
as healthy controls.

Flow cytometry and cell sorting

Peripheral blood mononuclear cells (PBMC) were obtained by Ficoll-Paque
density gradient centrifugation from heparinized blood and viably frozen until
further processed. Absolute CD4" and CD8™ T cell counts were determined by
dual-platform flow cytometry. Effector/memory (CD27T CD45RA~, CD27~
CD45RA~ and CD27~ CD45RA™) and naive (CD27T CD45RA™T) CD4* and
CD8™ T cell fractions were assessed by flow cytometry as described previ-
ously and analyzed on a FACSCalibur with CellQuest software (Becton Dick-
inson (BD), San Jose, California) [52]. To measure the TREC content within
naive (CD45RO~CD27%) CD4™ T cells, PBMC were incubated with the mon-
oclonal antibodies CD45RO~FITC (Caltag Laboratories, Burlingame, CA),
CD27-PE, CD4~PerCP and CD8~APC (BD) and naive CD41 T cells were
isolated by cell sorting on a MoFlow or a FACSAria (BD). In 14 out of 32
healthy individuals CD45RA™ CD4™ T cells were sorted by magnetic beads.
Because CD45RATCD27~ effector CD4™" T cells are virtually absent in healthy
individuals (<1.5% in 10 controls in whom we used magnetic beads and were
able to measure the effector subset), this fraction represents CD45RATCD27+
naive CD4™" T cells. To measure the TREC content within CD4" and CD8T T
cells, this subset was purified from thawed PBMC by magnetic bead separation,
using the MiniMACS multisort kit according to manufacturer’s instructions
(Miltenyi Biotec Inc, Sunnyvale, California).

TREC analysis
DNA was isolated using the QIAamp Blood Kit according to manufacturer’s
instructions (Qiagen, Hilden, Germany). Signal joint T cell receptor excision
circle (TREC) numbers were quantified using a real-time PCR method as pre-
viously described [112].

Mathematical model
To investigate the mechanisms behind the dynamics of CD4" and CD8* T
cells during the different stages of infection, we extended a previous model [51]
to include naive and memory T cells. The dynamics of naive (N) and memory
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(M) T cells are given by the following differential equations:

N' = ge" 4+ r N —aN —dyN?
M' = qaN +roM —dyM(1+ €M)

Naive cells increase due to input from the thymus (oe*?) and have a constant
renewal rate (r1). Thymic output decreases exponentially with age at rate v
per day. We however assume a constant thymic output for the time period that
we model (v = 0). Naive cells decrease as a result of density-dependent death,
and can be recruited into the memory cell pool (a). Memory cells increase
by the input from activated naive and clonally expanded cells (agq,q > 1)
and by renewal (r2) . Memory cells decrease due to density-dependent death
(dm (1 + eM)).

The dynamics of TRECs in naive and memory T cells are given by the
following differential equations:

Ty = coe V' —aln —dyTTyN

T]Iw = aTN - dMT]\/](l + GM)

where ¢ is the fraction of naive cells coming from the thymus containing a
TREC, and Ty and Th; are the total number of TRECs in the naive and
memory T cell pool, respectively.

Statistics

The non-parametric Mann-Whitney U test was performed for group compar-
isons. Differences between paired data during longitudinal follow-up were
tested using the Wilcoxon signed ranks test. Since absolute T cell counts
tend to be noisy, we used median T cell counts over a longer period instead
of the measured T cell count at a single point in time in Fig. 7.3. As pre-
seroconversion values we took the median of all T cell counts that were avail-
able pre-seroconversion. Post-seroconversion we took the running median of
five consecutive time points around the time point at which TRECs and T cell
subsets were measured.
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Abstract

Both T-cell receptor excision circles (TRECs) and telomere lengths are
widely used to investigate T cell dynamics. TRECs were traditionally pro-
posed as a direct marker for thymic output, while telomeres where proposed
as a marker for cell proliferation. In fact both TREC and telomere data are
affected by thymic output and proliferation. Here, we develop a mathematical
model that takes into account the age of naive CD4T T cells and allows us
to simultaneously compare TREC and telomere length dynamics. With this
model we study how changes in thymic output, T cell proliferation and death,
including a cell age dependent death rate, affect the average TREC content
and telomere dynamics of naive T cells. Typically, such changes in naive T
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cell dynamics have a similar effect on TREC dilution and telomere erosion. In
one exceptional case TRECs and telomeres are affected differently: if the con-
tribution of the thymus to the peripheral naive T cell pool is small, reducing
thymic output results in TREC dilution but no significant telomere erosion.
Our model explains the observations on TRECs and telomeres in HIV' pa-
tients when we allow for increased proliferation, in combination with either
increased death rates and/or decreased thymic output.

8.1 Introduction

During V(D)J T cell receptor rearrangement, DNA extra-chromosomal exci-
sion products known as T cell receptor excision circles (TRECs) are generated.
Because TRECs are not replicated during mitosis, they have been proposed
as a marker for thymic output [65, 143]. TREC data is generally expressed
as the average number of TRECs per cell (TREC content). However, the in-
terpretation of the average TREC contents is complicated, because TRECs
are diluted by peripheral T cell proliferation [51]. The proliferative history of
T cells, on the other hand, has been investigated by measuring the average
telomere lengths. Telomeres are the ends of chromosomes which shorten with
every round of division [109, 140]. The interpretation of telomere length data
is also complicated, because changes in thymic output (which is the source of
T cells with the longest telomeres), affect the average telomere length of a T
cell population in the periphery [22]. Furthermore, the action of telomerase,
an enzyme that lengthens telomeres during cell division of activated T cells,
may mask the effect of proliferation on the average telomere length of a T cell
population. It is therefore a major question how changes in the proliferation
rate, thymic output and death rate (including the possibility of cell age de-
pendent death rate) influence the interpretation of TREC and telomere length
dynamics.

Because changes in T cell dynamics affect the average TREC content and
telomere length dynamics, the two markers have been used to understand the
mechanism behind naive CD4™ T cell decline during HIV-1 infection. In naive
CD4™" T cells of healthy individuals, the average TREC content declines at a
rate of approximately 1% per year [26, 28, 41, 46, 108], and the average telom-
ere length shortens at a rate of 39 bp per year [140]. During HIV infection,
the loss of naive CD4™ T cells is accompanied by a relatively rapid 2-10 fold
decline in the average TREC content [26, 28, 51, 79, 104, 143, Chapter 7], and
a 0.43Kb decrease in the average telomere length of naive CD4™ T cells [141].
This reduction in the average telomere length however failed to breach statis-
tical significance [141]. To explain the observed TREC dilution, some studies
suggested that HIV-1 infection interferes with thymic production, which would
contribute to the decline of naive CD4™ T cells [9, 28, 113, 125, 143]. How-
ever, with the help of mathematical models, it was later shown that the TREC
dilution in HIV patients could better be explained by increased proliferation
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of naive CD4™ T cells [51]. This explanation was supported by the fact that
the fraction of dividing naive CD4™ T cells was significantly higher in HIV™
patients compared to age matched healthy controls [51, 53, 77, 122, Chapter 6].
In principle both increased proliferation rates among naive CD4™ T cells and
reduced thymic output should be reflected in accelerated telomere length short-
ening within naive CD4™ T cells. It is therefore not clear how to reconcile the
observation that there is no significant difference between the average telom-
ere length of CD4™ T cells in HIVT patients and healthy controls [141] with
the explanation that the TREC dilution in HIVT patients is due to increased
proliferation of naive CD4™ T cells. [28, 51, 79, 143].

Here, we study how changes in thymic output, T cell proliferation and
death (including a cell age dependent death rate) affect average TREC con-
tent and telomere dynamics, by developing a mathematical model that takes
into account the age structure of naive T cells and allows for a simultaneous
comparison of TREC and telomere length dynamics. The model is applied
to TREC and telomere data in HIV infection in an attempt to reconcile the
observation that naive CD4" T cell decline after HIV infection is accompanied
by TREC dilution and no significant change in the average telomere length.

8.2 Mathematical model

Age structured mathematical model of naive T cells.
r To simultaneously investigate the dynamics of the average telomere length and
TREC content of naive T cells, we develop a mathematical model that keeps
track of the division history of cells. New undivided T cells (Ny) come from
a thymic source (o(t) = ope ) that decreases with the age of the individual
(t). Cells die at a rate dependent on their individual age d(a). If the expected
lifespan of cells increases with their age we write d(a) = 2dp(1 + e~ 7%), and
if it decreases with age, we write d(a) = dpe?®. Setting v = 0 we study
the case in which the cellular death rate is independent of the age of the
cells, i.e. d(a) = dp. In the periphery, naive CD4" T cells divide at a rate
p(N) =r/(1+ N/h), which is dependent on the total naive T cell density (V).
We group the naive CD4% T cells into division classes indexed by k such that
Ni(a,t) is the number of naive T cells of age a that have undergone k divisions
at time t. When cells divide, i.e. move from one division class to the next, they
reset their age to zero [48]. Maximally, cells can undergo k rounds of division.
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The age structured model of naive T cells is formulated as follows:

P (0t)+ DEfat) = — V(1) +d(@) N (0.1
No(0,t) = of(t)
Ne©.0) = 2 [ p(V)Nit (@) da
0
Nk(a,()) = 0
Ni(a,t) = 0ifk> k. (8.1)

where N (t) is the total number of naive cells at time ¢ given by

koot
N (t) = Ni (a,t) da.
)

and Ny, (¢) is the number of naive cells that have undergone k rounds of division

N (t) = /Ot Ni (a,t) da.

The average death rate of all cells at time t is given by

) = /O N]é‘z;;)d(a)da.

TRECs are produced by de novo production of naive T cells in the thymus,
and are lost when cells die. From the general mathematical model (Equation
8.1) the absolute number of TRECs, T, in the whole naive T cell population
can be calculated as follows:

where ¢ is the TREC content of an RTE. The average TREC content, A, of the
population is given by A(t) = T(t)/N(t). Note that each time a cell divides
and moves into the next division class, the average TREC content of a cell
halves.

RTEs enter the periphery with an average telomere length of Ly bp. With
every successive round of division, telomere ends shorten by A bp. The av-
erage telomere length, L, of the T cell population can be calculated from the
difference between the initial telomere length Ly and the average telomere loss,
A, as cells move through the division classes.

k
L{t)=Lo—AY" kx’zt()t)
k=0
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8.3 Results

Age structure has no effect on TREC or telomere dynamics.

We investigate how the interpretation of both TREC and telomere data is
influenced by differences in the death rate of recently produced and older naive
T cells. Based on mathematical analysis ( A) and computer simulations of
equation (8.1) we find that the form of the death rate function d(a) has hardly
any effect on the qualitative dynamics of telomere length and TREC content
(Fig. 8.1a-c). Initially (in young individuals) the age distribution and the
average death rate of cells are skewed towards younger cells. However, the
age distribution fairly rapidly approaches a quasi-steady state (QSS), and the
average death rate of each sub-population, d, approaches the same plateau.
At this stage the age structured model simplifies into a cascade of ordinary
differential equations with a death rate that is equal to the average death rate
of the age structured population ( A and B). In summary, differences in the
way death rates depend on cell age do not influence the interpretation of TREC
and telomere dynamics.

(a) (b)

(i) PDE
(i) PDE

(i) PDE -
(ii) PDE -
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Fig. 8.1: Age dependent cell death rates have little effect on: (a) the average TREC
content (TRECs per naive T cell) and (b) the average telomere length (kb). (c¢) The
average death rate (d) of the three death rate functions (i) PDE d(a) = do(1+e~7%),
(ii) PDE d(a) = doe™ and (iii) ODE d(a) = do. The slight deviation in telomere
length of the PDE compared to the ODE is an artifact of resetting the age with each
division.

TREC content and telomere length dynamics.
Model analysis
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Having shown that the cell age structure has hardly any effect on the interpre-
tation of TREC content and telomere length measurements, we take advantage
of the fact that our model allows us to simultaneously follow up TREC and
telomere length dynamics.

For an in depth analysis of the model behavior, we simulate the cascade
ODE model B, in which naive T cells are stratified according to the number
of divisions they have undergone (k). In this model, the TREC content and
telomere length depend on the frequency of cells in each division class, i.e
Aty =eX b, #’?t) and L(t) = Lo—A >}, ]’ifi(tk) We can therefore calculate
the contribution of each division class (k) to the average TREC content and
average telomere length of the whole population at any age of the individual.

For example, in a 40 year old individual, the contribution of each division class k
N}, (40x365)
2F N (40%365)

of division class k to the average telomere length is given by

and the contribution

(Lo—kA) N, (40% 365)
N(40% 365) :

to the average total TREC content is given by

The cascade model ( B), can be reduced to 3 differential equations de-
scribing the total number of naive T cells (equation 8.5), their average TREC
content (equation 8.9), and their average telomere length (equation 8.14). We

calculate the QSS expressions for the TREC content to be % = ﬁp(t) and for

the telomere length to be L = Lo —2p(t)A, where p(t) = W is the ratio
of naive T cells produced in the periphery over those produced in the thymus.
From these expressions, one can deduce that parameter changes that increase
the ratio p will result in a hyperbolic decrease in the QSS TREC content and
a linear decrease in the QSS telomere length. For example, if recent thymic
emigrants (RTEs) have a telomere length of 10kb and loose A = 100 bp upon
division, a single round of division results in a 1% decrease in telomere length,
while in TRECs this would be a 50% drop in TREC content. We therefore
plot the average TREC content on a log scale and the average telomere length
on a linear scale.

For our analysis, we consider two scenarios: i) the “thymic scenario” in
which 10% of newly produced cells come from proliferation and 90% from
thymic output (p = 1/9), and ii) the “renewal scenario” in which 90% of newly
produced cells come from proliferation and 10% from thymic output (p = 9).

In the renewal scenario, the frequency distribution of naive T cells has a
peak at cells that have undergone several rounds of division (Fig. 8.2a). In the
thymic scenario, the frequency distribution of naive T cells is skewed to the left
with a peak at cells in the Oth division class (Fig. 8.2b). The contribution of
each division class to the average telomere length tends to follow the frequency
distribution of naive T cell numbers (Fig 8.2). This is because the change in
telomere length of cells as they move from one division class to the next (A bp)
is small compared to the change in their frequency. In the renewal scenario,
naive T cells that have undergone about 9 rounds of division contribute the
most towards the average telomere length (Fig. 8.2a). in the thymic scenario,
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in contrast, recent thymic emigrants have the largest contribution towards the
average telomere length. For both scenarios, the distribution of the TREC
content over the division classes is skewed to the left because cells that have
undergone few rounds of division contribute the most towards the average
TREC content of the total naive T cell population (Fig. 8.2). This is because of
the large decrease in the TREC content (2-fold) with every subsequent round of
division compared to the change in the frequency of cells. With these reference
distributions in mind, we investigate how changing different parameters affects
the average TREC content and the average telomere length of the naive T cell
population.

Renewal scenario Thymic scenario
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Fig. 8.2: The contribution of each division class to: the average TREC content
(TRECs per naive T cell) (upper graph), the average naive T cell telomere length
(Kb) (middle graph), and the frequency distribution of naive T cells (lower graph).
The distributions are plotted for a 40 year old healthy individual in (a) the renewal
scenario and (b) the thymic scenario.

Effect of reduced thymic output.

Reducing thymic output (o(t)) to 10% of the original value at 30 years of age
results in a rapid drop in the average TREC content compared to the normal
age associated TREC dilution (Fig. 8.3a,e). This is true for both scenarios. In
contrast, the changes in the average telomere length depend on the scenario. In
the renewal scenario, the average telomere length remains relatively unchanged
compared to age matched healthy controls. In this case, telomeres behave
differently compared to TRECs. However, in the thymic scenario, the same
reduction in thymic output results in a decrease in the average telomere length
in line with what is observed in the TREC content (see Table 8.1 and compare
Fig. 8.3b to Fig. 8.3f).

The reasons for TREC dilution after reducing thymic output are different
in the 2 scenarios. In the renewal scenario, thymic output is already small in
a 30 year old individual, and further reducing thymic output has hardly any
impact on naive T cell numbers (Fig. 8.3c), and thus hardly any compensatory
homeostatic proliferation is induced. However, if thymic output were set to
zero, TREC™ naive T cells would be lost at a rate d, while the total number
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of naive T cells would be lost at a rate p — d. Since the proliferation rate is
almost equal to the death rate (p ~ d), the dynamics of TRECT naive T cells
are slow, but much faster than the dynamics of the total number of naive T
cells, and this difference in kinetics results in a long transient TREC dilution.
On the other hand, in the thymic scenario, reducing the significant thymic
output triggers homeostatic proliferation to compensate for reduced naive T
cell numbers. This proliferation results in TREC dilution, and a lower average
telomere length as proliferation shifts the peak of the frequency distribution to
higher division classes where cells have shorter telomeres (Fig. 8.3h).

Effect of increased death rate.

In the absence of homeostatic proliferation, an increased naive T cell death
rate, d, results in a decrease in naive T cell numbers, an increase of the average
naive T cell TREC content, and an increase of the average naive T cell telomere
length (Fig 8.4a-c,e-g). This is because an increased death rate of naive T cells,
shifts the frequency distribution to the left, such that the T cell population
becomes dominated by RTEs. Since RTEs bear the highest TREC content and
longest telomeres, their increased relative frequency results in an increase in
the average TREC content and the average telomere length (Fig. 8.4).

In the presence of homeostatic proliferation, increased death rates result in
a smaller decrease in naive T cell numbers, and a relatively unchanged average
TREC content, for both the renewal and thymic scenarios (Fig. 8.5a,b,e,f).
However the impact of an increased death rate on the average telomere length
depends on the relative contribution of the thymus. In the renewal scenario,
a significant decrease in the average telomere length is observed (Fig. 8.5a-c),
while in the thymic scenario, there is hardly any telomere erosion (Fig. 8.5¢-
g). In both cases, the reduced naive T cell numbers trigger cells to undergo
more rounds of division. This shifts the frequency distribution of cells to the
right towards cells that have shorter telomeres (Fig. 8.5d,h). Since, in the
thymic scenario, RTEs dominate the naive T cells (Fig. 8.5h), homeostatic
proliferation hardly changes the frequency distribution of cells (Fig. 8.5h), and
increasing death rate therefore has hardly any impact on the average telomere
length

In summary, in the thymic scenario, increasing the death rate in the pres-
ence of homeostatic proliferation has little effect on TRECs and telomeres be-
cause thymic output remains the dominant source of naive T cells. However,in
the renewal scenario, increasing the death rate in the presence of homeostatic
proliferation leads to both TREC dilution and telomere erosion because of
compensatory proliferation.

Effect of increased proliferation rate.
Increasing the proliferation rate (r), results in a marked decrease in both the
average TREC content and the average telomere length (Fig. 8.6a,b and e,f)
accompanied by an increase in total cell numbers (Fig 8.6¢). As the prolifera-
tion rate increases, in both scenarios the frequency of cells in the higher division
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classes increases (Fig. 8.6d,h). These cells contribute low TREC contents and
short telomere lengths (Fig. 8.6a-d with Fig. 8.6e-h).

Summarizing, when expressed as accelerated aging (Table 8.1), one can
see that TRECs are affected similarly in the thymic scenario and the renewal
scenario by the different parameter changes (the second and forth column),
whereas telomeres are affected differently in the two scenarios (first and third
column).

Effect of HIV infection on average TREC and average telomere
dynamics.
The decrease in naive CD4™ T cell TREC contents that accompanies the loss
of naive CD4% T cells in HIV infection was previously explained by increased
proliferation together with increased cell death rates [51]. It remains unclear
why despite increased division rates, no significant telomere length shortening
was observed in naive CD4T T cells of HIV-1 infected individuals compared
to healthy individuals [141]. ?H2O labeling studies have shown that naive
CD4™ T cells from HIV' patients have a 3.3 fold higher death (turnover)
rate than naive CD4" T cells from healthy individuals (Chapter 6). Above
we showed that increasing the naive CD4™ T cell death rate alone cannot
explain the TREC dilution observed in HIV infection (Fig. 8.5a,e). Therefore,
we investigated whether simultaneous changes in parameter combinations can
explain the observed dynamics during HIV infection. We ran simulations using
parameter values for healthy controls until the age of 30 years, after which
we increased the death rate (d) to previous estimates (Chapter 6), and either
increased the proliferation rate (r) 2-fold or reduced thymic output (o) to 10%
of its normal value.

Effect of increased death and proliferation rates.
If HIV-1 infection increases both the death rate (3.3-fold) and the proliferation
rate (2-fold), we find a reduction of naive CD4% T cell numbers accompanied by
a decrease in naive CD4™" T cell TREC contents and shorter telomere lengths.
For the current parameter values, in the renewal scenario, a 40 year old HIV™
patient would have a naive CD4% T cell TREC content of a 58 year old HIV—
individual (Fig. 8.7a, Table 8.1) and a telomere length of a 61 year old HIV—
individual (Fig. 8.7b, Table 8.1). Similarly, in the thymic scenario, a 40 year
old HIV™T patient would have a naive CD4% T cell TREC content of a 58 year
old HIV~ individual (Fig. 8.7e, Table 8.1) and a telomere length of a 59 year old
HIV~ individual (Fig. 8.7f, Table 8.1). Earlier we showed that increasing the
death rate enriches the T cell pool with RTEs while homeostatic proliferation
in response to lower T cell numbers has the opposite effect by shifting the
frequency distribution of cells to higher division classes (Fig. 8.5d,h). The
combined effect of increasing the death rate and the proliferation rate is that
the naive CD4" T cell pool becomes enriched with cells in higher division
classes at the expense of cells in the lower division classes (Fig. 8.7). This
results in a lower average TREC content and shorter average telomere length.
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Effect of increased death rate and reduced thymic output.
If HIV-1 infection were to increase the death rate of naive CD4% T cells, and
to reduce thymic output, we also find a decrease in naive CD4% T cell num-
bers accompanied by TREC dilution and shorter telomere lengths because of
homeostatic proliferation. For the current parameter values, in the renewal
scenario, a 40 year old HIVT patient would have the TREC content of an 86
year old HIV™ individual (Fig. 8.8a, Table 8.1) and a telomere length of a 63
year old HIV™ individual (Fig. 8.8b, Table 8.1). In the thymic scenario, a 40
year old HIV™ patient would have a naive CD4" T cell TREC content of an
85 year old HIV™ individual (Fig. 8.8e, Table 8.1) and a telomere length of an
86 year old HIV™ individual (Fig. 8.8f, Table 8.1). We already showed that a

Table. 8.1: Summary of the effect of changing different model parameters on
the average TREC content and the average telomere length of naive CD4% T cells.
We consider a 40 year old individual with a specified parameter changed at age 30.
We report the age of a control individual with the same average TREC content or
average telomere length as the case study individual at age 40. For example 42.58 in
the average TREC content column means that the 40 year old case study individual
has an average TREC content of a 42.58 year old healthy individual.

Renewal scenario Thymic scenario
Telomere TREC Telomere TREC
length content length content
lo 43 60 59 61
Td 51 44 45 44
Tp 46 52 52 52
Td,|o | 63 86 85 86
Td,Tp | 61 58 59 58

decrease in thymic output reduces the frequency of cells in the lower division
classes which bear the highest TREC content (Fig. 8.3d,h). When a reduction
in thymic output is accompanied by an increased naive CD4™ T cell death
rate, the increase in homeostatic proliferation shifts the frequency of cells to
higher division classes, k. Thus the decline in naive CD4™ T cell numbers is
accompanied by a decrease in both the average TREC content and the average
telomere length of naive CD41 T cells (Fig. 8.7 a-c and e-g).

To summarize, increasing the naive CD4% T cell death rate to the observed
value in HIV infection (Chapter 6), combined with either an increased pro-
liferation rate or reduced thymic output, results in similar dynamics, with a
decrease in naive CD4% T cells that is accompanied by lower average TREC
content and shorter telomere length (compare Fig 8.7a-c with Fig. 8.8a-c and
Fig. 8.7e-g with Fig 8.8 e-g)). In both cases, increased proliferation plays a
major role in the dilution of TRECs and shortening of telomeres.
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8.4 Discussion

In this study, we have shown that cell age dependent death rates have
hardly any effect on the qualitative dynamics of telomere lengths and TREC
contents (Fig. 8.1). This finding implies that a simpler mathematical model
without age structure is sufficient to investigate the effects of different param-
eter changes of average TREC content and average telomere length dynam-
ics. Although TRECs were originally proposed as a marker for thymic output
[65, 143] and telomeres were proposed as a marker for the proliferative history
of cells [109, 140], our model simulation results suggest that the two mark-
ers typically measure both proliferation and thymic output. We showed that
in general, both TRECs and telomeres, are similarly affected by changes in
thymic output, death rates and proliferation rates. We identify one exception
(were small thymic output is already small), in which reducing thymic output
resulted in TREC dilution, and no change in the average naive T cell telomere
length. In this exceptional case, were the contribution of the thymus to naive T
cell maintenance is negligible, we can achieve a TREC content decline without
invoking an increase in the proliferation rate. This case is a counter example
to Hazenberg et al. [51]’s findings that a change in the proliferation rate is
required for TREC dilution.

Telomere length and TREC content data have been used to explain the
mechanisms underlying naive CD4% T cell decline during HIV-1 infection.
During HIV-1 infection, a loss of naive CD4" T cells is accompanied by a
relatively rapid 2-10 fold decline in the average naive CD4% T cell TREC con-
tent [26, 28, 51, 79, 104, 143, Chapter 7], and a non-significant decrease in the
average telomere length of naive CD4™ T cells of 0.43Kb after HIV-1 infection
[141]. TREC content declines have previously been interpreted as evidence
for HIV-1 driven thymic impairment [28, 109]. However, Hazenberg et al. [51]
showed that increased naive CD4™ T cell division could better explain TREC
dilution in HIV infection. Indeed, naive CD4™ T cell turnover rates were found
to be several fold increased [77, 88, 143, Chapter 6]. The TREC dilution and
telomere shortening in HIV* patients provides additional evidence for increased
division rates of naive CD4™ T cells during HIV infection.

Contrary to the significant TREC dilution after HIV infection, the change
in the average naive CD4™ T cell telomere length failed to breach statistical
significance [141]. Our model simulations that were compatible with decreased
naive CD4™ T cell numbers and TREC dilution always predicted shortened
naive CD4" T cell telomere lengths. Only in one case did we observe TREC
dilution and no significant decrease in the average naive T cell telomere length
(Fig. 8.3a-b). However, because in this case thymic output is already small,
the reduction in thymic output hardly affected the naive T cell numbers, and
this special case is not compatible with HIV infection data.

Since the study by Wolthers et al. [141] was based on cross sectional data,
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variations between individuals may mask a true longitudinal shortening of
telomeres and thus should be treated with caution when extrapolating to longi-
tudinal dynamics (Chapter 7). The observed decline of 0.43Kb is in fact entirely
compatible with our simulation results. For the mean duration of HIV-1 infec-
tion in the cross-sectional study which ranged from 1 to 12 years, our model
(for example, with large p and assuming an increase in the proliferation rate
and death rate), would predict between 0.02Kb and 0.67Kb drop in telomere
length for the same duration of HIV infection (Fig 8.7). The estimated 0.43Kb
change that was observed falls within this range [141]. Our simulations there-
fore suggest that in a longitudinal study one should be able to see a significant
decrease in average naive CD4™ T cell telomere length during HIV infection.

In conclusion, TREC dilution and telomere shortening after HIV infection,
can only be explained if there is increased naive CD4™ T cell division. The
concomitant reduction in naive CD4™ T cell numbers is explained by we can call
the observed increased death rates (Chapter 6), and possibly reduced thymic
output.

Table. 8.2: Summary of the parameter values used in the model simulations.
Changes to parameters in specific simulations are given in the respective figure cap-
tions.

Parameter Description value units

o0 Initial thymic output! 2e10 cells/d T
o) Initial thymic output? 2.5¢e8 cells/d~*
I Thymic involution rate ld4e* d!

r Maximum proliferation rate 0.05 d-!

h Saturation constant 1el0 cells

A Telomere length loss per division 100 bp

c RTE TREC content 0.5 cells™!
Ly RTE telomere length 10 Kb

(i) PDE

do Death rate of new born cells 3e~? d-!

¥ constant 5e~4 scalar
(ii) PDE

do Death rate of new born cells =4 d—!

ol constant 2.8¢73 scalar
(iii) ODE

do Death rate of new born cells 5e~4 d-!

0 constant 0 scalar

IThymic scenario
2Renewal scenario
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Fig. 8.3: Impact of reducing thymic output in a 30 year old individual to 10% of a
healthy age-matched individuals on: (a and e) the average TREC content (TRECSs per naive
CD47 T cell), (b and f) the average naive CD4T T cell telomere length (Kb), (c and g) the
number of CD4T naive T cells, and (d and h) the contribution of each division class to the
TREC content (upper graph), and to the average naive CD4 T cell telomere length (middle
graph) and the frequency distribution of naive CD4T T cells (lower graph). Dynamics in
healthy individual (continuous line) are compared to dynamics of an age matched case study
individual (dotted line). Parameter values given in Table 8.2 with 10% of o(t) from 30 years
onwards. For (a-d), p =9 and (e-h), p =1/9.
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Fig. 8.4: Impact of a 3.3 fold increase in the death rate (d = 0.0016) in a 30 year
old individual in the absence of homeostatic proliferation (i.e proliferation if fixed to
the value at age 30). See legend of Fig. 8.3
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A Appendix: The age structured model.

In this section we present a mathematical analysis to show that the age
structured partial differential equation (PDE) model can be reduced to an age
independent ordinary differential equation (ODE) model with a death rate d.

Let Ny (a,t) denote the number of naive cells with age a at time ¢ that
result from k divisions and N (¢) the total number of cells at time ¢. We have
the following system:

ON}, ’ ON,

=0
= 0ifk>Fk (8.2)

O () + 2 0,t) =~ (p(N (1) + (@) Ne (a,1)
No(0,8) = o)
(0.1) = 2 / p(N()) Ne—1 (a,1) da
)
)

From equation 8.2, the dynamics of naive T cells in the different division
classes are given by the following differential equations:

%(t) - "(t)*/o (p(N(t)) + d (a)) No (a, ) da (8.3)

% ® = 2/0 p(N(t)) Ni-1 (a,) da—/o (p(N(t)) +d(a)) N (a,t) da
where No(0) = o(0) and No(0) = 0 for k = 1,2,--- , k. Let N (a,t) be the

number of naive T cells of age a at time ¢ such that N (a,t) = ZZ:O Ny (a,t).
The total number of naive cells N (¢) at time ¢ is therefore given by N (¢) =

fot N (a,t)da = Ei:o Ni (t) N (a,t) satisfies the following system:

@+ Tty = — V@) +d@)N (0,1
N1 = a(t)+2/0p(N(t))N(a,t)da
N(a,0) = 0 (8.4)

We can rewrite the PDE (equation 8.4) as an ordinary differential equation
(ODE)

N'(t) =0 (t) +p(N(t) N(t) — dN (t). (8.5)

where the average death rate of all naive T cells is given by

d(t) = /O N]éc(b;)t) d(a)da.
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The model behavior of the age structured PDE (equation 8.4) is therefore
similar to that of the ODE (equation 8.5).

TREC content

If a fraction, ¢, of RTEs are TREC™, from equation 8.4 we can describe the
dynamics of the total number of TREC™T cells of age a at time t as follows:

oT oT

I+ 2wty = —OO) +d@)T (@)
T(0,1) — ca+/p(N(t))T(a,t)da
0
T(a,0) = 0 (8.6)

Similar to equation 8.4, we rewrite this PDE as an ODE with the same model
behavior. The ODE if given by:

T =co(t) —dT (8.7)

By definition the TREC content, A = % is given by the frequency of TRECT
T cells within the total naive T cell population. Using equation(8.4) and (8.6)

we define the dynamics of the TREC content, A by;

[Yd(a) N (a,t)da B fotd(a)T(a,t)da

A = Z(c—A)—Ap(N)+A |2
v (€= A) = Ap(N) + N 0
(8.8)
Note that the average death rate of all cells at time ¢, fot d(a) N]\gl(lt’? da, is the

same as the average death rate of TREC positive cells at time ¢, fot d(a) TT(‘(lt";) da.

Therefore equation (8.8) simplifies to

A = %(C—A)—p(N)A (8.9)
or (8.10)
;o oco(t) S
R

c |, p(NO)NE) — dN(t) (8.11)

Average telomere length

Given that cells coming out of the thymus have a telomere length Lo bp and
with every division cells shorten their telomeres by A bp, we can calculate the
telomere length of a cell that has undergone k£ rounds of division by, Ly — Ak.
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If we know the frequency of naive T cells in each division class (%) we can

calculate the average telomere length of the naive T cell population as follows:

S (Lo — kA) Ny (a,1)

L(a,t) = N (a0
S koo kDN (a.)
0 N (a,t)
This implies that
oL oL
¥ (a,t) + Ba (a,t) =0 (8.12)

We can therefore calculate

fot Zifo (Lo — kA) Ny (a,t) da

L) = - fOtN(a,t)da
i
1 t
_ N_(t)/o N (a,t) L (a, ) da (8.13)

Using equation (8.13) we calculated the dynamics of the average telomere
length as follows:

t N
v = e 1) - 2008 a.1)da
"' N(a,t) /t N(a t)
— N)L(t "~ da — "~ L(a,t)d(a)da
pNILE) [ e~ [ S L dta)
B " N(a,t)
Since f ! NN‘(lt§)d = 1, and because the average telomere length lost due to

death at time ¢ can be given by fo N]\g‘(ltt)L( t)d(a)da or L(t ft N(a t)d

equation(8.14) simplifies to:

v = f8 k- L) - 29(08(0) (814)
Assuming quasi-steady state of equation (8.14) we have,
L) = Lo— %A (8.15)
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B Appendix: The cascade model.

In order to model telomere length dynamics, we need to keep a history of the
number of divisions that a cell has undergone. To achieve this we rewrite equa-

tion 8.5 as a cascade model. If the total number of cells is N(t) = 22:1 Ni(t)
where N (t) is the number of cells that result from & rounds of divisions, then

Ny= o(t)—(p(N)+d)No
Ni= 2pNp—1—(p(N)+d)N; (8.16)
for k=1..k

From equation (8.16) we can directly calculate the TREC content A(t) and the
average telomere length L(t) as follows:

k
Al) = Nc(t)ZN;,Et) (8.17)
k=0
L = T (Lo (tl;:m Ni(t)
A k
= LOfWZka(t) (8.18)
k=0
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General Discussion.

This thesis focuses on understanding the dynamics of different T cell subsets in
healthy situations as well as disturbed situations. By combining mathematical
modeling with experimental data we have not only quantified these T cell
dynamics but also gained a deeper understanding of the different mechanisms
of T cell maintenance.

9.1 T cell dynamics in healthy mice and humans.

Estimates of T cell lifespans have been marred by irregularities due to
a number of factors including differences in the experimental protocols. For
example, different studies have used the non-radioactive stable isotopes 2Hs-
glucose and 2H,0 to quantify leukocyte production rates and death rates. The
average life spans of naive, memory and total CD4" and CD8% T cells that
have been estimated using these two compounds, however, differ considerably
between different laboratories [10]. The origin of these differences has so far not
been explained but one suggestion is that the current single compartment mod-
els [5] that are used to interpret this data tend to underestimate the expected
lifespan especially when longer labeling periods are used.

Here we used the in vivo non-invasive 2HoO labeling technique and devel-
oped a multi-compartment mathematical model that can be used to estimate
the average T cell lifespans independent of the length of the labeling period.
In young adult mice, we estimated that naive CD4Tand CD8' T cells have
expected lifespans of 48 and 91 days, respectively and that CD4Tand CDS8
memory T cells have expected lifespans of 12 and 17 days, respectively (Chap-
ter 2). This implies that 1-2% of naive T cells and 6-9% of memory T cells are
replenished daily in the periphery (Chapter 2). 2H,0O labeling cannot distin-

123




9. (GENERAL DISCUSSION.

guish between the relative contribution of the thymus and peripheral prolifer-
ation to the maintenance of naive T cells. We used thymectomy to quantify
the contribution of peripheral proliferation and thymic output. We showed
that in mice throughout life, naive T cell production almost exclusively occurs
in the thymus (Chapter 3). This conclusion was confirmed by the observa-
tion that TREC frequencies of naive T cells hardly dilute with the age of the
mice, or even after thymectomy (chapter 3). 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 Sprent [131], who reported that a small fraction (10%) of naive T cells
is BrdU™T after five weeks of BrdU-labeling in thymectomized C57B1/6 mice.
Our own previous findings in thymectomized C57B1/6 mice after nine weeks of
deuterium labeling [136] suggested that maximally 0.3% of all naive T cells in
mice undergo peripheral proliferation while maintaining their naive phenotype.
These results imply that in the event of lymphopenia in mice, thymic output
is central to successful immune reconstitution.

In contrast to our findings in mice, human studies have suggested that
proliferation plays a role in naive T cell maintenance during adult life [32, 51].
Naive T-cell TREC contents in humans decline about 10-100 fold from early
adulthood to old age [46, 65, 69]. This gradual TREC dilution has been shown
to be evidence for peripheral T-cell proliferation within the naive lymphocyte
pool of humans [32, 51]. Thus there is an important qualitative difference
in T cell dynamics between mice and humans (Chapter 3). Extrapolation
of experimental results from mice to humans should therefore be done with
caution.

Although proliferation may play a role in maintaining naive T cell numbers,
it does not result in new T cell receptor (TCR) specificities. In the absence
of thymic output, proliferation may therefore be responsible for the decline in
the naive T cell repertoire size around the seventh decade in humans [92, 101].
Studies [92] have suggested that in humans, the ability of the thymus to rebuild
a diverse repertoire ceases in the fifth decade of life. If this is the case, it seems
surprising that the naive T cell repertoire only collapses two decades on in
the seventh decade. A possible answer is provided in chapter 6, where we
estimated that naive CD4" and CD8*% T cells are relatively long lived, with
expected lifespans of 5.59 and 8.84 years, respectively. Considering that thymic
output is so limited in adult humans, this long lifespan of naive T cells could
be a way of ensuring a substantial amount of naive T cells to combat novel
pathogens over a prolonged length of time. This simple way of maintaining
naive T cells may also explain why 20 years after thymectomy in humans
(either for myasthenia gravis or in the context of thoracic surgeries), no signs
of immune deficiency, or of a shrinking T cell repertoire are visible [49, 115]. In
chapter 3, we showed that thymectomy prolongs the lifespan of naive T cells
as a homeostatic response (Table 9.1).
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Table 9.1: A summary of estimated lifespans of naive and memory
CD47" and CD8' T cells in mice and humans.

Mice Humans*
control®  Thymectomized® HIV~ HIVT
CD4™ naive 48 days 62 days 5.59 years 1.69 years
CDS8™ naive 91 days 113 days 8.84 years 0.74 years
CD4" memory 12 days 12 days 164 days 53 days
CD8' memory 17 days 17 days 120 days 43 days
“Chapter 6
bChapter 2
¢Chapter 3

If thymic output is the main mechanism for maintaining a broad T cell
repertoire, our finding that thymic output is substantial in old mice (up to 65
weeks), suggests that old mice should have a normal repertoire diversity. How-
ever, studies have shown that also in mice, T cell repertoire diversity declines
with age leading to “holes in the repertoire” [1, 142]. This discrepancy sug-
gests that at old age other factors, in addition to the effects of reduced thymic
output, affect the T cell repertoire [142].

9.2 RTEs: a separate sub-population?

It has been suggested that RTEs cannot mount efficient immune responses
[82]. In mice, when activated with a noninflammatory stimulus or a bacte-
rial or viral pathogen, CD8%" RTEs generated a lower proportion of cytokine
producing effector cells and long-lived memory precursors compared with their
mature counterparts [82]. Furthermore, there is current consensus that RTEs
form a separate short-lived sub-population of naive T cells [7, 8, 73, 117]. The
concept of a short lived RTE pool has influenced the interpretation of T cell
dynamics in HIV infection. For example, TREC dilution in acute HIV infec-
tion was attributed to reduced thymic output causing rapid loss of RTEs, which
bear the highest TREC content [26, 41]. However, recent work using deuterium
labeling from our group indicated that in human adults naive T cells are ki-
netically homogeneous and long-lived [136], which questions the existence of a
substantial short-lived RTE pool in human adults. In several studies described
in this thesis (Chapters 2-4), we never find any evidence that RTEs form a
separate sub-population with different dynamics from resident naive T cells.
In chapter 2, the best fit to the naive T cell 2H50 labeling data was with a
single compartment model suggesting a kinetically homogeneous naive T cell
pool. Likewise, in chapter 3, we were able to describe the naive T cell popula-
tion dynamics of control and thymectomized mice assuming that the naive T
cell pool is kinetically homogeneous, but has a density dependent death rate.
The strongest evidence that RTEs form a kinetically separate sub-population
within the naive T cell pool comes from a series of thymus transplantation
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experiments [7, 8]. Berzins et al. [8] showed that the absolute increase in T
cell numbers after grafting extra neonatal thymic lobes into 6 week old mice,
correlated with 3 weeks worth of cumulative thymic output. In chapter 4,
we revisit these thymus implantation experiments and show that both data
from thymectomy studies and thymus transplantation data are in fact fully
compatible with a mathematical model in which there is no kinetic distinction
between RTE and resident naive T cells. Collectively, these analyses take away
the evidence, both in humans and mice, that RTE form a kinetically distinct
sub-population within the naive T cell pool.

9.3 T cell dynamics during HIV infection.

HIV infection has an almost instantaneous and large impact on the size of
naive CD4% and CD8*" T-cell pools (Chapter 7). In contrast to thymectomy
in mice, HIV infection also affects the memory CD4% T-cell compartment [14].
During HIV infection, the typical decline in T cell numbers is accompanied
by a shift in the kinetics of both naive and memory CD4" and CD8 T cells
to faster turnover rates compared to healthy controls (Chapter 6). In HIVT
patients, we estimated that naive CD4" and CD8% T cells have a 3.3-12 fold
shorter expected lifespan, and that CD4% and CD8" memory T cells have
a 2.8-3.1 fold shorter expected lifespan compared to healthy controls (Table
9.1). The increased loss rates in HIV infection are accompanied by higher per
capita production rates for both naive and memory T cells. If the expected
lifespan of a T cell is dependent on the availability of survival signals, such as
MHC-peptide ligands or cytokines like IL-7, T' lymphocytes will experience less
competition for survival signals at low T cell numbers, and as a consequence are
expected to obtain a longer life expectancy [37]. In chapter 3, we showed that
reduced naive T cell densities in thymectomized mice resulted in about 1.5 fold
increased average lifespans of both naive CD4" and CD8T T cells compared
to control mice (chapter 2-3). The result that after HIV infection (i.e. at low
naive T cell densities), T cells have shorter expected lifespans implies that,
increased cell death imposed by the virus is overriding a possible homeostatic
response.

Although our findings in chapter 6 show faster T cell dynamics post HIV
infection, the mechanism behind the CD4™ T cell decline during HIV infection
remains unclear. Several studies have suggested that chronic immune activa-
tion is responsible for the loss of T cells [42, 53, 77, 122] while other studies
have pointed at reduced thymic output [9, 29, 113, 125, 143]. The majority of
the latter studies are based on TREC data from cross-sectional studies. Until
recently, we knew little about the longitudinal course of the changes in TRECs
during HIV-disease progression. In chapter 7, we demonstrate how extrapo-
lation of cross-sectional data to longitudinal dynamics is prone to erroneous
interpretations. The inter-individual differences in TRECs of both healthy and
HIV-infected subjects may lead to a considerable overlap between TREC con-
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tent in CD4™ T cells from healthy and HIV-infected individuals [94, 118, 143].
In the absence of longitudinal data, the interpretation of TREC data often
remains inconclusive. In a longitudinal study (Chapter 7), we show that the
decrease in TREC content during the acute phase of HIV infection is biphasic.
Without any need for a short-lived RTE pool, this data can be explained by the
recruitment of a large fraction of naive CD4™1 T cells into the effector /memory
CD4™" T cell pool, where they are quickly lost.

Keeping in mind that thymic output may also play a role in the observed
T cell and TREC content dynamics in HIV infection, we investigated the role
of thymic output in a model were CD4% T cell decline is driven by immune
activation, via the over-expression of CD70 in CD70-Tg mice (Chapter 4).
By comparing T cell dynamics in these CD70-Tg mice to wild-type mice, we
showed that chronic immune activation is sufficient to cause severe naive T cell
depletion and is aggravated by decreased thymic output. This result suggests
that therapeutic strategies for HIV infection that are aimed at boosting thymic
function may fail to reconstitute the CD4" T cell numbers if immune activation
is not simultaneously kept under control.

While our results in chapter 7 imply that the TREC content decline after
HIV infection is due to increased immune activation, we cannot rule out pos-
sible effects of thymic output on the observed T cell decline. TREC content
data were initially used as a marker for thymic output [65, 143], but it was
later shown that the interpretation of TREC data is complicated by dilution
by peripheral T cell proliferation [51]. Reversely, telomeres were initially used
as a measure for the proliferative history of T cells [109, 140], but they were
later shown to be also influenced by thymic output [22]. In chapter 8, we
reviewed the use of these two markers in analyses of naive T cell dynamics
by developing a new mathematical model that simultaneously describes both
TREC and telomere dynamics, and applied our analysis to HIV infection. We
showed that changes in thymic output, death and proliferation tend to affect
TREC contents and the average telomere lengths similarly. There is one excep-
tion where reducing thymic output results in TREC dilution and hardly any
telomere shortening. Acknowledging the increased turnover rates of naive T
cells during HIV infection (Chapter 6), the observed TREC dilution can only
be explained by increased proliferation, and a reduced thymic output could
help to explain the observed decline of naive T cells. These results illustrate
how complicated the interpretation of TREC and telomere data is if multiple
parameters are changed in the T cell dynamic system. It will be interesting to
investigate how the recently introduced RTE marker, PTK-7 [44], will help in
pin-pointing the mechanism of T cell decline during HIV infection.

In summary, in this thesis we have demonstrated how mathematical mod-
eling can be used to interpret immunological data. Not only were we able to
quantify the kinetics of T cells in mice and men, but we also resolved some
of the discrepancies in previous estimates. Our results revealed the dangers of
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extrapolating mouse T cell dynamics to humans by highlighting the qualitative
differences in the two systems. The mathematical models also showed how the
interpretation of different immunological data can be complicated by different
immunological processes and in some cases lead to the wrong description of the
underlying mechanism or kinetics of different T cell sub-populations.
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Summary

An essential branch of the adaptive immune system is formed by T cells which
are produced in the thymus. The absence of T cells can be detrimental to the
host as is the case in acquired immuno-deficiency syndrome (AIDS). The goal
of this thesis is to gain insights into the dynamics of different T cell subsets
in healthy as well as disturbed situations. This information is important not
only in understanding how the immune system is regulated normally, but also
in guiding therapeutic strategies when the immune system gets disturbed. By
combining mathematical modeling with experimental data, this thesis demon-
strates how the two can complement each other in quantifying the kinetics of
T cells, and in resolving some of the discrepancies in previous kinetic estimates
and in the mechanisms of T cell maintenance in mice and men.

In young adult mice, we estimate that naive CD4% and CD8" T cells have
expected life spans of 48 and 91 days, while CD4" and CD8' memory T cells
have expected life spans of 12 and 17 days, respectively. Our analyses show that
throughout life, naive T cell production in mice almost exclusively occurs in the
thymus, which implies that in the event of lymphopenia in mice, thymic output
is central to successful immune reconstitution. In contrast, studies based on
T cell receptor excision circles (TRECs) have suggested that in humans T cell
proliferation plays a key role in naive T cell maintenance during adult life.
Our results therefore highlight an important qualitative difference in T cell
dynamics between mice and humans. Extrapolation of experimental results
from mice to humans should hence be done with caution. Recent work using
deuterium labeling from our group indicated that in human adults naive T
cells are kinetically homogeneous and very long-lived. This is in contrast to
the current consensus that recent thymic emigrants (RTEs) form a separate
short-lived sub-population of naive T cells. In several studies described in this
thesis, we find no evidence that RTEs in either mice or men form a kinetically
separate sub-population of naive T cells.

The typical decline in CD4% T cell numbers that is observed during HIV
infection is accompanied by a shift in the kinetics of both naive and memory
CD4™ and CD8™ T cells to faster turnover rates compared to healthy controls.
Our analyses show that in HIV-infected individuals, naive CD4" and CD8* T
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cells have a 3.3-12 fold shorter expected lifespan, and CD4™ and CD8' memory
T cells a 2.8-3.1 fold shorter expected lifespan compared to healthy controls.
The increased T cell loss rates in HIV infection are accompanied by higher per
capita production rates of both naive and memory T cells. We show that these
increased rates of T cell turnover are fully compatible with our observation that
longitudinal TREC dynamics after infection are biphasic. By mathematical
modeling, we show that the large and rapid loss of naive T cells during the
first year of infection can be explained by a massive recruitment of naive T
cells into the effector/memory compartment where they are quickly lost. We
also predict shortening of naive T cell telomeres after HIV infection contrary to
previous findings that telomeres are normal in HIV patients. This discrepancy
can be attributed to the effect of individual variations when extrapolating cross-
sectional data to longitudinal dynamics.

We show that changes in thymic output, and T cell death and proliferation
rates tend to affect average TREC contents and telomere lengths similarly. Es-
pecially when naive T cell life spans are affected, as is the case in HIV infection,
the observed TREC dilution can only be explained by increased proliferation
rates. Reduced thymic output could however add to the observed decline of
naive T cells. Indeed, our mouse model of HIV-independent chronic immune
activation shows that chronic immune activation is sufficient to cause severe
naive T cell depletion, while decreased thymic output aggravates the naive T
cell loss. This suggests that therapeutic strategies for HIV infection that are
aimed at boosting thymic function may fail to reconstitute the CD4* T cell
pool if immune activation is not simultaneously kept under control.
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Een belangrijke tak van het adaptieve immuunsysteem wordt gevormd door
T-cellen, witte bloedcellen die in de thymus worden geproduceerd. Het ont-
breken van T-cellen kan desastreuze gevolgen hebben, zoals o.a. het geval is
in AIDS-patiénten. Het doel van dit proefschrift is inzicht te verkrijgen in
de dynamica van verschillende T-cel-populaties in gezonde en verstoorde om-
standigheden. Deze informatie is niet alleen van belang om inzicht te verkrijgen
in de normale regulatie van het immuunsysteem, maar ook in de ontwikkeling
van therapeutische strategieén voor situaties waarin het immuunsysteem ver-
stoord is geraakt. Dit proefschrift laat zien hoe de combinatie van wiskundige
modellering en experimentele technieken kan leiden tot kwantificering van T-
cel-dynamica, discrepanties kan helpen oplossen in bestaande kinetische schat-
tingen, en inzicht kan geven in de mechanismes verantwoordelijk voor het be-
houd van T-cellen in muis en mens.

Onze analyses laten zien dat naieve CD4T en CD8T T-cellen in jong-
volwassen muizen respectievelijk gemiddeld 48 en 91 dagen leven, terwijl CD4*
en CD8" geheugen T-cellen gemiddeld 12 en 17 dagen leven. Ons onderzoek
laat ook zien dat gedurende het hele leven van de muis, naieve T-cel-productie
bijna exclusief plaatsvindt in de thymus, hetgeen impliceert dat productie van
nieuwe T-cellen in de thymus een centrale rol speelt tijdens het herstel van
de T-cel-populatie in lymfopene muizen. In tegenstelling tot onze bevindin-
gen in de muis, laten studies gebaseerd op TRECs (DNA-cirkels geproduceerd
tijdens de vorming van de T-cel-receptor) zien dat in mensen juist de produc-
tie van T-cellen in de periferie een essentiéle rol speelt in het behoud van de
naieve T-cel-populatie. Onze resultaten geven daarmee een belangrijk kwali-
tatief verschil aan in de T-cel-dynamica tussen muis en mens. Dit laat zien
dat experimentele resultaten op het gebied van T-cel-dynamica niet klakkeloos
geéxtrapoleerd kunnen worden van de muis naar de mens en vice versa. Recent
werk gebaseerd op deuterium-labeling uit onze groep heeft laten zien dat naieve
T-cellen in gezonde volwassenen kinetisch homogeen en heel langlevend zijn.
Deze bevinding staat in scherp contrast met het heersende idee dat T-cellen
die recentelijk uit de thymus zijn gekomen (RTEs) een aparte, kortlevende
populatie vormen binnen het naieve T-cel-compartiment. In diverse studies in
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dit proefschrift vinden we geen enkel bewijs dat RTEs in mens of muis een
kinetisch aparte sub-populatie van naieve T-cellen zouden vormen.

Het karakteristieke verlies van CD4T T-cellen tijdens HIV-infectie gaat
gepaard met een snellere dynamica van zowel naieve als geheugen CD41 en
CD8™ T-cellen vergeleken met gezonde controles. Onze analyses laten zien dat
naieve CD4T en CD8' T-cellen in HIV-geinfecteerde individuen 3.3-12 maal
korter leven, en CD4% en CD8" geheugen T-cellen 2.8-3.1 maal korter dan
in gezonde controles. Deze verkorte levensduur van T-cellen in HIV-infectie
gaat gepaard met hogere productiesnelheden van zowel naieve als geheugen
T-cellen. We laten zien dat deze verhoogde productiesnelheden compatibel
zijn met een bi-fasisch longitudinaal verloop van TRECs tijdens HIV-infectie.
Uit onze modellen blijkt bovendien dat het grote en snelle verlies van naieve
T-cellen tijdens het eerste jaar van infectie verklaard kan worden door een
massale overgang van T-cellen van het naieve fenotype naar het geheugen feno-
type, waarna deze cellen snel verloren gaan. Onze modellen voorspellen dat de
gemiddelde telomeerlengte van naieve T-cellen tijdens HIV-infectie zou moeten
afnemen, hoewel zulke veranderingen nooit significant zijn waargenomen. Deze
discrepantie is waarschijnlijk te wijten aan individuele variaties die de extrap-
olatie van cross-sectionele data naar longitudinale interpretatie bemoeilijken.

We laten zien dat de gemiddelde hoeveelheid TRECs en de gemiddelde
telomeerlengte van T-cellen op vergelijkbare manier beinvloed worden door ve-
randeringen in de hoeveelheid cellen die door de thymus worden geproduceerd,
en door veranderingen in sterfte- en delingssnelheden van T-cellen. In het
bijzonder wanneer de levensverwachting van naieve T-cellen verkort is, zoals
het geval is tijdens HIV-infectie, moet de gevonden verdunning van TRECs
het gevolg zijn van verhoogde delingssnelheden van T-cellen. Een verminderde
productie van T-cellen in de thymus kan echter bijdragen aan het verlies van
naieve T-cellen tijdens HIV-infectie. Inderdaad laten we in een muizenmodel
zien dat chronische immuunactivatie (onafhankelijk van HIV) voldoende is om
een ernstig verlies van T-cellen te bewerkstelligen, terwijl verminderde uitvoer
van cellen uit de thymus het verlies van naieve T-cellen nog kan verergeren. Dit
suggereert dat therapeutische interventies die erop gericht zijn de functie van
de thymus ter vergroten tijdens HIV-infectie, waarschijnlijk niet in staat zullen
zijn de CD4™ T-cel-populatie te herstellen, als het niveau van immuunactivatie
niet tegelijkertijd wordt verlaagd.
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