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Abstract

Peripheral T cell populations are maintained by production of naive T cells in the thymus, clonal
expansion of activated cells, cellular self-renewal (or homeostatic proliferation), and density
dependent cell life spans. A variety of experimental techniques have been employed to quantify
the relative contributions of these processes. In modern studies lymphocytes are typically labeled
with 5-bromo-2’-deoxyuridine (BrdU), deuterium, or the fluorescent dye carboxy-fluorescein
diacetate succinimidyl ester (CFSE), their division history has been studied by monitoring
telomere shortening and the dilution of T cell receptor excision circles (TRECs) or the dye CFSE,
and clonal expansion has been documented by recording changes in the population densities of
antigen specific cells. Proper interpretation of such data in terms of the underlying rates of T cell
production, division, and death has proven to be notoriously difficult and involves mathematical
modeling.

We review the various models that have been developed for each of these techniques, discuss
which models seem most appropriate for what type of data, reveal open problems that require
better models, and pinpoint how the assumptions underlying a mathematical model may influence
the interpretation of data. Elaborating various successful cases where modeling has delivered new
insights in T cell population dynamics, this review provides quantitative estimates of several
processes involved in the maintenance of naive and memory, CD4* and CD8* T cell pools in mice
and men.

2 Introduction

Despite great advances in immunological research during the last decades, relatively little is
known about the quantitative characteristics of lymphocyte population kinetics. There are
widely divergent estimates of the production rates, division rates, and life-spans of mouse
and human lymphocyte populations [28]. As a consequence, fundamental issues like the
maintenance of memory, the maintenance of a diverse naive lymphocyte repertoire, and the
nature of homeostatic mechanisms remain largely unresolved, and may be different in
different species. Thus, while mice are the most frequently studied experimental animal in
immunology they may not provide information directly applying to humans [57]. Many
current questions in immunology are of a quantitative nature. For example, it is important to
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reveal how human diseases such as HIV infection and rheumatoid arthritis, and therapeutic
interventions such as chemotherapy or hematopoietic stem cell transplantation affect
lymphocyte Kinetics, but as long as there is controversy about the lymphocyte kinetics in
healthy individuals such questions remain difficult to address.

Recently, several experimental techniques have been developed that have enabled the
generation of quantitative data on lymphocyte dynamics. Some are based on the
quantification of natural properties of lymphocytes that change with their kinetics, such as
lymphocyte telomere lengths and T cell receptor excision circles (TRECs). Others have
made use of different lymphocyte labeling techniques, using agents such as the fluorescent
dye carboxy-fluorescein diacetate succinimidyl ester (CFSE), the base analog 5-bromo-2’-
deoxyuridine (BrdU), deuterated glucose (2H,-glucose), or heavy water (2H,0). Although
these techniques are used widely, the interpretation of kinetic data obtained using these
labeling methods has turned out to be notoriously difficult [6, 8, 41, 45, 46, 51, 56, 79, 81,
103, 162, 163, 186, 188, 189]. Here we review how mathematical models have given
insights into the possibilities and limitations of the different experimental techniques, and
have thereby helped the quantitative interpretation of immunological data.

Immunology papers using mathematical modeling to better interpret experimental data
typically describe the details of the model in an appendix or a methods section. This is
natural because the mathematical details tend to be poorly appreciated by the general
readership of these journals, but it is also unfortunate because in several studies these
technical details on the mathematics do matter as much as the details of the experimental
setup. For example, if the same BrdU data is fitted with different mathematical models,
estimated turnover rates that result may differ [28, 45, 46]. Similarly, labeling the same T
cell populations with the seemingly so similar methods of using deuterated glucose or
deuterated water, yields labeling curves that are so radically different [28] that different
mathematical models are required for proper interpretation of the methods. For these reasons
we provide a technical review that contains mathematical details so as to fairly present the
advantages and disadvantages of the various models that researchers currently use to
interpret experimental data on T lymphocyte turnover.

In addition to the mathematics details we need to provide a necessary background in
immunobiology of T lymphocytes. T cell populations are comprised of millions to billions
of clones that carry a unique T cell receptor (TCR) defining the binding affinity of that clone
to complexes of short peptides bound to molecules of the major histocompatibility complex
(MHC). Clones are said to be specific for a particular combination of a peptide bound to an
MHC (pMHC) when the binding affinity of this pMHC ligand to the TCR characterizing the
clone is sufficient to activate the T cells of that clone. A pMHC complex is typically called
an epitope (or an antigen), and if the peptide is derived from a protein within the body it is
called a self epitope, otherwise it is a foreign epitope. T cells typically only respond to
foreign epitopes because the clones specific for self pMHC complexes are inactivated during
their development in the thymus. T lymphocytes are subdivided into two major populations,
CD4* helper T cells and CD8* cytotoxic T cells, having different functions and activation
requirements. CD8" T cells are activated upon recognition of peptides bound to class | MHC
molecules that are present on almost every cell in the body. Cytotoxic T cells will kill
infected cells and tumor cells that present foreign peptides on their MHC molecules, and
because they are restricted to MHC class | they can kill infected cells of almost any cell
type. CD4* T cells bind peptides bound to class Il MHC molecules that are present on
antigen presenting cells like dendritic cells and macrophages. Helper CD4" T cells produce
cytokines that orchestrate the cellular CD8" T cell responses, and the humoral responses of
B cells that produce antibody.
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Each T cell clone is further subdivided into naive, activated, effector, and memory cells.
Naive T cells are defined as cells that have never been activated by foreign pMHC. They are
generated in the thymus where they mature from progenitor cells arriving there from the
bone marrow. After a few weeks they leave the thymus to become peripheral naive T cells
that circulate through the spleen and lymph nodes via the blood and the lymph. Within these
lymphoid tissues, naive T cells have a small chance to become activated (i.e., primed) by
foreign epitopes. Such an event will trigger a specific immune response as the primed naive
T cells slowly enter a phase of rapid cell division, called clonal expansion. After a few days
of proliferation the initial small clone of naive T cells will have expanded into a large clone
of effector cells that leave the lymphoid tissue to migrate to inflamed tissues to clear the
antigen. After about a week, the immune response strongly contracts, mostly by apoptotic
cell death, leaving behind a subpopulation of memory T cells that persist for a long time.
Both naive and memory T cell pools are maintained by a process called “renewal”, which
amounts to infrequent and probably stochastic cell divisions [36, 93]. To have stable naive
and memory pool sizes the renewal process has to depend on the population density, which
may mechanistically come about by non-specific competition for cytokines, e.g., IL-7 and
IL-15, and specific competition for ligands like self pMHC. The maintenance and normal
turnover rate of the pools of naive and memory T cells is one of the main subjects of this
review. Since MHC molecules typically bind several peptides from the various proteins of a
pathogen, infections trigger a number of different naive T cell clones to undergo clonal
expansion and contraction. The largest clone during an immune response is said to be
immunodominant.

3 General models for the immune response

The mathematical models used for describing the population kinetics of T lymphocytes are
typically written as ordinary differential equations (ODES) defining the rate at which the
populations change over time, in units of say cells per day. The most common class of
models to describe an immune response resembles ecological predator-prey models where
the immune effectors are the predators clearing a prey-like pathogen that is stimulating the
effectors to grow [4, 50, 169]. A general predator-prey type model for the immune response
to an exponentially growing pathogen, e.g., B (for bacteria), can be written as

dB— B—-kBA (1
=t &

dN
EZOUHNN —-a,# (B)N -d,N, (2

‘;_’jzy (B) [ayN+a,M+pA] —d, A — (1 - F (B)) mA, (3
dM o
— = (1-ZF B)mA+r,M —a, F (B)M —d,,M, (4)

B
9(3)=m’ ©)

where, 0 < Z (B) < 1 is a saturation function of the concentration of the pathogen, and #

defines the pathogen concentration at which the function is half-maximal; i.e., when
B=h.# (B)=1/2, The variables N, A, and Mare the naive, activated, and memory T cells of
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one clone of T cells responding to this antigen. We assume that naive T cells become
activated by the pathogen at rate a,.# (B), the activated cells then proliferate at rate pF (B),
and enter the memory pool at rate (1 — % (B)) m [48]. Memory T cells are assumed to self-
renew at rate 7,,and become activated at rate a,,.# (B). Naive, activated and memory cells
die at rates, dy, d4, and dy, respectively. Note, the activation, &, and proliferation, p, rates
were made proportional to % (B) whereas the deactivation rate, /7, of activated cells into
memory cells was made proportional to (I —-% (B)) [48]. For such a clone of cells the source
of naive cells from the thymus, o, will be small, and should in fact be treated as a stochastic
variable. In Fig. 1 where we show numerical solutions of this model, we therefore set the
source to zero, and start the immune response with a clone of one hundred naive T cells. The
pathogen is killed by the activated cells, which we here assume are immune effector cells,
according to a mass-action term kBA, where kis a killing rate [75]. The rand d parameters
in this model are renewal rates, and death rates, respectively. This model forms a basis that
we will simplify to study a specific acute immune response, and to study the average
turnover rates of naive and memory T cells with labeling techniques.

In a more realistic version of this model, the parameters which are here treated as constants,
could be replaced by functions of the age of the infected individual and the cell population
densities. For instance, thymic output o declines with age, the renewal rates, r, are expected
to decline with cell population density, and the cell death rates, d, are expected to increase
with population density, due to competition for resources like space and cytokines [73].
Additionally, the mechanisms by which memory T cells are formed during or after an
immune response remain poorly understood, and we here simply write that a fraction of the
short-lived activated T cells revert to long-lived memory cells when the antigen
concentration is low.

Depending on the antigen concentration, activated cells proliferate at a rate P-# (B). De Boer
& Perelson [50] derive various functional forms for the proliferation rate from a generalized
Michaelis-Menten analysis of the process of T cells binding antigen presenting cells, and
propose various saturation functions like Eq. (5) allowing for a maximum proliferation rate
when antigen concentrations are high. Alternatively, one can assume mass-action kinetics by
replacing Eq. (5) with # (B) =B and obtain Lotka-Volterra like predator-prey models for the
immune response [169, 170]. An example of the behavior of this model using the saturation
function of Eq. (5), and parameter estimates for a human immune response, is shown in Fig.
1. There are too little data on acute immune responses in humans to know whether or not
this behavior is realistic for a vigorous infection in humans, but we do know that Fig. 1
realistically describes the vigorous immune response of mice infected with the lymphocytic
choriomeningitis virus (LCMV) (see Fig. 2). Note that in Fig. 1 the activation function,

Z (1), gradually approaches one, and rather abruptly switches off when the antigen is cleared
after about one week. During the initial phase % (¢) is small, allowing the formation of some
memory cells, which maybe somewhat unrealistic, although there are some reports of early
generation of some memory cells during immune response to epitopes of low avidity [246].
However, in the model most memory cells are formed after the clonal expansion phase (Fig.
1).

Because pathogens like Listeria monocytogenes (LM) and LCMV replicate rapidly and
evoke vigorous immune responses, cells are hardly limited by antigen availability, implying
that most naive T cells are triggered rapidly, and swiftly adopt the maximal proliferation rate
[10, 107, 120]. In some work the activation function, % (¢), has therefore been simplified by
arguing that there is a time point, zy, at which all naive T cells start to proliferate at the
maximal rate [48]. Similarly, in these vigorous infections all immune responses seem to shut
down at approximately the same time, z, which is called the peak of the response, after
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which contraction starts (Fig. 1). Such a program of cell expansion followed by a
contraction phase can conveniently be modeled by an on/off function

1, if 19<t<T
0, otherwise.

F ()= { (6)

Note that here % () is a function of time, ¢ rather than of the antigen load, B. To fit the
experimental data from acute immune responses to viruses and bacteria we have used Eq.
(6) to reformulate Egs. (2-4) of the general model into a piecewise linear model for the
response to one specific epitope:

U =F @) pA-(1-F ) (d,+m)A,

DL =(1-F (t)(mA-d,M),
where A is the number of activated cells, and M is the number of memory cells of a
population of T cells that are specific for the epitope of interest, and we use 7= A+ Mto
define the total size of the immune response. For a primary immune response, one sets M(0)
=0 and A(0) = A(1p) as the initial number of cells. Then A(z) = 7 (z) is the total number of
cells at the peak of the response, since in this strict on/off model memory cells only start to
form after the peak [44, 48]. The number of epitope specific precursor cells, A(0), varies and
is 10-1000 cells per mouse depending on the epitope [9, 24, 93, 131, 164]. To illustrate that
this model describes the data well, we have combined the time course data of four CD8* T
cell immune responses to LCMV [107] with their estimated initial precursor densities [131],
and fitted Eqgs. (6-7) to the data (see Fig. 2). The experimental data typically provide the
total number of T cells that are specific for one particular epitope from this mouse virus,
which in Eq. (7) corresponds to A(§) when ¢ < zand A(f) + M(?) after the peak. Note that this
piecewise linear model has a behavior resembling that of the larger ODE model (Egs. (2-4))
that also includes naive T cells (compare Figs. 1 with 2).

Another approach for modeling the clonal expansion phase of an immune response is to
explicitly write a cascade of equations that follow every division that the cells have
completed [119]. Activation of naive or memory T cells recruits the cells into the first stage
of the proliferation cascade, Ay, where the index denotes the number of completed divisions.
For the closure of clonal expansion one assumes that after a certain number of divisions the
cells differentiate into effector cells, £, that will leave the lymphoid tissue to clear antigen,
and become memory cells

dP,
=7 Ola,N+a,M] - (p+dy) Po. @)
dP
dt" =2pP,_| — (p+dp) P,, for n=1,...,nma, (9)
dE
S 2pPy,, ~d,E~ (1~ F O)mE, (0

where - (.) can be either a function of time, or the concentration of antigen, and 7jyax is the
number of divisions cells complete during clonal expansion. Equation (2) for the naive T
cells can stay the same, but the first term in the memory cell equation, Eq. (4), has to
become (1 — % (.)) mE_ Because the birth-death ODE model of Eq. (9) is linear it implicitly
assumes an exponential distribution of cell cycle times. This allows cells to rapidly proceed
through the whole division cascade [51], and effector cells will appear immediately after the
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dpP

dt

Py compartment is populated by activation. This model therefore does not allow for a strict
time window of clonal expansion, and to allow for this one needs models with strict time
delays representing the minimal time to complete cell division [51].

The rules determining the proliferation of cells during clonal expansion are not completely
understood. During the vigorous immune responses to LM and LCMV lymphocytes
continue to proliferate when the pathogen is removed, and all response seem to stop at
approximately the same time, even if antigen persists. It has therefore been suggested that
predator-prey models, where clonal expansion depends on the antigen concentration (i.e., the
prey feeding the predator), are inadequate, and that one should resort to on/off models like
that of Egs. (6-7), allowing for a “programmed” immune response where the “off-time” is
not dependent on the concentration of antigen [4, 5]. There are various ways to implement
such a program. Even the simple saturation function, < (B), used in Egs. (2-4) made the
immune response relatively independent of the concentration of antigen (Fig. 1), due to the
assumed rapid growth of the pathogen which causes -# (B) to rapidly change from 0 to 1.
With the on/off model, Egs. (6-7), one can easily define a programmed response, allowing
cells to proliferate within a certain time window that is determined by an externally defined
signal [4]. The nature of the signal is not known but could be inflammation, cytokines or
chemokines [5, 129]. Alternatively, with the cascade model of Eq. (9) one could define a
program with an intra-cellular signal (or internal signal [4]) allowing each cell to perform a
pre-defined number of divisions. In strong immune responses where most naive T cells are
triggered at approximately same time, these different programs result in very similar
behavior [4].

To correctly model a program where individual cells proliferate for a certain amount of time
following activation one can write an age-structured population model [59], or formulate the
model as a system of delay differential equations (DDE) [59, 78]. To illustrate the latter
approach we again split the activated cells of Eq. (3) into into proliferating activated cells, A,
and effector cells, £, that have completed their clonal expansion. One then writes

=F (t)[ayN+a, M| +pP—d,P-a,H (t —7,)N (t — 7,) P~ )N —a H(t —1,) M (t — 7,,) P~ %)u,

dE
dt

According to this the model primed naive T cells, A, are involved in clonal expansion for a
period of z, days during which time they divide at rate pand die at a rate dp. At the end of
this proliferative phase they move into the effector population. The e(?~@P9) terms are the net
dimensionless clonal expansion factors describing the expected clone size per primed cell
given the division rate p and the death rate dp. The H(# - ) terms are Heaviside functions
preventing the usage of negative time points, i.e., H(#) = 0 whenever t<0and H(H) =1
otherwise. Memory cells, M, maintain themselves by division (i.e., self-renewal), at rate r,,
die at rate dj,, and may become primed by antigen at rate, a,,, to perform another round of
clonal expansion for z,,days. Formulating clonal expansion in delay differential equations
is mathematically convenient, but need not be the best formulation for studying the model
numerically. The exponential growth term, pA, in Eq. (11) has to be compensated exactly
with the large delayed expansion terms, and we have observed numerically instabilities
solving this model, even using the excellent retard algorithm described in [86].

We have studied the behavior of this model after omitting the pathogen growth and killing
of Eq. (1), and after replacing % (B) by a simple on/off function # () =1if 0 < t< 5, and
Z () =0 otherwise). Thanks to the time window of clonal expansion and the subsequent
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contraction phase, the model does a good job describing acute immune responses to
pathogens (compare Fig. 3 that is parameterized for humans with Fig. 2 showing four
dominant CD8" T cell responses in B6 mice to LCMV). The naive T cells are strongly
depleted by the activation until day five, and start to proliferate rapidly for one week.
Contraction starts around day seven because most naive cells have completed their seven
days of clonal expansion (z = 7), and although antigen is absent (% () =0) from day five
onwards, the formation of memory cells only starts at day seven after Ahe completion of
clonal expansion. Note that each naive T cell has e#” = 1097 expected progeny, i.e., expands
about a 1000-fold. Following the peak, the contraction of the effector cells is relatively slow
and appears to be dominated by the relatively slow recruitment of the naive T cells because
their respective logarithmic down-slopes run parallel until day 12, which corresponds to the
end of naive T cell activation plus one week of clonal expansion. Indeed, increasing the
activation of naive T cells (ap) 10-fold gives a much sharper peak and a steeper contraction
rate that now reflects the rapid death of effector cells (dg= 1 day™1) (see Fig. 3b). Finally,
we allow for reactivation of memory cells by considering a chronic infection during which
antigen persists by defining % (1) =1if 0 < t< 5, and -# (1) =0.01 otherwise (see Fig. 3c). The
dynamics of immune responses to persistent pathogens are important, but poorly understood.
According to this model a chronic immune response can be maintained by reactivating
memory cells and having repeated rounds of clonal expansion (Fig. 3c), and/or by increased
renewal rates of memory cells specific for persistent foreign antigens (not shown).

Finally, division cascade models like Eq. (9) have been used many times for modeling
immune responses and renewing cells in a homogeneous population [7, 47, 51, 77, 79, 176,
186, 238]. Because self renewal is in theory not bounded by a maximum number of
divisions, unless cells run into the Hayflick limit [142, 180], one can write an infinite
cascade of random birth death equations that in keep track of the number of divisions cells
have completed. Subdividing the cells into subpopulations, #,, that have completed n
divisions one would write

dPy

dP,
7: - (p+d) PO? _n:2ppl‘l—1 - (p+d) Pl‘l’ }’lzl, 27 ce., 00, (13)

dt

where nis the number of divisions cells have completed. If P () is the total number of

proliferating cells at time tthen dP/dt= Z dP,/dt=(p —d) P, For the initial condition £,(0)
= 7{0) and P0) =0 for n=1, ..., 00, where 7 (0) is the initial number of undivided cells,
the general solution is

P, (t) =P (1) x ——2¢72P' (14)

(2Pt)”
n!

where P ()= Z P, (1) =T (0) ¢ i the total number of divided cells, and the second term

of the right hand side of Eq. (14) gives the distribution of the cells over the division
numbers. This is a Poisson distribution

CPY o))=Y nfu=2pt and o2 0=) s ) - u(0?=2pt. ()
n=0

n:
n=0

fn=

with a mean, u, and variance, o2, both increasing linearly in time with a slope 2p [47, 51,
79].

Another approach is to normalize Eq. (13) by the number of divisions the cells have
completed [81, 91, 168, 227], by defining p,= P,/2". Then
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dpo dp
=~ (prdpo and d—:=ppn-1—(p+d)pn, n=1,2,...,00. (16)

By letting the normalized total, P=anopn, one then has dp/dt=zndpn/dt= —dp and p(d)
= p(O)e‘df. From the general solutions in Eq. (14) one writes p, () = (9 g, where p(0) =
po(0) = AQ0) is the initial number of proliferating cells, and where g, now is a Poisson
distribution with mean and variance

p®)=>ng.(=pt and o ()= g, () - p’=pt. (1)
n=0 n=0

Both models are very general and have been used extensively to study telomere erosion [47,
238], CFSE [7, 51, 79, 186], and BrdU dilution [77, 176] (see the next sections).

3.1 Quantifying immune responses by fitting these models to data

Vigorous infections with rapidly replicating pathogenic bacteria, like LM, or viruses, like
the well-studied mouse virus LCMV, trigger strong innate and adaptive immune responses.
Since clonal expansion typically continues after the pathogen has been cleared [135], it has
been suggested that after proper antigenic stimulation the acute immune response of T cells
is programmed, and no longer determined by the current concentration of antigen [4, 5, 107,
120, 217]. Badovinac et a/. [10] treated LM infected mice with antibiotics and showed that
clonal expansion continued, although the peak response was somewhat lower than in
untreated control animals. They also showed that the contraction after the peak takes place
even if the antigen persists [10].

As illustrated in Figs. 2 and 3, a programmed response can be modeled with a piecewise
linear model as described by Egs. (6-7), or the more elaborate DDE model of Egs. (11-12).
Egs. (6-7) have been used extensively to fit data from the cellular immune responses in mice
to LCMV. At the time this model was fitted to the data from various CD8* immune
responses to LCMV [44, 48] there were no measurements from early time points because
one could not detect the small individual clones before cells were expanded by proliferation.
De Boer et al. [48] used this model to fit data from CD8* T immune responses to two
LCMV epitopes (NP118 & GP283) in BALB/c mice assuming that both responses started
with A(zg) = 60 cells per spleen [24]. When data on several more immune responses in
C57BL/6 mice became available [107], it was no longer reasonable to assume that these all
started with similar precursor frequencies [44]. Since one cannot estimate both the time of
onset, g, and the initial condition A(zp), in the absence of data from such early time points,
the model of Egs. (6-7) was simplified by setting 7o = 0, and by interpreting the initial
condition A(0) as a generalized recruitment parameter, i.e., as the initial number of cells that
would be needed to proliferate to the level A(zp) at time g [2, 44]. The larger A(0), the
larger the presumed precursor frequency and/or the earlier and the better the precursor cells
were triggered by antigen. Formally we assumed that A(zy) = A(0)ef™, and estimated A(0)
from the data by ignoring the initial time delay and letting clonal expansion start at time zero
[44]. Since the first data point was at day four (which is known to be later than zy) this does
not affect the estimates of the other parameters (o, da, dhs and m).

Using non-linear least-square regression [153], Egs. (6-7) with 7o = 0 was fitted to the data
from the CD8" T cell responses to six epitopes from LCMV (GP33, NP396, GP118, GP276,
NP205 & GP92), where the major question was to identify the kinetic differences between
these immune responses [44]. Fitting all data simultaneously, allowing only the proliferation
rate, p, and the recruitment parameter, A(0), to vary, the model described the data well, i.e.,
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with similar quality to the fits as those shown in Fig. 2, where z was allowed to vary. For
the four dominant epitopes we estimated a maximum proliferation rate of p= 1.9 day™? (i.e.,
a doubling time of 8 hours), an apoptosis rate of d = 0.4 day~1, and deactivation rates of /7
=0.02 day~1. The two sub-dominant epitopes, i.e., NP205 and GP92, required somewhat
slower proliferation rates, i.e., p= 1.5 day ™t and p = 1.1 day™1, respectively. Thus, the
model described the four largest immune responses very well while assuming they had
identical kinetic parameters, and differed only in their recruitment parameter A(0) [44].
Understanding the mechanisms underlying the immunodominance ranking of the various
immune responses is an important general question in immunology.

As shown in Fig. 2, memory cells did not decline over the 2.5 years of the experiment, i.e.,
dys >~ 0, which is probably due to a steady state being established between their renewal and
death [36] (see below in the section on CFSE labeling). In Eq. (7) self-renewal of memory
cells is ignored, so dj, = 0 represents this steady state. The six responses all peak around z =
8 days, but differ in magnitude at that time. The largest response is called immunodominant
and was comprised of more than 107 cells per spleen. Using an estimated initial condition of
approximately a 100 cells [24, 131], this corresponds to a 10°-fold expansion, or
approximately 16-17 cell divisions (i.e., 216 < 105 < 217) assuming no death during the
clonal expansion phase. As expected, these results remain very similar when we now add the
more recently estimated precursor frequencies [131] to a subset of the epitopes (see Fig. 2).

The original analysis suggested that the immunodominance ranking of the largest responses
was mainly determined by their initial recruitment, and that the antigenic stimulation of the
clones comprising the smallest responses may have been suboptimal [44]. The significant
role that the initial precursor frequency plays in determining the immunodominance ranking
was confirmed by Kotturi ef a/. [131], who found a strong positive correlation between the
naive precursor frequency and the response hierarchy after LCMYV infection (see also Fig.
2). Other factors found to influence the immunodominance ranking were the affinity with
which a peptide binds MHC [131], and the functional avidity of the T cells for the pMHC
complex [185]. The latter plays a complicated role as the functional avidity increases over
time [185, 197].

The model of Egs. (6-7) was extended with a biphasic apoptosis phase to fit the data on
CDA4* T cell responses in these mice. We found that CD4* T cell responses have a
somewhat slower maximum proliferation rate, i.e., p= 1.5 day™ (i.e., a doubling time of 11
hours), they peak approximately one day later (z ~ 9 days), and have a slower and biphasic
contraction phase [44]. Because CD4* T cells proliferate more slowly the magnitude of their
immune responses tends to be lower than that of CD8* cells. Interestingly, the population
size of the memory CD4* T cells was not stable as the density of these cells in the spleen
declined with a half-life of 500 days [44]. In these experiments it was not determined
whether CD4* memory cells could have left the spleen and accumulated in the bone marrow
[206-208].

Several variants of mouse LCMV exist, and these evoke quite distinct infections. The data
discussed above were all derived from infections with LCMV Armstrong which causes a
vigorous acute infection that is cleared within a week. Another variant, called “clone 137,
causes at least as vigorous an acute infection, but establishes a chronic infection with high
virus loads in several organs. Genetically these two viral variants are very similar, differing
in only a few amino acids [155, 156]. Hence they evoke the same set of CD8* T cell
immune responses during phase of the acute infection. Clone 13 is probably more virulent
because it also infects interdigitating dendritic cells, which reduces antigen presentation
when these cells are cleared by CD8" effector cells [29]. To investigate the kinetic
differences between the CD8* immune response during acute and chronic infection, Eq. (7)
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was fit to data from LCMV Armstrong and clone 13 infections from various laboratories [2].
The main differences between the specific immune responses were that (1) the peak of the
response occurred about one day earlier, and (2) the apoptosis rates during the contraction
phase were faster in responses to clone 13 compared to those to LCMV Armstrong [2]. One
possible interpretation is that the immune system shuts off earlier and more prominently
when it is unsuccessful, and the infection becomes chronic. Around day seven when the
clone 13 response has its peak, the viral load is much higher than that of LCMV Armstrong.

Comparing data from different laboratories, Althaus ef a/. [2] found that there are large
differences in the observed magnitudes of the immune responses to the same antigens across
laboratories, which are probably related to the procedures used for estimating total cell
numbers. Generally, it is much more difficult to count total cell numbers in, for instance, a
spleen, than to estimate relative frequencies of different populations (which is readily
achieved by flow cytometry). Allowing for a “fudge” factor to scale the differences in total
population sizes reported by the different laboratories, Althaus et a/. [2] found that kinetic
parameters like the proliferation and death rates, and the time of the peak, were much more
similar than total cell numbers. Miller et a/. [160] performed thymectomy (i.e., surgical
removal of the thymus) before mice were infected to study the importance of continuous
recruitment of recently produced naive T cells into an ongoing immune response to LCMV.
Fitting Eq. (7) to that data it was found that the effect of thymectomy can simply be
explained by the lower numbers of precursor cells, A(0), that one expects to be present in
thymectomized mice [2].

Since lymphocyte populations grow exponentially during immune responses and their
densities vary over several orders of magnitude it seems reasonable to log-transform the data
before they are fitted with Eq. (7); otherwise the highest data points dominate the summed
squared residuals. Statistically speaking, the choice between using the raw data or first
performing a log-transformation formally depends on the nature of the errors in the data.
Measurement noise in these cell counts is most likely to be a relative error, arguing that log-
transformation is the appropriate model. Milutinovi¢ & De Boer [161] confirmed that log-
transformation provides the best explanation of the data, but even then the model is only
consistent with the data if there is substantial measurement error. Although, large
measurement noise is normal in this type of experimental data, they proceeded to explore the
noise that one is expected to see when Eq. (7) is treated as a stochastic process. This
variation arising from the stochasticity of the interactions between individual cells is defined
as “process noise”. Milutinovi¢ & De Boer [161] wrote master equations for the expected
cell numbers during the expansion and contraction phases, performed stochastic Gillespie
[82] simulations, and found that 50% of the total variance could be attributed to process
noise. Although this argues that process noise cannot a priori be neglected, the estimated
contribution of 50% of the total variance is an upper bound because the authors started their
stochastic process with A(0) cells at time zero, and should have started with A(zyy) cells at
the time z,, when clonal expansion starts. The latter was not possible, however, because
there was no data allowing one to estimate o, and A(zoy). Using system size expansion
[216], the corresponding Langevin equations were derived (arguing that this should be
reasonable approximation given the fairly large cell numbers [161]). Assuming a Gaussian
distribution for the measurement noise, the Langevin equations were used for maximum-
likelihood parameter estimation (now avoiding the z,,, problem by starting with the first data
point at day four). This resulted in fairly similar parameter estimates as found with the
deterministic model [44], reduced the standard deviation of the relative error in a single
measurement to 30%, and made process noise the dominant source of variation in the data
[161]. The large effect of variations in the initial number of precursors was later confirmed
by Kotturi ef a/. [131], who found large variations in the initial precursor frequencies of
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individual mice so that clones that typically dominate the immune response can be very
minor in some mice.

The exact mechanism by which memory cells are generated during and after an immune
reaction has been debated widely in immunology [80]. The model given by Eq. (7) describes
only one possible mechanism. However, Antia et a/. [5], Kohler [128] and Ganusov [74]
have developed and evaluated a set of mathematical models on the basis of how well they
explain various data sets on T cell memory. For instance, the LCMV data discussed above
were also modeled assuming that both memory and effector cells can be formed beginning
at the time the cells are triggered into clonal expansion, and that both cell types expand at
the same rate p[128]. Two variants of this alternative model were considered, one in which
memory cells become effector cells, and another where effectors cells become memory cells
(like in Eq. (7)). These models have the same number of parameters as Eq. (7), i.e., p, da,
dyy and m, and an initial cell number 2 (0) or M(0), and all fit the data equally well [128].
Most of the parameter estimates derived from fitting these various models to data were very
similar, suggesting that these are fairly robust biological estimates [42, 158], and the main
difference was in the transition rate, /m, between memory and effector cells, which has a
different interpretation in each of these models [128].

Although the concept of a programmed response seems reasonable for T cell responses
during vigorous infections, proliferation does depend on the antigen concentration in
conditions when antigen is limiting [4, 5]. Kaech & Ahmed [120] infected mice with various
doses of LM and reported that the antigen dose largely determines the fraction of CD8* T
cell precursors that were recruited into proliferation. Once recruited, the number of divisions
that were completed by the cells hardly depended on the initial dose of LM, which suggested
a strict program. Subsequent mathematical modeling of that data demonstrated that the
program was not strict, and that the rate at which cells were proliferating was correlated with
the fraction of cells recruited, i.e., with the antigen dose [4, 5]. Recent experiments
measuring the recruitment of individual CD8* T cell precursors into immune responses to
various doses of LM conversely suggest that the recruitment is nearly complete at all doses,
and that the magnitude of the response is largely determined by the degree of clonal
expansion [215], which —for unknown reasons-contradicts the data of Kaech & Ahmed
[120].

It has been argued that the acute immune response of CD4* T cells is not as “programmed”
as that of CD8* T cells, as it depends much more strongly on the antigen concentration [184,
235, 240], but also see Corbin & Harty [38] for the opposite result. Further, recent data
tracking the size of a TCR transgenic CD4* T cell clone during an acute immune response to
pigeon cytochrome c¢ by deep sequencing, suggested that the maximal expansion of that
clone depends strongly on the initial number of precursor cells [25, 184]. Varying the initial
precursor density from 3 to 3 x 10* cells per mouse the population density after one week of

proliferation and subsequent contraction was approximately 2500 \/PT) cells, where Ay is
number of naive precursors [25]. This difference in clonal expansion came about at a late
stage in the response, and was not due to differences in recruitment, because before day
three the fold expansion seemed independent of the precursor density. Using a 6 hour pulse
of BrdU labeling (see below) it was shown that between day three and five in the response
about 60% of the cells had divided (i.e., picked up BrdU) when the response started with
300 cells, whereas only 20% (day 4.5) to 40% (day 3.5) of the cells had divided when
starting with 30,000 cells [25, 184]. During this immune response of one week the fraction
of dividing cells declined for both precursor densities over time, starting to decline at least
around day four for the high density, and around day five for the low density. Indeed the
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peak of the response occurred earlier when the initial precursor density was higher, and the
estimate peak size of the response was well described by P (¢.x) =~ 4000 \/ITO [25].

This data was fitted to a mathematical model where cells, after priming by antigen,
differentiate from slowly dividing cells, to rapidly proliferating cells, to non-dividing cells,
to non-divided mature cells [25]. In the model, the mature cells in the developmental
cascade down-regulate the differentiation of slowly dividing cells into rapidly proliferating
cells. This allows for a similar initial expansion that is independent of the initial precursor
frequency, because the regulatory mature cells only appear later, and for earlier and
increased downregulation of the expansion at large population sizes [25].

De Boer & Perelson [52] have re-analyzed the same data to study whether a mechanism
where T cells acquire cognate pMHC complexes from the surface of antigen presenting cells
(APCs), thereby increasing the loss rate of pMHC, can also be responsible for the tight
regulation of T cell expansion over four orders of magnitude of precursor densities. During
cognate interactions with APCs, CD4* T cells tend to acquire a variety of cell surface
molecules, including the antigen specific pMHC complexes binding the T cell receptors in
the immunological synapse [111, 113, 122, 201, 232, 233]. This leads to a form of antigen
specific competition between T cells binding the same pMHC on the same APCs [122, 236],
which would be perfectly consistent with the observations of Quiel et a/. [184] because T
cells of another specificity hardly affected the fold expansion. Their observation that
increasing the antigen concentration, or the density of APCs, increased the fold expansion at
all precursor densities in a similar manner [184], indeed suggest that pMHCs on APCs
become a limiting resource at all precursor densities tested. Developing a simple
mathematical model implementing this “T cell grazing” mechanism, we showed that this
explains the data equally well [52]. As a consequence, the Quiel et a/. [184] data no longer
unequivocally support the previous explanation [25], and the increased loss of pMHC
complexes on APCs at high T cell densities is an equally valid interpretation of this striking
data.

4 DNA labeling techniques

To study the population dynamics of T cells immunologists have used various labeling
techniques. During cell division cells duplicate their DNA. Using non-radioactively labeled
molecules that are incorporated into de novo synthesized DNA, one can estimate the rate of
cell division in any particular population. There are two widely used DNA labeling
techniques that use a label that can be provided in the drinking water. One is
bromodeoxyuridine (BrdU), which is an analog of thymidine (i.e., one of the four bases
making up DNA). BrdU can be detected in a cell with antibodies. The other is deuterium,
which can be provided as heavy water or deuterated glucose. Deuterium labeling uses mass-
spectrometry to detect the deuterium atoms that have replaced some of the hydrogen atoms
in newly synthesized DNA.

Since individual clones in the T cell repertoire are small, BrdU and deuterium labeling is
typically measured at the level the whole population of interest, e.g., by just sorting for
CD4* or CD8* T cells. Thus, rather than modeling one clone of cells responding to an
antigen, we have to develop models averaging over the whole repertoire. One problem is
that not all clones in the repertoire need to have the same turnover rate. Similarly the
population of interest may be comprised of subpopulations like naive, proliferating, effector
and memory cells having different rates of turnover. Thus, T cell populations are Kinetically
heterogeneous, with a slow time scale for turnover of resting naive T cells and memory T
cells, and a rapid time scale for clonal expansion and contraction (see Fig. 3). This we define
as “kinetic” heterogeneity: each population that is being labeled will be composed of
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subpopulations with different rates of turnover [8]. Additionally, there is heterogeneity in
history, i.e., what has recently happened to the cell [148], which we call “temporal”
heterogeneity. A good example is a cell that has recently divided, and hence picked up label,
may temporally have a different lifespan than the average quiescent cell [53]. This may be
true after each rare and stochastic division [36, 167], and is definitely true for cells that were
recently involved in clonal expansion [84] because these become short-lived during the
contraction phase (see Fig. 3).

To estimate daily turnover rates immunologists have sorted naive from memory T cells to
measure the fraction of labeled cells (BrdU) or DNA strands (deuterium) in each population.
For naive T cells the problem of heterogeneity seems relatively minor because after sorting
none of the proliferating and activated cells, A, Pand £, should be present in the naive
subset. In real data this not the case because the CD45RA marker that is used to define
human naive T cells is only lost after several divisions of a primed naive T cell [147], and
thus one detects CD45RA* T cells in the proliferating subpopulations (A or A). In mice,
where the CD44 marker is used to differentiate between CD44!W naive and CD44high
memory T cells, it was also shown that naive CD8* T cells stimulated during an influenza
infection become CD44M9N only after several divisions [242]. One can see from the general
model for one clone of naive T cells, Eq. (2), that the simplest average model for the total
number of naive T cells has only has three parameters corresponding to a source term, a
renewal term, and a loss term combining death and priming:

ar _ +(p—-d)T, @18
dt_o- p ) ( )

Assuming that the total population size, 7, does not change during labeling, i.e., d 74¢= 0,
one eliminates one parameter from the model, i.e., o= (d—p) 7. Further, in labeling studies
one measures the fraction of cells that are labeled, and the total population size does not
matter. Thus, without loss of generality, one can scale the total population size to one, and
obtain a simple two parameter model that can be fitted to labeling data (see below).

Let us also use this model to clearly define what we mean by the average turnover rate and
expected cell life span. According to Eq. (18) new cells are produced via the source and by
cell division, and die at rate d. The average furnover rate of the population is defined by the
average death rate of the cells, d, and the expected life span of the cells is the inverse of their
death rate, 1/d. Because we consider populations at steady state the per capita production
rate is equal to the turnover rate, i.e., the turnover rate is the cell replacement rate at steady
state. The fotal productionrate in Eq. (18) is o+ pT and at steady state o+ p7 = dT.

T cell subsets that are sorted for memory markers also include activated subpopulations, and
hence one should allow for both kinetic and temporal heterogeneity when analyzing labeling
data from this “memory” subset. There is kinetic heterogeneity because memory T cells are
maintained by a slow process of renewal [36], and the activated proliferating and effector
cells tend to be short-lived. Clonal expansion of recently activated cells brings in temporal
heterogeneity because the expansion phase ends with contraction [84]. For a normal healthy
individual one could argue that only a very small fraction of the total immune repertoire is
recruited into clonal expansion at any time. If this is the case, then most of the label accrual
in memory T cells would be due to renewal, i.e., be due to the ry,Mterm of Eq. (4). In that
case, i.e., when pA < ryM for most of the clones, the source of activated cells, mA, in Eq.

(4) should on average be small, i.e., (1 — .Z ())mA=m' A < r,, M, and one could simplify the
T cell equation into an equation identical to Eq. (18), where the source averages over all
small m A terms resulting from all ongoing clonal expansions, the proliferation term
represents renewal, r,,M, and the death term should largely be death, dy,M, because we
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assume that on average few cells are recruited in clonal expansion, i.e., a'M <d,,.
Importantly, for both naive and memory T cells the source in Eq. (18) should then consist of
cells that have recently divided, either in the thymus or during clonal expansion. Several
labeling experiments have indeed used the very general model of Eq. (18) to study labeling
in total T cells, naive T cells and memory T cells [26, 45, 46, 162, 163], but have made
different assumptions about the fraction of labeled cells in the source (see below).

If, as might occur during chronic infection, most of the label accrual in the sorted memory T
cells were to occur during the proliferation of clonally expanding cells, and the division
involved in renewal was small, i.e., if pA > ry,M, one could write

dA , ’ ,
E=O’+aMM+p A-mA-dA, (19

dM ’ ’
— = A—a M+(r, —d,)M, (20)

where o is a small source due to naive T cells that are recruited into clonal expansion on a
daily basis, and where the primes denote average parameters describing all clones, and
implicitly incorporate the # (t) and (1 — % (1)) terms that were used to describe responses of
single clones. Except for the source, this model is identical to the two-compartment model
proposed by Ribeiro et al. [189], who had the small source in their compartment of “resting”
cells that here corresponds to Eq. (20). Alternatively, one could keep track of the humber of
divisions proliferating cells have completed during the immune response [84], and write a
set of equations like Eq. (9), and/or allow for time delays as in Egs. (11-12). During chronic
infections the source from the naive compartment should be negligible, i.e., o~ 0, because
antigen specific naive T cells should have been depleted by chronic activation.
Unfortunately, even then the model given by Egs. (19-20) has too many parameters to be
estimated by fitting to labeling data, demanding further simplification (see below).

4.1 Deuterium labeling

T cell dynamics have been studied by labeling animals or humans with deuterated glucose
(2Hy-glucose) or heavy water (2H,0) for one day [103, 148, 150, 151, 225], five days [133]
to one week [163, 231], or several months [105, 134, 223, 231], and subsequently following
the loss of label during a washout phase. This method has been particularly valuable in HIV
research since this type of labeling is safe to use in humans. After deuterium labeling one
sorts the T cell population of interest, isolates the DNA from the cells, and uses mass-
spectrometry to determine the enrichment of deuterium in the DNA [31, 32, 149, 222].
During the labeling period some fraction of the hydrogen atoms in the body will we replaced
by deuterium, and dividing cells will incorporate both deuterium and hydrogen in the DNA
molecules that are being synthesized. Since not all hydrogen is replaced by deuterium, the
enrichment of deuterium in the DNA will never become 100%. To account for the fraction
of deuterium in the body one either multiplies with a known fixed factor [148-151, 163,
225], or one scales to the fraction of labeling achieved in a rapidly turning over population
[105, 166, 223], and/or with the fraction of deuterium in the urine [223]. Ultimately, the data
correspond to a fraction of labeled DNA, 0 < L < 1, which increases during the labeling
phase, and which decreases once deuterium has been withdrawn (see Fig. 4).

Because deuterium labeling does not affect the dynamics of the cells one typically assumes
steady state of the population. Further, because the deuterium enrichment in the DNA is a
fraction, the total population size does not matter. Thus, when fitting the “source” model d 7/
dt= o+(p-a) T of Eq. (18) to data, one assumes d 741¢= 0, and scales the steady state

J Theor Biol. Author manuscript; available in PMC 2014 June 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

De Boer and Perelson

Page 15

population size, such that 7= 1. As a consequence, one parameter is eliminated because o=
a-p. Because the measurements are done on DNA strands, and not on cells, one writes
models in terms the fraction of labeled DNA strands, L, and unlabeled DNA strands U, with
(U+ L=1). Recall that DNA replication is semi-conservative, i.e., as DNA replicates it is
only copied so the original strand remains and a new strand with label incorporated is
generated, i.e., U —> U+ L and L — 2L, where here U and L refer to individual DNA
strands. Further, during the labeling phase unlabeled strands can only be lost by cell death,
and assuming that new DNA strands arriving from the source are all labeled, unlabeled
strands disappear according to d UMt = —dU. During the washout or “de-labeling” phase
labeled strands should no longer be produced, and can only be lost by cell death, i.e., dLAf=
—dL. Since U+ L =1 this model with the initial condition {{0) = 1 and L(0) = 0, delivers an
exponential increase in L with slope & during labeling, and an exponential decrease with the
same exponent ¢during de-labeling

- if £ < feng
L((t)= ’ = end>»
® { L (fenq) e "0d) | otherwise (1)

where fpq is the time labeling ends, defining the length of the labeling phase. The labeling
part of this model is a generalization of the classical precursor-product relationship used to
estimate turnover rates, @, from measurements made at a single time point [149].

Let us use this model to clearly define the up- and down-slopes of labeling curves.
Deuterium labeling data is typically depicted using a linear scale for the fraction of labeled
cells L(5 (see Fig. 4). The initial up-slope of such a graph, (3’ = de~?, approaches the
turnover rate dfor ¢4 0, and the absolute value of the initial down-slope, -L(2)" =

AL (Lng)e”A%nd), approaches aL (L) for ¢ ¥ &ng, which is smaller than dbecause L(fng) <
1, and depends on the length of the labeling phase. Thus, on a linear scale the initial down-
slope, dL(%ng), is always smaller than the initial up-slope, d, and only approaches the up-
slope when L(%&nq) — 1. Since, the equation for the de-labeling phase is basically of the
form L(4 = L(0)e~% (which can be obtained by shifting time such that 7= 0 corresponds to
the start of the de-labeling phase), one can also define an “logarithmic down-slope”, which
is the observed down-slope when L(2) is plotted on a logarithmic scale. This logarithmic
down-slope reflects the rate at which L(#) declines, which here is the turnover rate @, and
does not depend on the length of the labeling phase. Note that there is no “logarithmic up-
slope™ because the initial slope at L(0) = 0 is not defined on a logarithmic axis. For a given
length of the labeling phase, this model has only one free parameter, @, and in several
experiments this was insufficient to properly fit the data. Different authors have added
different parameters to this “one compartment” model, and we will see below that the initial
down-slope will always be smaller than the initial up-slope.

Studying turnover rates of total CD4* and CD8* T cells in humans, i.e., naive plus memory
T cells, Mohri et al. [163] allowed for a source of unlabeled cells during the labeling phase,
i.e., they wrote dUAIt= o — dUto obtain

Ty —dt :
L= (1—7)(1-e ) if < tona, .
L (fog) €A Ten) otherwise,

with an initial up-slope of @ - oy, which is slower than the turnover rate @, an asymptote in
the labeling phase corresponding to L(c0) = (1 - o/d), implying that ultimately not all cells
will become labeled, and an initial absolute down-slope dL(%nq). In a subset of their data the
source of unlabeled cells had to be relatively large to properly fit the data [163], and as a
result they found that the estimated rate of cell division, p, was smaller than the death rate d
Note that the interpretation of this source of unlabeled cells is different from the o in Eq.
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(18) as derived from the general model, because both for naive T cells (Eg. (2)) and memory
T cells (Eq. (4)) the source is expected to be labeled (albeit with a delay for the naive T cells
to account for the emigration from the thymus). After a sufficiently long labeling period the
vast majority of thymic emigrants, o, and clonally expanded cells mA, should be labeled.
One possible interpretation of o, is an inflow from a large compartment of resting cells
[188], or of cells that are turning over slowly [26] (see below).

Asquith et al. [8] have criticized the “source model” because the estimated contribution of
the source to the maintenance of the cells was much larger than the contribution of cell
division. They suggested that heterogeneity is a superior explanation for the fact that death
rates were estimated to be faster than division rates, because the death rate of cells that have
recently picked up label is expected to be larger than the average death rate. One reason is
the temporal heterogeneity illustrated above with the general model of Egs. (3-4) and Egs.
(11-12) and below with Eq. (29). Another reason is kinetic heterogeneity of the population
of T cells: subpopulations turning over more rapidly than average will tend to be labeled
more extensively, and as a consequence the labeled fraction of the whole population is
enriched for cells with a more rapid turnover. When label is withdrawn the death rate of
labeled cells is therefore higher than average. Asquith ef a/. [8] only wrote an equation for
the fraction of labeled strands during the labeling period, i.e., dL/dt=p(U+ L) - dL=p -
dlL, where pis the average proliferation rate, and d'is the death rate of cells carrying labeled
strands. For the de-labeling phase they assumed d./d#= —dL, resulting in the following
model

L= L(1-e), L
T\ L (feng) e end) | otherwise, 23)

with an initial up-slope of p, where d > p so that the asymptote p/d'< 1, an initial absolute
down-slope dL(%nq), and a logarithmic down-slope &, which is larger than p. Since there is
no source, the average proliferation rate, p, in this model defines the average turnover rate of
the population [8], and should be equal to the average death rate if the population is at
steady state. The death rate of labeled cells, d (which was originally called ¢*), is expected
to be larger than the average turnover rate p because the labeled subpopulation will be
enriched in cells with a more rapid turnover. Thus, in this model & does not represent the
average death rate of T cells. Only after long labeling periods, i.e., when a large enough
fraction of the populations is labeled, Asquith et a/. [8] expect that the death rate of labeled
cells approaches the average turnover, i.e., d — p. Summarizing, the reason that ultimately
not all cells become labeled in Eq. (23) is an artifact of the assumption that for any labeling
period the model assumes a fixed death rate, @, although this death rate should actually be
declining and ultimately approach the average turnover p. Hence, this model seems most
appropriate for experiments with short labeling periods, like one day deuterated glucose
experiments [148, 150, 151, 225].

For experiments with such long labeling periods that a considerable fraction of the DNA in
the cells is labeled (e.g., [163, 223], it seems more appropriate to allow the death rate d of
labeled cells to decline over time. Similarly, this model cannot be used to concurrently
describe experiments with different labeling periods, because each labeling period may
require its own death rate to account for its unique de-labeling curve, whereas all labeling
curves should fall on the same smooth continuous line [231]. Another criticism is that if a
population is truly heterogeneous the labeling and de-labeling curves in the data should not
be single exponentials, and instead should reflect the ignored change in the turnover rates of
unlabeled and labeled cells over time.
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Fortuitously, these three models Egs. (21-23) are mathematically identical to the more
general model

all =), if t< tepq,

L= { L Etend) e‘d()'“tend), otherwise, @4)
having an asymptote, a, in the labeling phase, and a single exponent, d, for both the labeling
and de-labeling phase. A direct way of arriving at this general model is to argue that the
population of interest is heterogeneous and consists of a population of size a that is turning
over at rate @, and a long-lived population of size 1 - a that has a negligible turnover over
on the time scale of the experiment [45, 46]. The initial up-slope of this model is ad, which
reflects the average turnover rate of the population, and the initial absolute down-slope is
dL(%nq), which also approaches the average turnover rate adwhen L(&pq) — a. Thus, in
Egs. (21-24) the initial absolute down-slope is always smaller than the initial up-slope.
Nevertheless, these models reasonably describe the data obtained with deuterium labeling
[148, 150, 151, 163, 225], and although there is discussion in the literature on what model is
most appropriate [8, 28, 84], and hence how these parameters should be interpreted, they
fortuitously all deliver the same or similar estimates for the average turnover rate when
fitted to the same set of data [76].

Explicit kinetic heter ogeneity: While discussing the heterogeneity of T cell subsets sorted
for memory markers we derived Egs. (19-20) from the general model, and argued that this
was similar to the two-comparment model proposed by Ribeiro et a/. [189]. Variants of this
model have been used by various authors [26, 45, 188, 189] to analyze labeling experiments
performed on total T cell populations, i.e., naive plus memory T cells, which involves
heterogeneity because naive T cells tend to turnover much more slowly than the average cell
expressing memory markers.

Fitting this model to labeling data obtained from the total CD4* or CD8* T cell pools would
be “overfitting” because the model has too many parameters, that are all contributing to the
complicated exponentials in its solutions [189]. The model was therefore simplified by
assuming that on the time scale of the experiment the slowest compartment involved hardly
any death, division, or clonal expansion [188]. Thus, writing a model composed of a fraction
of long-lived resting cells, R, and a fraction of activated cells, A, that becomes labeled
during proliferation one obtains

R _ R+rA d dA—( d)A+aR —rA. (25
— = —aR+rA and  —=(p aR —rA. (25)

From the steady state condition one can see that aR = rA and p = 4, simplifying the model to
three parameters. Using A + R =1, the steady state of dR/dzgives that a/(a+ /) is the
fraction of activated cells. Because activation of resting cells does not involve clonal
expansion in this model, the proliferation term, pA, is the only process corresponding to
uptake of deuterium. This model fits deuterated glucose data from uninfected volunteers and
HIV infected patients well [188], and delivers similar average turnover rates as Eq. (22)
gave for this data [28, 163, 188]. Because the data involved total T cells, i.e., naive plus
memory cells, the resting cells, /, most likely correspond to naive T cells plus resting
memory cells. Activation of naive T cells is expected to involve clonal expansion, see Eq.
(11), but this could be rare enough to be ignored in this one week labeling experiment.
Activation of resting memory T cells could be interpreted as a renewal process not involving
clonal expansion. A more trivial way of deriving Eq. (25) from the general model is to
assign a slow time scale to the resting cells, and let /2 be a constant, which simplifies dA/d¢
in Eq. (25) to Eq. (18) with o= aR [49]. Since Mohri et al. [163] were comparing deuterated
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glucose labeling of healthy human volunteers with that in HIV-1 infected patients, it could
however be that Eg. (18) is valid for healthy volunteers, and that allowing for time delays
and temporal heterogeneity (see Eqgs. (11-12)) would be more realistic for the chronically
infected patients.

The generalized precursor product-relationship of Eq. (21) (and similarly Eq. (24)) can be
further generalized to explicitly model kinetic heterogeneity by assigning different turnover
rates for subpopulations /=1, ..., n, i.e.,

i(1— ~dit if end>
L(t):{ Za,g e ), if < tepg )

Saill- e‘d"te"d) e dit-tend) | otherwise,

where a;is the fraction of cells with turnover rate @;[76]. This model is valid for
populations maintaining themselves by a source and/or division because, in the absence of
temporal heterogeneity, one can model the labeling phase by considering the loss of
unlabeled strands (at rate ) and the de-labeling phase by the loss of labeled strands (at the
same rate d)) for all subpopulations; see Eq. (21). The initial up-slope reflects the average
turnover rate, d= oo adj, and the initial down-slope is X dil {t.nq), Where L{fng) =
a{1-e~9%nd). Since, L{fnq) < a,;We again obtain that the initial down-slope cannot exceed
the initial up-slope. The major advantage of this “multi-compartment” model is that for 7>
1 the shape of the labeling and de-labeling curves can be described with several
exponentials, and no longer needs to be monophasic. Another new property is that the loss
rate of L(J), i.e., the logarithmic down-slope, depends on the length of the labeling phase
because the contribution of each eigenvalue, dj, depends on the degree of labeling in that
population, a{1 - e~%%nd) [76]. Thus, this model provides a more mechanistic
interpretation for what Eq. (23) aimed to describe, namely that the estimated rate, o, at
which L(? decreases during the de-labeling phase depends on the length of the labeling
phase. For n= 2 this however comes at the cost of one additional parameter. Hence, a
straightforward procedure of estimating an average turnover rate from deuterium labeling
data would be to fit Eq. (26) to the data for /=1, 2, ..., 7 compartments, until one finds that
increasing the number of compartments no longer increases the quality of the fit, or the
estimate of the average turnover rate. The estimates of the individual compartment sizes, a;,
and turnover rates, dj, will probably be noisy and have large confidence levels, but the mean
turnover rate, d, tends to be more robust [45, 46, 53, 231].

To illustrate this procedure we fitted the CD4* and CD8* T cell data from a healthy
volunteer who was labeled with deuterated glucose for one week [163], with the model of
Eq. (26) for n=1 and n= 2 compartments. The quality of the /7= 1 fits were poor (not
shown), whereas those with 7= 2 compartments explain the data reasonably well (Fig. 4).
The estimated average turnover rates of the CD4* and CD8" T cells, were ¢= 0.006 day 1
and d= 0.0044 day1, respectively (corresponding to expected life spans, 1/d, of 167 and
227 days). Similar expected life spans were found when the two compartment model of Eq.
(25), or the temporal heterogeneity model of Eq. (29), was used to fit the same data [28, 53,
188]. Thus, although the values of the underlying parameters a, ¢4 and @ can have very
different physical interpretations [53], the estimates for the average turnover rate, d, seem
reasonably robust.

After proposing Eq. (26), Ganusov et al. [76] proceeded by arguing that if one allows n —
oo, e.g., by considering all clones in the repertoire, then the sums in Eq. (26) can be replaced
by integrals, and one can employ specific distributions to define the relative sizes, aj, of the
various subpopulations. For instance, assuming that the turnover rates, @/, are distributed
according to a gamma distribution, the model given by Eq. (26) can be solved, yielding
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_\k
1- (1+%) , if 7 < fena,
L(t)= (27)

. —k 7k
(1+d(t_ktcnd)) _ (1+%) , otherwise,

where dis the average rate of cell turnover in the population, and kis the shape parameter of
the gamma distribution. For &= 1, the gamma distribution becomes an exponential
distribution, and the fraction of labeled DNA is simply

- '
d_—, lf t< tenda
1+4dt B
dlend
- - £
(l+dt)(l+d(1‘—tend))

L()= (28)

otherwies.

This is an interesting model in which the average turnover rate, d, determines the non-
exponential labeling curve, and in which dand £,q together define the de-labeling curve.
Being based on Eg. (26) there is no asymptote and ultimately all cells would become
labeled. In agreement with the findings of Asquith et a/. [8], this model predicts that the
logarithmic down-slope depends on the length of the labeling period, &pg. The initial rate,
a*, at which the fraction of labeled DNA decreases can be found by taking the derivative of

— _ -1
In[L(D] at ¢t — &g, which can then be approximated by 4 ~d (1+[1+ d te"d] ) such that
after short labeling experiments, i.e., dfeng < 1, the initial logarithmic down-slope, o* ~ 24,
will be 2-fold faster than that after long labeling experiments where ¢* ~ d. Generally, the
maximum difference between o* and d'need not be 2-fold, and is determined by the variance
of the distribution [76]. Being based on Eq. (26) this model is very general, but
unfortunately we do not know the distribution of turnover rates in lymphocyte populations.

Explicit temporal heter ogeneity: Another form of heterogeneity that can possibly
complicate the interpretation of labeling data is the simple fact that within any homogeneous
population a recently divided cell may have a faster death rate than a quiescent cell [84].
Cells that have just completed a phase of clonal expansion during an immune response are
indeed known to die rapidly by a process called activation induced cell death, which allows
for the contraction of the response (see Egs. (11-12)). Cells involved in clonal expansion
during the labeling phase are therefore expected to contribute with an atypically high death
rate to the down-slope of the de-labeling phase [84]. Although Eg. (23) proposed by Asquith
et al. [8] was developed as a model for a kinetically heterogeneous population, it can also be
interpreted as a model for temporal heterogeneity because it allows labeled cells to die faster
than the average cell. It is not known whether the two daughter cells that result from a rare
stochastic division of a cell from an otherwise quiescent population, e.g., a single renewal
division of a naive or memory T cell [36], also have a transient fast death rate. Even is this is
the case, it remains unclear whether or not the fast time scale of such recently divided cells
would affect the up- and down-slopes in a population that is homogeneous with respect to
the division rates, and only heterogeneous because the daughter cells resulting from a single
division have a transient faster death rate. It has recently been shown that as CD8* memory
T cells proliferate they generate a sub-population of “death-intermediate memory cells” that
exhibit apoptotic markers [167]. Thus, presumably some CD8* memory T cells acquire a
more rapid death rate following homeostatic division. It is not known whether this subset
results from asymmetric division, or whether daughter cells randomly acquire this “death-
intermediate” phenotype [167].
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De Boer et al. [53] developed a mechanistic model for temporal heterogeneity that was
inspired by the stochastic division of CD8* memory T cells described by Choo et al. [36].
Surprisingly, this model is a simplification of the more general two compartment model for
kinetic heterogeneity proposed by Ribeiro et a/. [188, 189], and given in Egs. (19-20). Thus,
allowing for a transiently increased death rate of recently divided cells in a otherwise
kinetically homogeneous population, we write

dR dA
E: — aR+rA — dRR and EzcaR —rA — dAA. (29)

For ¢= 2, every resting cell, R, that is triggered to divide at a homogeneous rate &, produces
two daughter cells that have an increased death rate, da > d, until they revert (/) to the
resting state [53]. Since this is a simplification of the similar two-compartment model of
Ribeiro et al. [189], one can use their general solutions for the number of deuterium labeled
DNA strands to see that the up- and down-slopes of Eq. (29) involve two exponentials [53].
Thus temporal heterogeneity can account for biphasic accrual and loss of deuterium. Note
that interpreting the “Asquith model” of Eq. (23) as a phenomenological model for temporal
heterogeneity would not allow for biphasic up- or down-slopes because that model is based
upon a single exponential.

The values of the two exponentials in the labeling and de-labeling curves predicted by Eq.
(29) are determined by several parameters of the model [189], and have no bearing on the
turnover rates, dpand dj, of the two subpopulations of Eq. (29) [53]. Choosing ¢=2, i.e.,
considering single divisions with an exponentially distributed interdivision time, 1/, Eq.
(29) has four parameters. Using A+ R =1, the steady steady dA/d¢= 0 gives that the
fraction of divided cells f= cal(ca+ r+ dj), and the steady state of d//d¢= 0 can be used to
eliminate another parameter, e.g., r= da(a+ dgr)/([c - 1]a — dp), leaving three free
parameters (& drand dy), which is the proper number to describe labeling data with two
exponentials [188]. The average turnover rate of the model is defined as o= fdq +(1 - Hdr.
For ¢= 2, and the requirement dp < &, the reversion rate, , will always be larger than the
death of the daughter cells, d4, and most of the labeled short-lived daughter cells will revert
to the quiescent stage and become long-lived. Thus, for ¢ = 2 the effect of having d4 > dr
will be relatively minor, and one expects labeling and de-labeling curves that look relatively
monophasic (Fig. 5a).

Setting ¢> 2, Eq. (29) can also be used to study the effect of temporal heterogeneity due to
clonal expansion [84]. From the same steady state expressions one can now see that d4 can
become much larger than r, arguing that most recently divided cells die before they revert to
quiescence. This increases the impact of the rapid time scale on the labeling curves and
hence allows for truly biphasic labeling and de-labeling curves [53] (see Fig. 5b). Thus,
clonal expansion is required to expect markedly biphasic curves from temporal
heterogeneity only, and if one were to study the slowly renewing LCMV specific memory T
cells of Choo et a/. [36] with deuterium labeling, one expects fairly monophasic labeling and
de-labeling curves.

Disturbingly, the solution of the total labeled fraction of labeled cells of Eq. (29) is very
similar to the sum of the two exponentials described by Eq. (26) for n= 2 [53]. Data
generated with the explicit temporal heterogeneity of Eq. (29) can therefore be extremely
well described with the general kinetic heterogeneity model of Eq. (26). The parameters
estimated by fitting Eq. (26) with n=2, i.e., aq, 61 and @, to biphasic labeling curves
generated with temporal heterogeneity will reflect complicated combinations of all
parameters of Eq. (29) [189], and will not reflect the relative size and the turnover rate of
any two kinetically different subpopulations. As a consequence, the only parameter that can
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reliably be estimated from biphasic labeling data is the average turnover rate [53]. Although
the average turnover rate in the two panels in Fig. 5 is the same, label accrual is
approximately twice as fast when ¢ = 2 because most labeled daughter cells survive. Fitting
the /in silico data in Fig. 5a with the kinetic heterogeneity model of Eq. (26) tends to
underestimate the true average turnover rate [53]. Indeed, for d4 > dr the model of Eq. (29)
corresponds to the situation where cell death is linked to cell division [181], which is
expected to change the estimated division times (see below in Eq. (48)), and apparently also
the rate of label accrual.

4.1.1 Biological interpretations of deuterium data—The current estimates for the
average turnover rates of T cells as determined by deuterium labeling vary widely, and
depend strongly on whether deuterated glucose or water has been used [28]. One possible
explanation for this is that labeling periods with deuterated glucose are typically much
shorter, i.e., one day to one week, than those using deuterated water. During a short labeling
period one largely labels cells turning over rapidly, and by the Kinetic heterogeneity models
of Eg. (26), one expects faster loss rates, o*, after shorter labeling periods [8, 76]. The
observed up-slope is determined by the average turnover rate, and should not depend on the
length of the labeling period [8, 76]. Nevertheless, using the up-slopes as estimates for the
average T cell turnover rates, a recent review [28] reveals that turnover rates based on
glucose can be more than 10-fold faster than those based upon heavy water (see also Tables
1&2).

It is not known why these seemingly similar labeling techniques deliver different results.
One problem with very short labeling periods of, say one day, and the subsequent
measurements in the blood, is that there is a delay of a few days between the end of labeling
and the peak fraction of labeled DNA observed in the blood [148, 151]. In humans labeled
with deuterated glucose for one week, the deuterium enrichment measured in the blood
becomes detectable after about one day of labeling [163]. In labeling experiments involving
one day of deuterated glucose labeling, the first published data point at day three
corresponded to the observed peak enrichment, as the fraction of labeled DNA declined
monotonically thereafter [148, 151]. Unpublished measurements at day one and two suggest
that the enrichment in the blood is gradually increasing towards this peak value at day three
(Derek Macallan, personal communication), but these early data points have not been
included in the modeling because the mechanisms underlying the delayed peak are not
completely understood. One possible explanation is that cells typically divide in lymphoid
tissues, and stay there until they have completed their cascade of divisions. Unfortunately, it
is not well understood how rapidly recently divided cells migrate to the blood. Kovacs et al.
[132] measured BrdU™* T cells in blood and lymphoid tissue in HIV-1 infected patients at
several time points after an /n vivo pulse of half an hour of BrdU labeling. For their first
time point at 6 hours after the pulse, they found a two to three-fold higher fraction of labeled
T cells in lymphoid tissue. At the second time point at 24 hours they found similar fractions
of BrdU* T cells in blood and lymphoid tissue [132], suggesting that recently divided cells
egress to the blood within one day, consistent with the findings of Mohri et al. [163].

In the studies involving one day of deuterated-glucose labeling it was assumed that the true
peak occurs at the end of day one, and the exponential de-labeling curve that was fitted from
the monotonic decline phase was extrapolated backward to estimate the peak value, L(1), at
day one [148, 150, 151, 225]. Thus, the estimated peak at day one was higher than the
observed peak at day three. Using the estimated L(1), the average turnover rate was
estimated from Eq. (23), which would be correct if there is no more label accrual after day
one, and labeled cells have to survive for two days before they appear in the blood. If
recently divided labeled cells were to divide several times before they exit to the blood, and/
or still have an intracellular source of deuterium, this simple extrapolation procedure could
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overestimate the average turnover rate (Drylewicz et al. work in progress). Proper modeling
of such short-term labeling studies may therefore require mathematical models allowing for
the migration of cells from the compartment where they divide to the blood where their
enrichment is measured. The differences between glucose and water labeling also call for
new experiments directly comparing these techniques in one system, and for simultaneously
measuring the enrichment in blood and lymphoid tissue.

Currently there are three long-term labeling studies in healthy human volunteers, which have
data in the labeling phase. There is a one week study using deuterated glucose [163], and
there are two nine week heavy water studies [105, 223]. The turnover rate is again highest in
the shortest study using glucose [28]. The one week deuterated glucose study found
expected life spans, 1/a, of 250 (range: 200-333) and 400 (range 250-500) days for CD4* T
cells and CD8* T cells, respectively (using Eq. (22) to fit the data). In this experiment the T
cells were not separated into naive and memory subpopulations. Surprisingly, after nine
weeks of heavy water labeling, Vrisekoop et al. [223] report similar median expected life
spans of 226 (range: 149-588) and 308 (range: 167-526) days for CD4* and CD8* memory
T cells, but almost 10-fold longer expected life spans of 1851 (range: 1111-3333) and 2778
(range: 2000-3333) days for naive CD4" and CD8™ T cells (fitting an extension of Eq. (23)
to the data; see Tables 1 & 2). Westera ef al. [231] report that these estimates for the average
life span of memory T cells reduce considerably when the same data is fitted with a two-
compartment version of Eq. (26), and estimate median expected life spans of 164 (range:
71-500) and 157 (range: 113-231) days for CD4* and CD8* memory T cells, respectively.

Because this two-compartment model fitted the data significantly better than the extension
of Eq. (23) did in Vrisekoop et al. [223], they conclude that one-compartment models tend
to overestimate expected life spans of kinetically heterogeneous populations. The other
study using nine weeks of heavy water labeling [105], also reported enrichments
corresponding to longer expected life spans of 500-600 days for total CD4* and CD8* T
cells, and around 300 and 340 days, for memory CD4" and CD8* T cells (using the one-
compartment precursor product model to fit the data; see Tables 1 & 2). Reading the
percentages of labeled naive T cells after 9 weeks of labeling from the figure in Hellerstein
et al. [105] suggests that CD4* and CD8* naive T cells have expected life spans of 868 and
1018 days respectively (see Tables 1 & 2). One consistent finding in all of these studies is
that CD4* T cells turn over somewhat more rapidly than CD8* T cells, [105, 163, 188, 223],
and this seems true for both naive and memory T cells [223]. The deuterium studies
separating naive from memory T cells consistently find that memory T cells have a much
faster turnover rate than naive T cells [105, 223, 231]. This is consistent with findings
obtained with several other techniques [36, 73, 159, 209, 244] and implies that the long-
lived immunological memory is carried by relatively short-lived cells that maintain a
relatively stable population size by self-renewal [167].

In young human adults typically half of the T cells have a naive phenotype. Given the slow
turnover of naive T cells [223], it is not surprising that Hellerstein et a/. [105] found that the
turnover rate of memory T cells is almost 2-fold faster than that of total T cells. From the
supplemental information in Vrisekoop et al. [223], we recalculated the average turnover
rate in the total CD4* T cell compartment, i.e., d= fyon + (1 —fy)ous Where fyis the
fraction of naive T cells in the CD4* T cell pool, and py and py, are the estimated average
proliferation rates of naive and memory CD4* T cells for every subject in Table 1 of
Vrisekoop et al. [223]. This can only be done for CD4* T cells because in the CD8*
compartment the fractions of naive and memory T cells do not sum up to one, as a relatively
large population of CD45RA*CD27~ effector cells was excluded. To compare these average
turnover rates with the four 1/p average lifespan estimates from Table 1 in Mohri et al.
[163], who measured average turnover rates in healthy adults using deuterated glucose, we
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take the inverses of the dvalues and depict them as a function of the CD4 or CD8 T cell
count of the subject (Fig. 6). The inverse dof the CD4* T cells from Vrisekoop et a/. [223]
had a mean of 484 days (see Table 1). Thus, the estimates from nine weeks of heavy water
labeling are approximately 2-fold longer than those from one week of deuterated glucose
labeling. This 2-fold difference cannot be attributed to uncertainty in the estimated timing of
the peak, nor to the choice of the model, because the models used to fit these data sets are
mathematically identical to Eq. (24). Note that the inverse average turnover rate, d, is not the
same as the average life span if one averages over subpopulations. The true average life span
would be defined as fy/on + (1 = )/ pps Which is much longer than 1/dbecause the long
expected life span of the naive T cells, 1/pp, dominates.

Since the two labeling techniques seem so similar it remains puzzling why they deliver
different outcomes. One possibility is that it is due to the length of the labeling period, and
that during the first few days of labeling the fastest subpopulations become completely
labeled. If this were the case the labeling curve should be biphasic with an early rapid phase,
picked up in short-term labeling studies, and a late slow phase, largely picked up in long-
term labeling studies (Asquith, personal communication). Such kinetic heterogeneity partly
explains the discrepancy between the one-week Mohri ef a/. [163] and the nine-week
Vrisekoop et al. [223] data, because the differences between the estimated turnover rates of
CD4* and CD8* T cells become smaller if both sets of data are re-fitted with a two-
compartment version of Eq. (26) [231], see Tables 1 & 2.

Another possibility is a difference in the normalization factor. In both approaches one
corrects for the measured extracellular enrichment in plasma (2Hy-glucose) or urine (2H,0)
of the precursor molecule in body fluid, and one needs another intracellular dilution factor
for glucose [149], or intracellular amplification factor for water [166], to correct for the
maximum possible enrichment. For deuterated glucose labeling this dilution factor is a fixed
fraction of 0.65 validated by a number of measurements [149]. In heavy water studies the
enrichment of the DNA becomes larger than that in the body water because deuterium can
be incorporated in several positions of the sugar moiety in which the enrichment is detected
[166]. The amplification factor varies between 3 to 5 and is measured per individual from
the maximum enrichment estimated in another population with a rapid turnover, such as
granulocytes [105, 179, 223] or thymocytes [223]. This difference in the correction factor,
i.e., fixed dilution versus estimated enrichment, may explain part of the difference between
the heavy water and the deuterated glucose studies.

Comparing average life spans we have largely used the information in the data from the
labeling phases fitted with Egs. (22-23). These two models are mathematically identical to
Eqg. (24), and the initial up-slope of Eq. (24), ad, defines the average death rate of the cells
[45, 46]. In a population at steady state, one intuitively expects that the initial rate of label
accrual reflects the average replacement rate of the cells because the fraction of unlabeled
DNA is lost with the average death rate of the cells. In most of the models the de-labeling
phase should provide most information about the death rate of labeled cells, i.e., recently
produced cells. Surprisingly, Vrisekoop et al. [223] found very flat de-labeling curves for
human naive T cells, suggesting that recently produced naive T cells live at least as long as
the average naive T cell (using an extension of Eq. (23) to fit the data). This observation is
in good agreement with the similar flat de-labeling curves of naive T cells labeled with
BrdU in monkeys [46, 162] (see below).

Vrisekoop et al. [223] applied Eq. (23) to fit their data. For fitting label accrual in naive T
cells this deserves some further discussion because (1) that model was originally derived for
proliferating cells, and (2) the model requires that the asymptote p/d/'1 [8]. Above we
derived the model writing dZ/dt= g(U+ L) - dL = p- dL, giving L(}) = (p/a)(1-e~%) for
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the uplabeling phase (see Eq. (23)). Since most of the de novo production of naive T cells
probably occurs in the thymus, one could instead write dL/d¢= o — dL for the labeled
fraction in the uplabeling phase. Switching o with pthis remains mathematically the same
equation, however. This illustrates that when Eq. (23) is used for naive T cells, the p
parameter obtains the interpretation of a total production rate rather than a per capita
proliferation rate [223]. However, the other constraint, i.e., p drequired because the
asymptote in the fraction of labeled cells is maximally one, wassviolated by the slow
estimated death rates of labeled naive T cells in [223]. The same problem occurred in a
study of B cell turnover in leukemia patients [214], where in all volunteers it was found that
p < d, while in some of the patients pwas estimated to be larger than . Although technically
incorrect, this will not have affected their estimates on the average life spans because the
labeling curves were straight, i.e., remained far from the asymptote, and because the initial
up-slope of (o/a)(1 — e~ remains peven if d— 0. However, the interpretation of
Vrisekoop et al. [223] that recently produced naive T cells — are preferentially incorporated
in the repertoire is an artifact of their incorrect p > d'estimate.

Fitting the deuterium data with Eq. (23), one should always test whether pand dare required
to be different. We recently found that these labeling data from human naive T cells are well
described by the single compartment version of Eq. (21), arguing that human naive T cells
form a homogeneous population of long-lived cells [224]. However, the data from the
memory T cells in that study [223] required at least two compartments to obtain a good fit to
the labeling data, suggesting that memory T cells form a heterogeneous population [231].
This could be due to the temporal heterogeneity that we discussed above when modeling the
renewal dynamics of CD8* LCMYV specific memory T cells [36, 53]. Additionally, memory
T cell populations are known to be kinetically heterogeneous as central-memory and
effector-memory T cells that were labeled with 2H-glucose [150] and with 2H,0 [134] have
different de-labeling curves. Peripheral memory T cell populations might even include
quiescent memory T cells residing in the bone marrow [206-208], and/or the intestine [154]
that are transient in the blood (although there is probably very little migration between these
two compartments and the blood in the absence of an infection).

Current consensus holds that naive T cells that have recently emigrated from the thymus
have a short expected life span [21, 22, 70, 110], and hence that the naive T cell population
should be kinetically heterogeneous. Transplanting an additional thymus to mice and
tracking the fate of the recent thymic emigrants (RTE) originating from that thymus it was
reported that RTE are short-lived, i.e., have a life-span of 3 weeks [21, 22]. One potential
problem is that the recipients of the embryonic thymic transplants were at an age of 5-6
weeks when the naive T cell pool is at its maximal density [57, 87]. If the death rate of naive
T cell were to increase with T cell density [57], one would expect such a high death rate for
all naive T cells at that age. Recently, other experiments co-transferring RTE and resident
naive T cells into recipient mice confirmed that in normal mice RTE do have a shorter
expected life-span than the average resident naive T cell [70, 110]. The ratio of RTE to
resident naive T cells halved in about four weeks. If both transferred populations are
declining exponentially, this halving in four weeks suggests a difference in the death rate of
0.17 week™L. If resident naive T cells in mice live about 10 weeks [176], this would suggest
that RTE have a death rate of 0.27 week™1, and hence an expected life span of 3-4 weeks,
which is close to the original estimates of Berzins et al. [21, 22]. Deuterium labeling
experiments of human naive T cell populations fail to pick up such a kinetic heterogeneity in
the population, which is probably due to the fact that in adult humans the fraction of RTE is
so small that we fail to detect their contribution to the labeling curves [57]. One week
labeling experiments of naive T cells in mice do provide evidence for kinetic heterogeneity
[231], and this disappears in longer labeling studies [57], suggesting that most recently
produced naive T cells in mice are short-lived RTE. We are repeating the thymus
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transplantation experiments in 12 week old recipients to estimate the life span of RTE in
adult mice [work in progress]. Interpreting 2H,0 labeling in young adult mice with Eq. (26),
the expected life spans of CD4" and CD8" naive T cells were estimated to be 47 (range:
41-54) and 80 (range: 67-92) days, respectively [57], whereas those of CD4* and CD8*
memory T cells were estimated to be 15 (range: 11-15) and 20 (range 12-22) days,
respectively [231] (see Table 3).

In individuals labeled with deuterated glucose Mobhri et al. [163] also measured the fraction
of dividing cells by staining with the monoclonal antibody Ki67. Although Ki67 is only
expressed by cells that are undergoing cell division [199], Ki67 measurements only provide
an estimate of the fraction of cells in division but not the rate of division. Taking the
estimated average turnover rates and the Ki67 measurements from the Mohri et a/. [163]
study, and fitting the linear relation, y'= ax, between the turnover rate, y, and the fraction of
Ki67* cells, x, in CD4* and CD8" T cells, suggests that the daily turnover rate is
approximately one fifth of the fraction of Ki67* T cells (Fig. 6b). For B cells, Van Gent et
al. [214] depict a similar linear relationship, albeit for a small set of low Ki67 expression
levels, and there the slope suggests that the daily turnover rate is about one tenth of the
fraction of Ki67* B cells. It would be interesting to test the generality of this relationship in
other deuterium labeling experiments, and for various cell types, because this would allow
one to estimate average turnover rates from single snapshots of Ki67 expression. In the
legend of Table 3 we discuss that a similar relationship between the daily turnover rate and
the fraction of Ki67* cells is obtained with BrdU labeling.

Deuterium de-labeling curves: Despite the potential problem that labeled cells are
expected to be enriched in cells with a more rapid turnover, several papers have
characterized T lymphocyte turnover by concentrating on the data in the de-labeling phase.
Kovacs et al. [133] labeled volunteers and HIV-1 infected patients for five days with 2H,-
glucose, and observing that the de-labeling curves were not single exponentials, fitted their
data with a semi-empirical model with a log-normal distribution of death rates. Because in
this study IL-2 treatment disrupted the steady state in T cell numbers, the model was fitted to
the percentage of labeled DNA. However, whenever a population is not at steady state
during the de-labeling phase, the decline of the enrichment is also a function of the
proliferation rate, since cell division in the absence of deuterium dilutes the percentage of
labeled DNA strands. Considering the de-labeling phase of a single population, and defining
N as the total number of DNA strands in that population, and N, <N as the number of
labeled strands in that population, one would write

d_N= (p—d)N and an, =—dN,. (30
dt dt L

When the total number of cells is declining from a peak value induced by the IL-2 treatment,
and there is a relatively low production of new cells, i.e., when p < d, the f= N,/Nis hardly
declining because NMVand A are declining at similar rates, even though all cells may have a
high death rate ol Mathematically one can write the differential equation for the enrichment
as

df N, NN,
dt™ N N2

= — pf’ (31)

were the prime denotes differentiation. Thus, the enrichment is expected to decline at a rate
representing the rate of proliferation, p, and should not reflect the death rate @. The slow
decline in the enrichment reported by Kovacs et a/. [133] therefore indicates a slow
proliferation rate in between IL-2 treatment cycles, rather than a long survival of the cells.
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Ladell ef al. [134] studied the de-labeling of CD8" T cells after seven weeks of 2H,0
labeling in four HIV™ volunteers and five HIV* patients. Allowing for an additional three
weeks for the washout of 2H,0 from the body, the enrichment at week ten was taken as the
initial value, and the loss of enrichment in subpopulations of central-memory and effector-
memory CD8* T cells was fitted by a simple exponential decay over two subsequent time
points. Sorting the CD8* T cells based on their CD45RA, CCR7, and CD28 expression,
Ladell et al. [134] reported half-lives varying between 50-100 days for effector-memory and
central-memory CD8* T cells in healthy volunteers, and a half-life of more than 25 years for
a small subpopulation of CD45RA*CCR7-CD28~ Tgmra cells (see Table 2), which is a
population of CD45RA* effector-memory CD8* T cells, the majority of which express the
senescence marker CD57. This long live span was estimated by pooling the loss of
enrichment of several volunteers, but could nevertheless be an overestimate because the
maximum enrichment of 0.5-1% in this subpopulation was only several-fold lower than the
2-3% enrichment observed in the other subpopulations. Ladell et a/. [134] also recorded the
enrichment in CD8*CD45RA*CCR77CD28* naive T cells, but could not estimate a half-life
because the enrichment continued to increase during the eight week de-labeling phase of
healthy volunteers. Although labeled naive T cells are expected to be produced by the
thymus for several weeks after the withdrawal of the 2H,0, eight weeks is a surprisingly
long period. Measuring over a de-labeling period of 16 weeks, Vrisekoop et al. [223] found
very slow death rates for human CD8* naive T cells corresponding a half-life of more than 7
years (i.e., an expected life span of 2778 days or 10.5 years; see Table 2).

4.2 BrdU labeling

BrdU is a nucleoside analogue that is incorporated instead of thymidine into the DNA of
cells that divide. BrdU has been used for decades in mice [209, 210], and more recently in
monkeys [162]. Because of potential problems with toxicity it has been used infrequently in
humans [58, 132, 133, 138, 202], and only over short periods. The mathematical model for
BrdU labeling differs from that for deuterium labeling because one measures the BrdU
intensity of individual cells, rather than the enrichment in DNA extracted from a population
of cells. In the presence of BrdU, any unlabeled cell that divides will give rise to two labeled
daughter cells, and a labeled cell that divides increases the number of BrdU™ cells by one,
i.e.,, U— 2L and L — 2L. During the first part of the de-labeling phase a BrdU* positive
cell that divides will give rise to two BrdU™* cells, each expressing half of the parent’s BrdU
intensity [162]. Employing the same general models as used above for deuterium labeling,
one would write for the labeling phase that dUid¢= —(p+d) U, i.e., unlabeled cells disappear
by proliferation and death (assuming any source that is present gives rise to labeled cells).
During the de-labeling phase one would write d./dZ#= (p — d) L because labeled cells divide
into labeled daughter cells (and assuming that the source yields unlabeled cells after the
label is removed). Solving these equations one finds
a1 — e prdr) if £ < topd,
L= { L gtend) e(”_d)(’zte"d), otherwise, (32)

where a < 1 was introduced to define a possible asymptote in the labeling phase [46].

Estimating average life spans from BrdU data is more difficult than from deuterium data
because the initial up-slope of Eq. (32), a(p+ @), contains not only the death rate but also
the proliferation rate. If one is labeling naive T cells, that are probably largely produced in
the thymus and have very little peripheral proliferation, the unlabeled fraction would
disappear according to dUJ/d¢= —dU. While labeling memory T cells, that are probably
largely maintained by renewal, the unlabeled fraction would disappear according to d/d¢=
—(p+ d)U. Thus, even if naive and memory T cells were to have the same life span, 1/4,
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label accrual would be faster in memory T cells. Hitherto, this difference has typically been
neglected, and faster up-labeling in memory T cells was taken as evidence for their shorter
life spans. BrdU data resemble deuterium data in the sense that the fraction of labeled cells
increases during the labeling phase and tends to decrease during the de-labeling phase. The
fraction of BrdU* cells typically declines during the de-labeling phase, and according to Eq.
(32), the initial down-slope, L(%nq)(0 — @), and the loss rate of labeled cells (i.e., the
logarithmic down-slope), p — @, can only be negative when there is a source to compensate
for the fact that the average death rate exceeds the average proliferation rate [162]. Below
we argue that BrdU dilution is also expected to contribute to the down-slope.

Labeling various cell types, including naive and memory CD4* and CD8* T cells in
monkeys for three weeks with BrdU, Mohri ef a/. [162] found significant down-slopes for
most cell types, and suggested that there should be a significant source of cells from other
compartments to allow for p << d. These data have been modeled using variants of Eq. (32).
Like with the deuterium labeling above, there are two possible explanations for having an
asymptote. First there could be a source of unlabeled cells during the labeling phase [162],
or there could be a slowly turning over subpopulation with hardly any label accrual during
the experiment [45, 46]. Fitting Eq. (32) to the data revealed that most data sets could best
be described with two parameters, i.e., a and 4, because p~ 0 allows for the largest possible
down-slope [45, 46]. Fortunately, it has been suggested that the average turnover rate, ad,
estimated from Eq. (32) is fairly independent of the particular model chosen to fit the data
[45, 46]. Again, one could argue that the up-slope contains most of the information to
estimate the average turnover rate, and that the down-slopes tell us more about the death rate
of recently produced cells (including potential toxicity problems), heterogeneity, and the
dilution of BrdU by subsequent cell divisions during the de-labeling phase (see below).

Grossman et al. [84] and Debacq et al. [54] explicitly invoked heterogeneity to argue that
labeled cells are lost more rapidly than unlabeled cells as an alternative explanation for a
source of unlabeled cells during the de-labeling phase. Debacq et a/. [54] described the
fraction of labeled cells after a pulse of BrdU as

%=2pb OU+(p-dL, (33
where &(7) denotes the probability that a dividing cell becomes BrdU*, pis the average
proliferation rate, and d'is the death rate of labeled, i.e., recently divided cells. Because
BrdU decays exponentially after it is administered, &7 was chosen as () = be ™4, with &
constant. Like Eqg. (23) this model is phenomenological: the division rate p of labeled and
unlabeled cells is identical, but the death rate of labeled cells is larger than that of unlabeled
cells. The corresponding equation for the unlabeled cells was not written, and should
initially be dUidz= p[1-2H(0)] U-pU, where the death rate has to be equal to the proliferation
rate, p, to allow for steady state. Since, the death rate should ultimately approach the average
turnover rate, this model seems most appropriate for short-term labeling experiments.

For self-renewing populations without a source, i.e., dM{d¢= (p; — dj) M, we discussed
above that the kinetic heterogeneity model of Eq. (26) readily accounts for biphasic de-
labeling curves in deuterium labeling. The equivalent kinetic heterogeneity model however
fails to explain the non-zero down-slopes in BrdU labeling because one should have an
equation like Eq. (32) for every subpopulation /, and for each of them one would have an up-
slope of af{p;+ d) = 2adjand a down-slope L{fng)(0; — @) = 0 if there is no source [77].
The population as a whole should therefore also have a zero down-slope, which is not what
was observed for most cell types [162]. Thus, it seems that kinetic heterogeneity cannot
explain the loss of BrdU* cells in the de-labeling phase. Temporal heterogeneity, i.e.,
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recently produced cells die faster than average, would obviously work [84] but remains a
controversial explanation in some circumstances. For example, in SIV infected monkeys
half of the memory T cells become BrdU™ after three weeks of BrdU labeling [162],
showing that half of the population has recently divided implying that the average death rate
and that of recently divided cells cannot be too different.

BrdU dilution: After BrdU administration has ended BrdU™ cells will become BrdU™ after
several rounds of division due to label dilution [26, 77, 83, 123, 176, 237]. If most of the
division occurs in clonal expansion bursts as defined by Eqgs. (11-12), a single BrdU™* cell
could have a large number progeny that are BrdU™ cells [84, 191]. The mechanisms
underlying the loss of BrdU could therefore again differ between normal healthy subjects,
and infected subjects mounting an immune response, which complicates the comparison of
cell turnover rates between healthy and chronically infected subjects. Another complication
is that BrdU may not label cells with 100% efficacy. Bonhoeffer et al. [26] thus extended a
variant of Eq. (32) to allow for labeling efficacy, 0 < e< 1, and label dilution, 0 < v< 1 by
writing dUldt= ([2e - 1]p + d) U for the loss of unlabeled cells during the labeling phase,
and dL/d¢= ([1 - 2v]p - d)L during the de-labeling phase. Here, eis the probability that a
dividing cell becomes labeled in the presence of BrdU, and v is the probability that a BrdU*
cell divides into two BrdU™ daughter cells in the absence of BrdU. Since Eq. (32) with a
source of unlabeled cells sufficed to describe the BrdU data that they were examining,
Bonhoeffer et al. [26] did not pursue the effects of efficacy and dilution any further.
Combining CFSE with BrdU data, Parretta ef a/. [176] estimated that e = 0.8 during their
mouse BrdU labeling regime. If the same labeling efficacy were to apply to the monkeys
studied by Mobhri et al. [162], the estimated asymptotes a would be 20% lower, which
would require a 20% increase in the estimated turnover rate to match the data.

Parretta et al. [176] used a truncated form of Eq. (13) to keep track of the total number of
cells in division classes 0, 1, and 2, by writing dP/dt=2pP; + (p — d)P,, and fitted this
model to BrdU labeling and de-labeling data of naive and memory CD8* T cells in
thymectomized mice. Similar models have been used for tracking BrdU labeling in
populations of hematopoietic stem cells [83, 123, 237]. Since total memory T cell numbers
remained constant over the course of the experiment, the memory data were fitted with the
parameter constraint p= d. Naive T cell numbers were slowly declining in these
thymectomized mice, which was fitted by an exponential loss to constrain the value p — d
[176]. The labeling phase was described very well by this model, and provided estimates of
p=~0.002 day~! and /= 0.015 day~? for the naive CD8* T cells in mice, and p= d=0.01
day~1, for their memory CD8" T cells (see Table 3). To estimate the number of divisions
that are required for a BrdU* T cell to become BrdU~, these parameter estimates were fixed
when fitting the de-labeling phase, which had relatively slow down-slopes (with the naive T
cells having the slowest down-slope). The initial condition of the model, #y(0), for the de-
labeling phase was either the total number of BrdU* naive T cells, or BrdU* memory T
cells. Interestingly, while fixing the pand o parameters Parretta et al. [176] were able to fit
the naive and memory de-labeling data by assuming that BrdU* CD8 T cells become BrdU~
upon the second division. Fewer or more divisions gave too slow and too rapid down-slopes,
respectively. The slow down-slope of the BrdU* naive T cells was therefore naturally
explained by their slow division rate p. Thus, in these data BrdU dilution was a sufficient
explanation for the down-slope during the de-labeling phase, even under the p= d
constraint.

Becoming BrdU™ during the second division is not the same as having a constant dilution
probability 0 < v < 1 as in the model of Bonhoeffer ef a/. [26], because none of the cells
would be BrdU™ after the first division, suggesting » = 0, and all of them would be BrdU~
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after the second division, suggesting v = 1. Additionally, note that the naive and memory
CD8* T cells divide slowly in these normal unimmunized mice, which implies that the
BrdU™ cells in these experiments may have completed just one division in the presence of
BrdU, and will have just half of their DNA labeled (= = 1/2). The Parretta ef a/. [176]
analysis therefore suggests that cells with a quarter of their DNA labeled, = = 1/4, are still
BrdU*, whereas those with 2 = 1/8 are BrdU~. A similar argument holds for the monkeys
that were labeled with BrdU for three weeks [162]. In uninfected monkeys memory T cells
are not expected to complete more than one division in three weeks, arguing that BrdU™*
memory cells would have half of the DNA labeled, whereas BrdU* naive T cells coming out
of the thymus are expected to have completed several divisions over a period of three weeks,
and would hence be brighter (z — 1). Thus, it seemed very natural to also invoke BrdU
dilution to explain the BrdU data from both uninfected and infected monkeys.

Studying self-renewing populations lacking a source, Ganusov & De Boer [77] used the
simple cascade model of Eq. (13) to keep track of the number of divisions cells have
completed during and after BrdU administration. Because none of the cells have divided in
the presence of BrdU at the onset of BrdU administration, the initial condition is the total T
cell number, i.e., Ay(0) = 7(0), and the general solution is given by Eq. (14). Since DNA is
replicated during cell division, cells having completed one division, £, have half of their
DNA strands labeled. After two divisions 3/4 of the DNA strands are labeled, and so on.
Ganusov & De Boer [77] defined 1,= 1 — 27" as the fraction of labeled DNA strands after 7
divisions, and assuming that the measured fluorescence intensity increases with the fraction
of DNA strands labeled, one can use Eq. (14) to define the number of labeled cells in the
labeling phase as

(2pl‘)n
n!

L(t)=) H(n—t) Py (1), where P,(5)= WP, (3

P (9 is the total number of cells at time £ 0.125 < 1< 0.25 is the threshold BrdU intensity
above which a cell is measured as BrdU™, and A() is a Heaviside function.

For the de-labeling phase Eq. (14) is generalized into P, (9 for the number of cells having
completed ndivisions during labeling and m divisions during de-labeling,

_¢ m
7end)) e_zp(f—lcnd)’ (35)

2 Ptena)" 20 (¢
Py (8) =P () X Mg‘h”cnd % @p(
’ n! m!

where the middle term gives the Poisson distribution at the end of the labeling phase (see
Eq. (34)), and the latter term is the Poisson distribution after labeling (¢ > &q), respectively.
Noting that each cell on average loses half of its labeled DNA strands per division, one
knows the fluorescence intensity, 2, ,,= (1 — 277)/2, and by summing over all 7and m, one
obtains for the de-labeling phase

L (t) =ZH (Ln,m - LQ) Pn,m (t) ©(36)

nm

Ganusov & De Boer [77] combined this mechanistic BrdU dilution model with the kinetic
heterogeneity of Eq. (26), by again considering & different subpopulations 7 at steady state,
each with a turnover rate p;= d, and wrote that

J Theor Biol. Author manuscript; available in PMC 2014 June 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

De Boer and Perelson

Page 30

k o0

2@ X H (tn —to) fu (2, pi) if < tend,

L(t) — l7<l nO:ol . (37)
Yy, X H (Ln,m - ’-0) Jn (tend> Pi) fin (¢ = tena, pi), otherwise,

i=1 n=Ilm=1

where a;is the fraction of cells with turnover rate p;= d; and 7(¢ p) is the Poisson
distribution defined by Eg. (15). Due to the kinetic heterogeneity the labeled cells will be
enriched in cells with a fast turnover rate, and the de-labeling curve need not be a single
exponential and can account for data that appear to have an at least biphasic de-labeling
curve. We have fitted Eq. (37) to the BrdU data of Mohri et a/. [162] and illustrate a biphasic
example from a monkey infected with SIV in Fig. 7.

The fact that a model that is based upon a realistic combination BrdU dilution and kinetic
heterogeneity provides a good description of the Mohri et a/. [162] data, demonstrates that
an unlabeled source is not required to explain the down-slope in BrdU data. Importantly, this
would suggest that fitting BrdU data from populations that are largely maintained by a
source requires a different model, i.e., a source death model with an up-slope reflecting the
average turnover rate, than fitting data from self-renewing populations, which would require
a model like Eq. (37), with an up-slope that is twice the average turnover rate.

Mean fluor escence intensity: The best approach to study BrdU dilution would be to model
the changes in the BrdU intensity profiles, or in the mean fluorescence intensity (MFI),
because that contains more information than just the fraction of BrdU™ cells [26, 77].
Bonhoeffer et al. [26] proposed a simple model for the total, /, and the mean, T, fluorescence
intensity of BrdU, in a population of labeled cells. The total BrdU intensity is not changed
by cell division, which yields two cells with approximately half the intensity each. Thus, the
total fluorescence intensity can only decrease by cell death, i.e., d/d¢=—a/. If total cell
numbers obey d 77d¢= (p d) T, the average BrdU intensity,T = //7 obeys di/d¢= —p/[26].
Speirs et al. [200] developed a very similar model (for the dilution of another label called
CFSE, see below), allowing for unequal distribution of the label between the two daughter
cells. In the limit of a large number of labeled molecules per cell, where the fluorescence
intensity is approximately equally divided between the two daughter cells, their model
simplifies into di/d¢= -2 log[2]p/, which is also proportional to the division rate, and just
has a different scaling of the intensity.

As the fluorescence intensity is typically represented on a log scale, there is ambiguity on
the meaning of the term MFI as one could take the arithmetic mean, the geometric mean, or
the median. Ganusov & De Boer [77] therefore extended the BrdU cascade model of Egs.
(34) and (36) and defined the total, /7 and mean BrdU content (MBC) of cells, /5, as

L e Y uPy@®=(1-¢?)P@®) and I, =L O /PO« 1=, o

n

_ny Cpt)"
because Z (1-27")—— p = (1 ) Here, /y,, is a well-defined measure of the
MFI. Eq. (38) suggests that the rate at which the MBC increases during BrdU labeling
reflects the division rate p. For the de-labeling one obtains

IT (t) o Ztn,mPn,m (t) =P (t) e (eptend - 1) :e_dt (e[”end - 1) > (39)

n,m
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L (=1, (1) [P(t) < P (P29 — 1) (a)

which confirms the result of Bonhoeffer et a/. [26] that during de-labeling the MBC (or
MFI) decreases with the proliferation rate, whereas the total fluorescence intensity decreases
with the death rate. Since the BrdU MFI is typically only measured for cells in the labeled
fraction, Ganusov & De Boer [77] also provide equations for the MBC of BrdU* cells.
Importantly, the MBC of labeled cells need not change much when the fraction of BrdU™*
cells is changing markedly during a labeling experiment [77].

Combining CFSE with BrdU labeling experiments Takizawa et a/. [205] showed that the
BrdU intensities of the cells saturate with the number of divisions they have completed
(their Fig. 1b), which seems in reasonable agreement with the definition z, =1 - 27". Even
for cells that have apparently completed precisely one division in the presence of BrdU there
is a wide distribution of BrdU intensities, overlapping with the BrdU intensities of cells that
failed to divide in the presence of BrdU [205]. This calls for a novel class of models
extending Eqgs. (34) and (36) with a probability, €, of picking up BrdU upon division, or for
models defining the change in the distributions of BrdU intensities with cell division.

4.2.1 Biological interpretations of BrdU data—In their now classic studies Von
Boehmer & Hafen [221] and Tough & Sprent [209] labeled normal and thymectomized mice
with BrdU in the drinking water and established that memory T cells turn over more rapidly
than naive T cells. Additionally, they showed that the turnover of naive T cells in mice with
a normal functional thymus is much faster than that in thymectomized mice, which confirms
that in mice the thymus plays a substantial role in the production of naive T cells [57]. As
discussed above, Parretta et al. [176] recently estimated life spans of naive and memory
CD8™* T cells in mice by fitting non-equilibrium models keeping track of the number of
divisions cell have completed. To avoid the complications of having to deal with a source of
naive T cells mice were thymectomized, after which naive T cell numbers were slowly
declining. The expected life span of memory CD8* T cell was about 90 (range: 64-133)
days, and that of naive CD8* T cells was 68 (range: 65-71) days [176], which being shorter
than that of memory cells was unexpected, but is similar to the 80 (range: 67-92) day life
span estimated by Den Braber et a/. [57] using deuterium labeling (see Table 3).
Interestingly, Parretta et al. [176] also studied division rates and suggested that the expected
interdivision time of memory cells is the same 90 days, i.e., p= dfor CD8" memory T cells,
whereas the interdivision time of naive T cells is 1.4 years, which implies that most naive T
cells in mice never divide over their 68 day life span [57].

Rhesus monkeys were labeled with BrdU in their drinking water for three weeks, and label
accrual was measured in naive and memory, CD4* and CD4~ T cells, B cells and NK cells
[162]. These data were fit with Eq. (32), either keeping all parameters free, or fixing some
parameters. For every data set which parameters were required to vary to fit the data was
tested statistically [46]. Because the model had to fit both the labeling and the de-labeling
phase the required number of parameters depended strongly on the difference between the
up and down-slopes. For instance, the B cell data from normal healthy monkeys could
typically be fit without proliferation, p= 0, because the exponentials describing the labeling
and de-labelling curves tended to be similar in B cells (i.e., p+ d~ d - p), whereas the NK
cell data could be fit with p free and the asymptote fixed at a = 1 because the exponential
describing the labeling curve (i.e., p+ d) were steeper than the the exponential describing
the de-labeling curve (i.e., d - p) in NK cells [46]. Biologically, this would suggest that the
maintenance of NK cells involves peripheral proliferation whereas B cells are largely
produced in the bone marrow [46]. Both cell types were estimated to have an average life
span of approximately 50 days in normal healthy rhesus macaques. Surprisingly, most
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memory T cell data could be described by Eq. (32) while restricting p= 0, i.e., having no
explicit proliferation [46], with expected life spans of 95 (range: 67-143) and 87 (range:
71-100) days, respectively. The expected life spans of CD4* and CD4~ T cells were 111
(range: 83-200) and 93 (range: 77-125) days, respectively (remember that in humans CD4*
T cells have a shorter life expectancy than CD8* T cells; see Tables 1 & 2). For fitting the
naive T cells the proliferation rate was naturally restricted to zero, and expected life spans of
167 (range: 83-200) and 93 (range: 77-125) days were found for CD4* and CD4™ naive T
cells, respectively [46] (see Table 3). Sooty mangabeys have been labeled with BrdU in their
drinking water for two weeks, and these data were also fit with Eq. (32). In this species the
expected life span of CD4* T cells was approximately 83 (range 67-111) days and that of
CD8* T cells was 125 (range: 200-1000) days [121], resembling the difference in humans
and not in macaques (see Table 3). Interestingly there was no significant difference in the
average turnover rates between naturally SIV infected and uninfected sooty mangabeys,
despite significantly lower total B and T cell counts in the infected animals [121].

A problem with these previous interpretations is that they were fitted with models lacking
the combination of BrdU dilution and heterogeneity. The biphasic de-labeling curves of
some of the data sets could previously not be accounted for because they were using variants
of Eqg. (32) [46, 162], but can now be explained with the kinetic heterogeneity of Eq. (37), as
illustrated for the memory CD4* and CD4~ T cells from one SIV infected monkey in Fig. 7.
Ganusov & De Boer [77] refitted all memory T cell data from Mobhri et a/. [162] with the
new model of Eq. (37) and showed that it tends to describe that data with equal or superior
quality as Eq. (32) did. On average a somewhat better quality fit was to obtained with 8, =
0.25 (i.e., BrdU™ after two divisions), but 8, = .0125 (i.e., BrdU™ after three divisons) also
allowed for good fits. Allowing for kinetic heterogeneity may affect the estimated average
turnover rates, as Ganusov & De Boer [77] found a somewhat increased turnover when 6, =
0.25 (see Table 3), but not when 6, = 0.125. For instance, in monkey 1348 the average
turnover rate of memory T cells went from 0.037 day~! and 0.033 day™! in De Boer et al.
[46] to 0.025 day 1 and 0.019 day~2 in Fig. 7, for CD4* and CD4™ T cells, respectively,
which corresponds to an increase by 50% in the expected life span (from 30 to 40-50 days).

Although BrdU dilution in combination with Kinetic heterogeneity can explain the loss in the
fraction of BrdU™ cells during the de-labeling phase without requiring a source of unlabeled
cells (Fig. 7), it remains controversial whether there is any evidence for BrdU dilution in this
particular data [162, 177, 191]. Since the BrdU MFI is typically defined for labeled cells,
Ganusov & De Boer [77] defined the mean BrdU content (MBC) using Eq. (40), and
predicted that the MBC of the monkeys shown in Fig. 7 was hardly declining during the de-
labeling phase, whereas their fraction of BrdU™ cells is declining markedly, which
reconciles the controversy. Note that BrdU labeling studies in mice have provided direct
evidence for BrdU dilution during the de-labeling phase [176, 209].

Surprisingly, BrdU intensity profiles lack the peaks (fingers) that the model of Eq. (34)
predicts to be present (and which actually are present in CFSE data). At the peak of labeling
cells should have either none, 1/2, 3/4, 7/8, ... of their DNA strands labeled with BrdU, and
if the staining of BrdU labeled DNA with the specific monoclonal antibody were exact, one
could precisely determine the number of divisions the cells have completed. BrdU staining
is too noisy for this [205], and one typically sets a threshold to define the fraction of BrdU™*
cells. In the end deuterium labeling may remain superior, however, because some studies
have reported that BrdU is toxic for various cell types, and may trigger an injury response
leading to activation and division [205, 237], which would perturb the normal population
dynamics.
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Kovacs et al. [132, 202] studied cellular turnover rates in HIV-infected patients after a 30
min /in vivo pulse of BrdU, using a semi-empirical model for describing the dynamics of
BrdU* cells in the peripheral blood. Like in most other studies involving HIV-infected
patients they find higher peak values for labeled CD4* T cells than for CD8* T cells, and
higher peak values for memory than for naive T cells. Having a few samples of BrdU
labeling in lymph nodes they observed that initially the fraction of labeled cells is higher in
the lymphoid tissue than that in the blood, but that this difference vanished in about a day.
Despite the short pulse of BrdU labeling, BrdU™ cells continued to accumulate in the blood
for several days, and after the peak the wash-out seemed at least biphasic. The height and
the timing of the peak was fitted from the data, and the de-labeling curve was modeled
independently as the sum of two decaying exponentials [132]. Disturbingly, each
exponential was interpreted to reflect the death rate within one subpopulation, whereas we
have seen above that with BrdU labeling the de-labeling curve is determined by the
difference between the proliferation and death rate (Eq. (32)), in combination with the effect
of dilution (Eg. (37)). This could explain why the authors found a correlation between the
peak values and the viral load, and not between the estimated decay rate and the viral load
[132, 202], as in more mechanistic models the peak value at the end of a short labeling phase
should be proportional to the average turnover rate of the population [45, 54, 77, 162].
Another surprising finding was the biphasic decline of BrdU* naive T cells, with an early
phase of short-lived cells having an average life span of approximately five days [202]. Even
if these cells were RTE this is unexpectedly short-lived, and it seems likely that BrdU
dilution, preferential homing to lymphoid tissue, or death of HIV infected naive T cells, was
playing a role.

Finally, biphasic BrdU data can also be explained with temporal heterogeneity, because
BrdU data can successfully be described with models like Eq. (29) [45].

4.3 Differences between BrdU and 2H,0 labeling

Above we have pointed out that the interpretation of BrdU labeling experiments is much
more difficult than that of 2H,0 labeling data because the equations for the fraction of
BrdU* cells contain more parameters than those describing the 2H,O enrichment. This
argument was made for the situation where total cell numbers are not changing over time,
allowing us to remove one parameter by scaling the total cell numbers, and hence the total
number of DNA strands, to one. Ganusov & De Boer [77] develop a similar argument in
terms of the total cell numbers. Starting with Eq. (18) they follow Mohri et a/. [162] to write
for a BrdU labeling experiment that the number of unlabeled and labeled cells, 7;yand 7;,
respectively, should obey

dr,/dt =-(p+d)T,, dT,/dt=0c+2pT,+(p—d)T, during labeling, and
dT,/dt =c+(p—d)T,, dT,/di=(p—d)T,  during de—labeling. (41)
where 7+ T; = T. For simplicity, assume that the source of o cells per day consists of
BrdU™ cells during the labeling phase, and of BrdU~ cells during the de-labeling phase.
Defining the fraction of labeled cells as L = 7;/7 one obtains dL/dt= 7; /T- (T /T)L, or

dL dL
E=[2p+s(t)](1—L) and E:—s(t)L where s(t):T—(), (42)

(o

t
during the labeling and de-labeling phases, respectively. The s(2) term can be interpreted as
the daily fractional replacement by the source. In the absence of a source, e.g., for self-
renewing memory T cells, the initial up-slope therefore corresponds to 2p, and in the
absence of proliferation the initial up-slope represents the daily fractional replacement by
the source. If BrdU dilution were to play no role, the rate at which labeled cells are lost, 5(2),
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would reflect the daily fractional replacement by the unlabeled source. If the total cell
number 7 (9 is changing during the experiment, one would have to know, or estimate, 7 ()
to be able to estimate the two parameters of Eq. (42). Reconsidering Eq. (42) for the case
where the total cell number is not changing over the experiment, one can substitute 7= of(d
- p) to “rediscover” that dL/d¢= (p+ a@)(1 — L) during the labeling phase, and that dZ/d¢= (p
- d)L during the de-labeling phase. In the absence of a source the initial up-slope would be p
+ d=2p=2d i.e., twice the average turnover rate, and in the absence of proliferation the
initial up-slope would be p+ d= 4| i.e., the average turnover rate [77]. This reconfirms that,
if naive and memory T cells were to have the same turnover rate g, one expects a 2-fold
higher initial up-slope for self-renewing memory T cells than for the non-dividing naive T
cells. Similarly, Hellerstein [104] pointed out that BrdU labeling curves depend on the
distribution of cell division over the population, i.e., curves will be different when a few
cells are expanding as a clone, or when the same number of cell divisions is distributed
diffusively. Comparing 7 cell divisions under clonal expansion, i.e., U — 2L followed by (n
-1) x (L — 2L) gives 2 + (1) = n+ 1 novel labeled cells, with ndivisions under diffuse
cell division, i.e., nx (U— 2L) gives 2nnew labeled cells, to difference factor leading a
maximal of a two between the expected up-slopes for large 7.

Under deuterium labeling Eg. (18) can be taken to represent the total number of DNA
strands in the population, and because unlabeled DNA-strands are now conserved, i.e.,
during labeling U — U+ L and L — 2L, the corresponding equations for the total numbers
become

dr,/dt =-dT,, dT,/dt=0c+p|[T,+T,]—dT, during labeling, and
dT,/dt =g+p[T,+T,|—dT,, dT,/di=—dT,  during de-labeling, *®

where 7+ 7; = Tare the number of un-labeled and labeled DNA strands in the population
[163]. For simplicity, again assume that the source is completely labeled or un-labeled
during the two phases of the experiment. Defining L = 7;/T as the fraction of labeled
strands one readily arrives at the

le—l;z[p+s(t)](l—L) and ad’—l;z—[p+s(t)]L where s(t):Ti(t), (44)

during labeling and de-labeling, respectively [77]. Here (§) is the same daily fractional
replacement by the source, and in situations where the total cell number is not at a steady
state one would have to know the total cell numbers, 7 (2, to be able to fit the two
parameters of Eq. (44). When total cell numbers are changing the models for the fraction of
labeled cells, Eq. (42), and of labeled DNA-strands, Eq. (44), differ by the pterms in the
labeling and de-labeling phases, but they contain the same number of parameters, i.e., pand
o, because ddisappears when total cell numbers 7 (£ are known.

Importantly, assuming steady state the expressions for the fraction of labeled DNA-strands,
Eq. (44), become the simple dL/df= o(1 - L) and dL/d¢= —dL that were also derived above
when we generalized the precursor-product relationship in Eq. (21). This expression only
contains @. Under steady state conditions, it apparently does not matter whether cells are
produced by a source or cell divisions, as the up-slope and the loss rate of the deuterium
enrichment can correctly be interpreted as the average turnover rate, @, of the population.
Thus, even if we ignore the problems with BrdU dilution [77], and with the distribution of
the cell division events over the population [104], 2H,0 labeling experiments under steady
state conditions are still easier to interpret than the corresponding BrdU labeling curves.
Interestingly, combining BrdU and deuterium labeling would allow one to estimate the
contributions of cell division and the source. Since the increase in the fraction of BrdU*
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cells occurs at the initial slope of 2p+ o/7, while the deuterium enrichment during labeling
will increase at an initial slope p+ o/7, the difference between the slopes provides the
division rate p[77]. Once pis known the fractional source rate can be computed from either
slope.

Carboxyfluorescin succinimidyl ester (CFSE) is an intracellular fluorescent dye that dilutes
2-fold when a cell divides [145]. Cells are typically labeled with CFSE /n vitro, and labeled
cells can be followed thereafter /n vitro or in vivo. Harvesting the cells and sorting them by
the CFSE intensity generates profiles with maximally 7 or 8 peaks, each reflecting the
number of divisions the cells have undergone (see Fig. 8). The limit of 7 or 8 divisions is
caused by the dilution of the dye: after 8 divisions the CFSE intensity is 28 fold lower than
the original intensity. CFSE labeling is currently the most informative technique for
characterizing the kinetics of cells in the immune system. A number of reviews address the
experimental procedures [94, 175, 183] and protocols for the interpretation of CFSE data
[94]. The interpretation of CFSE data is far from trivial however, which has resulted in
many different mathematical approaches to this problem. Here we attempt to give a
balanced overview of these.

Wells et al. [227] pioneered the field of analyzing CFSE data, counting the number of cells
in each peak of the CFSE profile, and normalizing these by the 2-fold population expansion
that is associated with each division. This normalization gives the distribution of the number
of “precursor cells” having completed n divisions, which has the immediate advantage of
allowing one to see the distribution of the cells from the original starting population over the
various division numbers not confounded by their clonal expansion. CFSE data have indeed
been misinterpreted by arguing that the large number of cells in the highest division number
means that most cells have proceeded through this many divisions over the time of the
experiment [120, 217]. The first kinetic models that were fitted to CFSE data used the same
normalization to obtain “precursor cohort distributions” at various time points in order to
estimate the death and division rates implied by the CFSE data [81, 91, 168].

Normalized CFSE profiles can be described by the normalized cascade model of Eq. (16),
and thanks to its simple solution one can estimate the death rate, &, from the exponential
slope by which the total normalized cell number decreases [51, 79, 168], and estimate the
division rate, p, from the linear slope by which the mean (and the variance) of the
distribution increases over time [51, 79, 81, 168]. One can extend the model of Eq. (16) by
incorporating a time delay to allow for the extra time, Ag, non-divided cells may require to
complete the first division [51]. One can shift time, and allow for cell death during this extra
time period by defining p(Ag) = 7{0)e~920, where 7{0) is the original number of precursor
cells, and e~720 s the fraction that survived the extra time period. After shifting time A0) =
7(0)e~920 is the new initial condition for the total precursor population o(f) = A0)e~?. The
parameter A can be estimated by fitting () in Eq. (17) by linear regression, and solving
Ao+ p1=p(h =1, i.e., the time point at which the mean division number is one [51]. A
sensible first analysis of CFSE data would therefore be to plot versus time the total cell
number, A8 = A0)e(?=A! the number of undivided cells Ay(# = A0)e" WA and the
normalized cell number p(#) = P (0)e~% on a logarithmic scale, and the mean and variance of
the distribution of Eq. (17) on a linear scale, which should give straight lines with slopes that
should all be consistent with each other [43, 51, 79, 81, 91, 94, 126, 168]. Lines that are not
straight may indicate changes in the culture conditions, or changes of cell behavior with the
number of divisions they have completed.
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Choo et al. [36] have fitted the random birth death model of Eq. (13) to CFSE data obtained
with slowly renewing populations of CD8* memory T cells, and Takizawa et a/. [205] have

fitted it to CFSE data obtained from hematopoietic stem cells. In both cases the division rate
was slow, and this ODE model seemed sufficient to describe the data. Importantly, Choo et
al. [36] confirmed that the observed CFSE profiles are in good agreement with the Poission

distribution of Eq. (14), that the undivided cells decay exponentially, and that the mean and

variance increase linearly in time, in good agreement with Eq. (15).

There is an interesting difference between the mean of the Poisson distribution of Eq. (17),
and the mean of the normalized data when the non-divided cells, Ay(8) = po(2), are excluded
(as was originally proposed by Gett & Hodgkin [81]). First, extend the model with a
parameter ¢ for the fraction of precursor cells that will ultimately divide. For the cells that
will ultimately divide one can still use the solution of Eg. (16) when one replaces the initial
condition 7{0) by ¢770). For the cells that fail to divide one has (1 - ¢) 7{0)e~?. The

normalized frequency distribution fo (t) = (¢p0 O+A-¢)T(0) e_d’) /p (D) and f{D = gD/
p(h, for i=1, ..., oo, becomes

fo =0e 41— 6. ;=6 L withmean (0= ifi (0 =dpr. @)

i=0

Thus, the mean division number increases linearly in time but with slope ¢p, which would
argue that one cannot simply estimate the division time from the slope. However, if one also

computes a mean excluding the non-divided cells by defining © (?) :Zi:lifi ® /Zi:lﬁ
[81], one obtains

__ P
u( 1o’ (46)
which equals one when ¢— 0, and which approaches a slope ptafter an initial transient
corresponding to a few cell cycles [51]. Comparing the slopes of both means for the same
data set, one therefore obtains information about the fraction of precursor cells that are
recruited into division, .

If cells are dividing rapidly, a major problem arises because the random birth death ODE
model assumes an exponential distribution of cell cycle times, for which the probability of
division is highest at 7= 0, i.e., as soon as a cell has completed a prior division. This allows
cells to proceed too fast through the division cascade [51]. The faster the proliferation rates
the larger the deviation between the behavior of Eg. (13) and that of models allowing for an
explicit time delay corresponding to the minimal length of the cell cycle [51, 79]. Thus
proper fitting of CFSE data from rapidly expanding populations requires models with a
delay corresponding to the minimal length of the cell cycle, which casts doubt on the some
of the cell cycle times estimated by fitting ODE models to CFSE data [25, 186, 219].
Despite these serious problems with this simple ODE approach when cells divide rapidly,
the various estimates based on Egs. (16) and (46) can always be used as a check on the
quality of the CFSE data, e.g., to check whether conditions are changing over time, and
provide excellent starting points for fitting more realistic models of cell division.

Another problem is that models which explicitly consider the cell cycle and allow for
different death rates during the different phases of the cell cycle can give quite different
estimates of the cell cycle time than models assuming a constant death rate [79, 181]. This
can be illustrated by comparing the conventional model having a constant death rate
throughout the cell cycle with a model where death occurs upon division [181]. The first
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case is the conventional random birth-death model of Eq. (13) with solution A() =
7(0)e(P-9! whereas the latter is

dPy dpP, _

7 pPo, ?_2]7(1 - )Py — pP,, n=1,2,...,00, (47)
where fdefines the fraction of cells dying upon cell division [181]. For the initial condition
Py(0) = 7{0) and ~P,(0) =0 for n=1, ..., co, the mathematical solution is

P, () =T (0) 121 x Me—w(l—f)t, 48)
n

where the first term gives the total population size, and the second and third together gives
the Poisson distribution over the division numbers [181].

Importantly, in both models the distribution over the division classes is Poisson, but with
different means w(9) = 2ptand p(f) = 2p(1 — /¢ respectively. Moreover, both populations
grow exponentially with a natural rates of increase of p—dand p(1-21), respectively. Thus, if
division rates are estimated from the increase in the mean division number [51, 81, 126], the
outcome may depend on the distribution of death rates over the age of the cell [181]. For the
case of a stable population, £= 0.5, one would have a 2-fold difference in the estimated
division time between the two models. This difference becomes larger if populations
contract, 7> 0.5, and vanishes when populations expand [181].

Despite these problems, a final important lesson that can be learned from these simple ODE
models is that one obtains a Poisson precursor cohort distribution from a model having a
(shifted) exponential distribution of the times to first division. Thus, one cannot infer the
distribution of times to first division from the precursor cohort distribution. For example for
an apparently normal or log-normal precursor cohort plot [56, 81], one should not conclude
that the time to first division is normally or log-normally distributed, because for sufficiently
large tthe Poisson distribution will resemble a normal distribution. Instead, the distribution
of times to first division should be measured separately [56, 90], and be explicitly
implemented in the model [43, 78, 96, 137].

5.1 More realistic models

More realistic models for the cell cycle have been proposed and have been used to interpret
CFSE data. Let us write a general model and show how various simpler models in the
literature can be derived from this. Since a major problem with the ODE model of Eq. (13)
is its exponential distribution of division times, allowing too many cells to have
unrealistically short division times [51], one can formulate an age-structured population
model [20, 43, 59, 181] in which the rates of cell division and death can be any function,
pAa) and d(a) of a cell’s age asince the previous division, and division number 7,

0P, (t,a) N oP, (t,a)

5 5 ~[pu (@) +dy (@] Py (t,a)  with P, ()=[ P, (t.a)da, (49)

where P(t, a) is defined as the density of cells of age 4, having completed 2 divisions at
time ¢, and with boundary conditions

PL(t,0)=R(D), P, (t,0)=2[} puci (@) Pui (t,a)da, n=2,....c0, (50)

where R(J) is a recruitment function describing the time to complete the first division. The
proliferation rate, p,(&), and the death rate, d/,(a), can typically be computed [248] from the
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underlying probability density functions for a cell to divide or die at age a, ,(4) and d,(d),
by

Pn (@) Zi:, (a)

Pn (a) = and dn (a) - =
1- f;pn (a )da 1- fodn (a/) dd

(51)

Depending on the form of each probability distribution, and the number of different
distributions for the different division numbers, this model can have few or many
parameters.

Although written in a completely different notation this model with its age and division
number dependent division and death functions, Egs. (49-51), is also known as the cyton
model [96, 204]. The cyton model is written as a set of nested integrals, and is based on a
large number of experiments showing that death and division tend to be independently
controlled in cells, that cellular survival times are not exponentially distributed, and that
recruitment into the first division tends to obey a normal or log-normal distribution [56, 65,
81, 96, 204]. An important part of the work with the cyton model is to prove experimentally
that its explicit assumptions on the independent death and division terms are biologically
correct. Similar assumptions are made implicitly when writing an age-structured model like
Eqg. (49).

Formulating the cyton model in the same notation as above, one would take 4,(a) and d(a)
as the probability for a cell having completed ndivisions, to divide or die at age &,
respectively (where the age is reset to zero at each division). In the cyton model g,(4) and
d,{a) are typically log-normal distributions [96]. Defining the number of cells dividing and
dying at any point in time, one can write the model in the form of a set of nested integrals

P30 =0T 0) (1 - fodo (@ da) po ). 2

P (1) =T (0) (1 - go [P0 (@) da) do (1), (59)
Pgiv (1) =2¢nf6Pﬁi_V1 (t) (1 _ ﬂ)—"g; (@) da) P (t - t/)dt/, n=1,...,Apax, (54)

Pgie(t)zzfgpgi_vl({)(l—(pn ;_/ﬁn(a)da)zn(t—t')dt', n=1,... e, (55)

where 7(0) is the initial cell number, and ¢, is the fraction of cells that will ultimately

divide at each division number 7. Here the (1 — ﬁ; (a) da) and the (1 — [Py (a) da) terms
provide the probability that a cell has reached aged a without having died or divided,
respectively. Thus, although the changes of dividing and dying are independent, these events
still censor each other because cells cannot divide after they have died, and since they reset
their age, cell division changes the probability to die. From these expressions one can
calculate the number of cells in each division class as an integral over all cells that have
entered due to their previous division minus the cells that have left by division or death

Po(6)=T (0) - [{ (P (@) +P§*° (@) da, (56)
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P, ()=} (2P (@) - P (a) - PS° (@) da. (57)

One can fit Egs. (52-57) to CFSE data using a publicly available general cyton solver
(GCytS) that was coded in Matlab [96]. To reduce the number of parameters one typically
considers unique distributions, pp(&) and ap(4&), for the first division number, and assumes
that cells in subsequent divisions sample their division and death events from the same
distributions, i.e., f(a) = /&) and d,{a) = da), for n=1, ..., Nmax. The progression fraction,
#n, can be used to allow for a fraction, 1 — ¢, of precursor cells that fails to divide (see
above, where we called this fraction 1 — ¢), and/or to define the expected “division destiny”
of cells, which allows cells to stop dividing, ¢, — 0, after a particular number of divisions
[96]. If the latter is ignored, i.e., g, = 1 for n1=1, ..., /inax, the model has nine parameters

(ud, ordv, pdiv, v die die jdie gdie ¢ ) where the 9 and the o%. parameters define
the mean and standard deviation of the four log-normal distributions. One can add on more
parameters by giving the non-recruited cells, (1 - ¢g) 7 (0), a different death rate, and/or by
allowing for a division destiny, ¢,< 1, for n=1, ..., imax- Typically, CFSE data is not rich
enough to estimate even the basic nine parameters reliably, as one needs data on the number
of dead cells per division number, which is experimentally much more difficult to obtain
[96, 115]. This cyton model has been fitted to CFSE data using log-normal distributions for
the division and death rates, and even though not all death rate parameters could be
estimated, it was claimed to fit the data better than other models, including the Smith-Martin
model [96]. An interesting property of the model is that slight variations in the means of the
four distributions have a marked impact on the behavior of the model, such that small
quantitative differences can have a qualitative effect [90, 96].

Leon et al. [139] developed a general framework similar to the structure of the cyton model
by writing nested integrals over division dependent probability distributions, g,(4, defining
the likelihood of undergoing the /# division at time ¢after completing a previous division.
They analyzed two data sets of Gett & Hodgkin [81] who studied CD4* T cell division after
polyclonal stimulation /n vitro. Since one of the data sets had no information on total cell
numbers, cell death was ignored in the modeling, or was assumed to obey a conventional
exponential distribution [139]. Allowing for a difference in mean and variance between the
distributions for the first and all subsequent divisions, they showed that a model with two
gamma distributions allowed for better fits than the model of Hasbold ef a/. [91], where the
time to first division was determined by a normal distribution and the subsequent cell
divisions were of a fixed length [139]. Biologically, the results remained in reasonable
agreement because the standard deviation of the gamma distribution for the first division
was much larger than that of the later divisions, implying that most of the variation between
the cells was due to time in took to complete the first division. In retrospect it is not too
surprising that a model with two gamma distributions allowed for superior fits because we
now know that the cyton model with log normal distributions for division and death
provides good fits to CFSE data from lymphocytes after polyclonal stimulation /in vitro [96],
and that the gamma distribution can approach the shape of a log normal distribution, making
fine distinction difficult. Indeed Zilman et a/. [248] proved mathematically that the nested
integral models like the cyton model [96] and that of Leon et a/. [139] are special cases of
Eq. (49), which in turn is similar to the model originally proposed by Bernard et a/. [20].
Interestingly, the best fits of Leon ef a/. [139] were obtained when the shape of the gamma
distribution was fairly similar to that of an exponential distribution, although their
distributions still defined a minimal time to complete the division division. Finally, note that
later experiments measuring the time to the first cell division directly by thymidine
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incorporation demonstrate that this is best described by a (log) normal distribution [56, 94,
96, 108].

There is an interesting difference between integrating over probability distributions for
division and death and solving PDEs with division and death rates, in cases where the local
environment of the cells is changing over time. One example is the /in vitro culture of T cells
under various concentrations of the growth factor IL-2, which has been modeled by an
increase of the death rate of cells as a consequence of the decreasing concentrations of IL-2
due to consumption of IL-2 by the dividing cells [78]. Having a model with proliferation and
death rates, p(&) and d(4), one can multiply these rates with a dimensionless function
representing the environmental conditions, like the relative concentration of I1L-2 [78].
Working with nested integrals over probability distributions, g,(&) and d{a) (see Eq. (51)),
one has the choice of changing the mean and variance of the distribution as a function of the
environmental conditions, and/or multiplying the integrals with a fraction like the progressor
fraction discussed above.

5.1.1 Smith-Martin model—The model for the cell cycle developed by Smith & Martin
[198] has proven useful for analyzing the population dynamics of dividing cells as it
prevents too rapid progression through the cell cycle by introducing the equivalent of a time
delay, i.e., a fixed length for the S, G2 and M phases of the cell cycle (see Fig. 9a & b). The
Smith-Martin model allows for two phases of the cell cycle: cells in the “A” state, which
approximately corresponds to the GO or G1 phase of the cell cycle, are randomly activated
to divide, and dividing cells in the “B” phase remain in this phase for a fixed time A, after
which they yield two daughter cells in the A state. Cells in the A state and B phase have
death rates d4 and dg, respectively. Cells in the A state are triggered to enter the B phase at
a rate pand divide when they exit the B phase. The Smith-Martin model can be formulated
in terms of PDEs [20] or as a set of delayed ODEs [43]. Assuming uniform proliferation and
death rates across all divisions the model can be written as

L == (p+d ) A0 ().

jﬁ% =2P€_d"AAn—1_ gf N A —(p+d,)A, (1), n>=1, (58)

-5 =pA, (t) — pe %A, (t—A)—d,;B,(t), n=>0,

where A(5) and B,(f) are the number of cells in the A-state and the B-phase, respectively,
having undergone ndivisions at time #[78]. This Smith-Martin model has four parameters,
with the length of the cell cycle defined as o1 + A, and two different death rates. The death
rates, d4 and djp, cause similar parameter identification problems as discussed above using
Eq. (48), and the Smith-Martin model will only give unique fits to CFSE data if one
simplifies the model to three parameters, e.g., by assuming that d4 = dg, d4=0, or dg=0
[79, 181]. Note that the similar problems with the uniqueness of fits exist in the cyton model
[96], and that one needs more information, like the number of dead cells per division, to
resolve these parameter identification problems.

Ganusov et al. [79] analyzed the properties of the uniform Smith-Martin model of Eq. (58).
Since cells in the B-phase do not influence the dynamics of those in the A-state, one can
sum over 77to obtain the total growth, dA(#/d¢ or the 277-normalized total growth, dA()/dt,
i.e.,

dA (1)

7:2 peBBA(t - A) - (p+d,)A (D), (59)
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#: pe B (= A) = (p+d,) A1), (60)
showing that after an initial transient, the total number of proliferating cells in the A-state
increases exponentially at a rate 7= 2pe~ (9802 — (p+ d), and the normalized total of cells
in the A-state declines exponentially at a rate d= (p+ da) — pe~(@B-DA Assuming
exponential growth, A(2) o e’% the mean of the division number of the cells in the A-state
and its variance increase linearly with respect to time, i.e.,

kt kt
()=—— and o> ()= ,
K= (1+kA)?

(61)

where k= r+ p+ da=2pe~(#98)A In the absence of the time delay, i.e., if A =0, the
Smith-Martin model becomes similar to the random birth death model of Eq. (13), and
indeed p(h = o?(f) = kt= 2pt. Thus, a difference between the rates at which mean and
variance increase should provide information on the length of the B phase. Importantly, r
and dare not independent in the Smith-Martin model, and the decline rate of undivided
cells, p+ da = k —r, is not an independent parameter. Ganusov et a/. [79] fitted this uniform
Smith-Martin model to /7 vivo data on the CFSE dilution of naive CD8* T cells, and
demonstrated that this data maximally allow one to estimate three of the four parameters of
this particular Smith-Martin model.

Pilyugin et al. [181] proposed to solve these parameter identification problems with a
rescaling method that estimates two invariant parameters, i.e., the fraction of cells that die in
one generation, and the mean generation time of surviving cells. This was a clever proposal
because these parameters are independent of the functional form of the proliferation and
death rates. Unfortunately, these measures are not necessarily the biological quantities that
we are interested in. The method works by rescaling Eg. (58) such that each parent cell
produces 2a daughter cells (instead of two). With this rescaling the exponential growth rate
of the Smith-Martin model becomes (@) = 2ape~(?B+1A)A—(p + d,) [79, 181]. One can
easily solve for a from this expression when 7@ = 0, i.e., for zero growth. Defining & as the
scaling factor that removes the expansion from the data one obtains

+d , 2pe~h
a'= p_dAA and r (a*)z—pe - > (62)
2pe s 1+ (p+d,) A

where r (&) is the slope of /(a) at a= &* [181]. One can solve for the probability that a cell
divides before dying in the A-state, p/(p + d,), and does not die during the B-phase, =984,
from

pead
p+d, T 2at”

(63)

Thus, 1 — (2a*)~1 gives the fraction of cells that die per generation. Similarly, the mean
generation time of surviving cells can be obtained from

1

A+ =,
pt+d, a*r (a*) (64)

One still needs to determine @* from the data. To do this one rescales the data for various
values of a by multiplying the number of cells in each division class with &7. The
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exponential growth rate /(4) of the total rescaled cell number P (8 = = P(5a" is estimated by
fitting to the exponential growth equation A0)e”(@Z Plotting the estimated 7(a) as a function
of aone searches numerically for the scaling factor that removes the expansion from the
data. The estimated &* can then be used to evaluate Egs. (63) and (64) [181]. Here we
illustrated the rescaling method for the Smith-Martin model [79], but that these two
invariant parameters can be estimated for any cell age dependent form of the proliferation
and death rates [181].

Luzyanina et al. [143] compare fits obtained with a classical Smith-Martin model, with fits
obtained with a heterogeneous random birth data model, i.e., Eqg. (13) extended with division
and death rates, p,and d), that depend on the division number, #, and find that the random
birth death model fits their data better. This is not a fair comparison, however, because the
heterogeneous model has many more parameters, that could compensate for the absence of
the time delay, A, of the Smith-Martin model.

We have seen above that modeling experiments where quiescent cells are activated to
proliferate in a programmed cascade, one needs different parameters to describe the first
division. Quiescent cells are in the GO state of the cell cycle, and need more time to enter the
G1 state of the cell cycle, and their first B phase could take longer than subsequent B phases.
The Smith-Martin model can be extended with a longer first division by implementing a
recruitment function /R(2), see Eq. (49), defining the distribution of times to complete the
first division [43, 78, 137].

Assuming d4 = dg= dto solve the parameter identification problem, but allowing for
different division and death rates for each division number, a heterogeneous Smith-Martin
model can be written as

D =R ()~ (pr+d1) AL (D),

% =2p,1e7 U 18A, (= A) = (pu+d) Ay (),  n>1, (65)

%”t(t) :pnAn (t) - Pneid"AAn (t - A) - dan (t) ) n>1

where p,, and d), are the division and death rates at the /2 division, respectively [78, 137].
Fitting either a time-shifted log-normal [78] or a gamma distribution [78, 137] for A(J) to
experiments explicity measuring the time to first division, this heterogeneous Smith-Martin
model was successfully fitted to CFSE data from T cells stimulated /n vitro with various
concentrations of the cytokine IL-2 [56]. The magnitude of clonal expansion increased with
the IL-2 concentration [56]. At the lowest IL-2 concentrations an initial phase of expansion
was followed by a phase of contraction [78]. Explaining the data therefore required a
heterogeneous model, where proliferation rates decrease, or death rates increase, over time
or at higher division numbers [78, 137]. One possibility is to increase the death rate linearly
with the division number, e.g., d,= gy + an, [78]. Alternatively, the length of the B-phase
could increase with the division number, and/or the fraction of cells proceeding to the next
division class could decrease at higher division numbers [137]. See below for a discussion
on how these models describe the data.

Leon et al. [139] fit another approximation of the Smith-Martin model to the CFSE data of
Hasbold et a/. [91], by allowing cells at the end of the B-phase to skip the A-stage with a
certain probabililty, and immeditately enter the next B-phase. For rapidly expanding cells
with short A-stages this may be a reasonable approximation. There was no death in the B-
phase of their model, however, which side stepped the problem of estimating both d4 and dg
from CFSE data [79, 181]. Since all of these models tend to have more parameters than can
reliably be estimated from CFSE data, it remains unclear whether it is a good choice to
introduce a new parameter for the likelihood of skipping the next A-stage. To allow cells to
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proceed quickly through a series of B-phases, one can also allow for a very high rate of exit
from the A-state. Also, if the A-stage corresponds to G1 it cannot be skipped in reality.

Deter ministic model: In circumstances where quiescent cells are triggered to proliferate
rapidly for several divisions, most of the variation between the cells is due to differences in
the recruitment into the first division [43, 56, 78, 81, 96, 127]. Rapidly dividing cells seem
to proceed quite deterministically through several rounds of division. To describe this one
can eliminate the exponential A phase of the Smith-Martin model by assuming a
proliferation rate p,(a — oo, where ais the age of the cell. For a homogeneous model one
arrives at the model proposed by Deenick et al. [56] that can be written as a single ODE for
the first division class, and a set of algebraic scaling equations for subsequent divisions

PO —R(t)-H (- AR~ A e —dP (1), P;(0)=0,

P, (1) =[2e-ﬂm]”‘l1ﬂ1 (- [n-1MNHG—[n-118), Py,©)=0, n=2,...,00,
where H(?) is again a Heaviside function. The middle term in the ODE describes the cells
that have not died during the division time A, and thus have successfully completed their
second division, and proceed to the next division stage [43]. The algebraic equation is based
on the fact that the cells in the /2 division class are those that have completed 7 divisions
without dying, and have taken a time A for each division. The shape of the solution of the
later divisions is identical to the first one, except for a shift in time and a scaling for the total
area under the curve by doubling through division and the death rate. Using a log-normal or
gamma-distribution for the recruitment function, A(#), this model reasonably describes
CFSE data of T cells stimulated 7 viitro with high concentrations of the T cell growth factor
IL-2 [43]. For lower concentrations of IL-2 the monotonic scaling of Eq. (66) was
inconsistent with the data because the second cohort, 2(, was larger than the first and the
third cohort. Apparently, the parameters of Eq. (66) need to change over time, or change
with the division number. Choosing for a linearly increasing death rate, d,, = d+ a(n-1),
where d'is the death rate of the first cohort, and a is the slope with which the death rate
changes with the division number, and writing the model as a system of ODEs, the model
becomes

% :R(t)_H(t—A)R(t—A)e—dlA_lel’

o 2DH (t = A) Py (1= A)e™12 — 2H (£ = 20) Py (t = 28) e~ m1+0A — g, P,

] S 1 -3diA
=2""H(t-m-1)AREt—-(n—-1)A)e = =2""H({t—nA)R(t—nA)e = —d,P,,

for n=2, ..., co. This model can be shown to be identical to Eq. (66) when one restricts d), =
aby setting a = 0 [43]. The model fits the same IL-2 data with good quality (see e.g. Fig. 9),
and one can show statistically by an F-test that allowing a > 0 markedly improves the
quality of the fits [43]. Because Eq. (67) has only a limited number of parameters, it seems
an excellent choice for describing the dynamics of cells involved in rapid deterministic
clonal expansion.

Fluorescence intensity: CFSE experiments are typically performed by labeling cells in vitro
and following their division history /n vitro or in vivo after injecting the cells back into
animals. This /n vitro labeling with CFSE allows for uniform labeling of the cells, such that
one can readily distinguish the two-fold dilutions associated with each division. CFSE can
also be injected /n vivowhich has the advantage that the labeled cells remain in their natural
environment, but the disadvantage that the labeling tends to be heterogeneous, and
consequently that the CFSE profiles typically lack the typical fingers corresponding to each
two-fold dilution (which was not the case in the Choo et a/. [36] data). To estimate division
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and death rates from CFSE data that do not allow one to classify the division number of each
cell, the data has been described by changes in the mean fluorescence intensity (MFI) of
CFSE labeled cells and unlabeled cells [7, 55, 72]. Asquith et al. [7] wrote a random birth-
death model like Eqg. (13), and estimated the number of divisions that were required for a
CFSE* cells to become CFSE™ from the ratio of the MFI of all CFSE* cells over all CFSE™
cells. Finding a 2°-fold ratio, they truncated Eq. (13) at the fifth division,

dP P
d_tO: Z520pPy+ (p — d) Ps+o,  (69)

—(p+d) P
(p+d) Py, 7

dpP,
dtn =2PPn—l - (P+d) Py,

for n=1, ..., 4, and included a possible source, o, of CFSE™ cells, A5 [7]. Since /n vivo
CFSE administration may label only a fraction, 0 £1, of the cells, one can define the initial
condition of the model as Ay (0) = fand A5(0) <=1 - fto directly scale the system into
fractions of labeled and unlabeled cells. One obtains the fraction, 7, of labeled cells from the
solution of Eq. (68), i.e.,

P ZP _fe —(p+d)tz(2pt) 1 —(p+d)t(3+6pt+6(pt)2+4(pt)3+2(pt)4) (69)

CFSE is not lost by cell division, and only diluted into the two daughter cells. Thus, the total
amount of CFSE label, L, in the population is

4 n
o1
L=32fe 0y (1}’1 ') /e P! (24424 pt+12(p)*+4(p)* +(p)*) . (70)

n=0

where the factor 32 comes from the initial 32-fold ratio in the MFI of labeled cells over

unlabeled cells. Note that we have not used the equation for the unlabeled fraction, d~s/d¢,

with the source. Defining the MFI of the labeled cells as L/P one arrives at

4 (24+24pt+12(pH)*+4(pt)* +(p1)*)
3+6pt+6(pt)>+4(pt)*+2(pt)*

L
=

for the ratio of the MFI of the CFSE* population to the CFSE™ population [7].

Thus, this model predicts two observables, the fraction of CFSE™ cells (Eq. (69)) and the
ratio of the MFIs of CFSE* to CFSE" cells. These two observables were successfully fit to

B cell data from sheep, where sheep were injected with CFSE, and blood was collected at
regular time intervals thereafter [7, 55, 72], providing median estimates of ¢= 0.09 day~!
and p=0.03 day~! of B cells in normal unimmunized sheep. Given the criticism of using the
random birth-death model for fitting CFSE data due to the assumed exponential distributions
of cell cycle times and life spans [51, 79, 181], the MFI method was also tested on artificial
data generated with the Smith-Martin model [7]. Probably, because normal unstimulated B
cells proliferate rather slowly, the MFI method correctly predicted the proliferation and
death rates in the artificial data [7]. Finally, note that B cells are largely produced in the
bone marrow, and that a random birth-death model need not be the most realistic choice.
Instead one could use Eqg. (2) with a large source and little or no renewal, 750, to write a
new MFI model for unstimulated B cells.

Luzyanina et a/. [144] defined a model directly describing the Kinetics of the CFSE intensity
profile using a label-structured population model similar to the age and volume-structured
population models developed by Bell & Anderson [17]. Their models is comprised of a
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CFSE-structured PDE allowing for cell death, for the 2-fold dilution per division, and for
CFSE loss by normal catabolism. This has the immediate advantage of not having to classify
CFSE profiles into individual peaks, which is particularly helpful when the data is not nicely
fingered. Assuming that each CFSE peak represents a cohort of cells that entered their first
division at approximately the same time, Luzyanina et al. [144] wrote a label-structured
population model for the density of cells with CFSE intensity x

BOD oy (x) LD = — [ p () +d ()] 0 (1, X) +2yp (YX) N (E,YX) . Xmin < X < Xmax /Y
P by (x) 2D = — [p () +d ()] n (6, %), Xmax /¥ < X < Xmaxs

where the 1(x) term is an advection term describing the natural decay of the CFSE intensity,
the proliferation p(x) and death o(x) rates depend on the CFSE expression of the cell, and y
is the CFSE dilution factor. One would expect y = 2 if cells divide into two daugther cells
each expressing half the amount of CFSE of the parent. Cells expressing a CFSE
fluorescence intensity yx divide into two cells expressing approximately half that intensity,
x. Eq. (72) therefore considers two ranges of CFSE intensities, split at approximately half
the maximum CFSE intensity, Xmax/ y, to exclude the division into daugther cells with a
CFSE intensity higher than half the maximal intenstity. The 2 yp(yX)1(¢, yx) term describes
that a cell with CFSE intensity yx, divides into two cells with intensity x; at a rate (),
where one needs another factor ) ~ 2 to account for the doubling in the density if cells from
a CFSE intensity range [ yx, »(x+ dx)] divide into a approximately 2-fold smaller range [x,
x+dx] [17, 144].

Taking a cell’s CFSE intensity as an approximate measure for the number of divisions the
cell has completed, proliferation and death rates depended on a cell’s CFSE intensity, X, i.e.,
proliferation and death rates were approximately dependent on the division number like the
prand dy, parameters used above. This dependence was described by piecewise cubic
interpolation functions, each requiring a number of parameters. The advection term, 1X),
was either described by an exponential loss term, or by assuming a constant loss of CFSE
intensity. Fitting this PDE model directly to CFSE intensity profiles required smoothing of
the data, and required non-trivial numerical integration methods for solving the PDEs [144].
Two data sets obtained from /n vitro proliferation of T cells following polyclonal activation
were fit with this model. The loss rate of CFSE, 1X), surprisingly was not exponential. The
death rate hardly dependend on the CFSE intensity, whereas the division rate was found to
be a bell-shaped function of the CFSE intensity x, with relatively slow maximum division
rates of 0.55 day~1 and 0.8 day~1 at the third or fourth division. Finally, the dilution factor,
7, was less than two in both data sets [144].

Fitting the PDE of Eq. (72) directly to the CFSE profile circumvents the sometimes difficult
problem of assigning all measured CFSE intensities in the fluorescence profile to a
particular division number. The major drawback of the model is that the CFSE fluorescence
of a cell is not a direct measure of the number of divisions a cell has completed, and that one
may need complex dependencies to describe division and death rates that depend on the
division number. The general label-structured population approach of Luzyanina et al. [144]
has been extended by several authors [13-16, 92, 194]. Banks et a/. [15] address the
paradoxical parameter estimate, ) < 2, which suggested that CSFE was being created at cell
division. After extending the original model with cellular autofluorescence, and with a
biphasic natural loss of CFSE by replacing the exponential loss of the fluorescence by a
Gompertz decay process, they can describe the same CFSE data reasonably well with the
expected ¥ = 2 [15]. Biphasic loss of fluorescence in non-dividing CFSE labeled cells had
been observed before [146], but then the first phase had a time scale of about a week,
whereas in Banks et al. [15] the much more rapid first phase takes less than a day. Their
interpretation of the biphasic loss also differs, as Lyons et a/. [146] argue that the slow phase
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is due to the CFSE that is bound to long-lived proteins, and Banks et a/. [15] explain their
much more rapid first phase by the time it takes for CFSE to become stably incorporated in
the cell. Because the time scales are so different, both could be true, suggesting a triphasic
loss of CFSE in the absence of cell division. Importantly, in both papers [15, 146] the last
phase is so slow that labeled cells will remain well above the autofluorescence level for long
periods of time.

Schittler et a/. [194] and Hasenauer et al. [92] extend the Luzyanina et al. [144] model with
discrete populations for each division, and this extension leads to the much more intuitive
model

oy ¢ SOl = — [ po (1) +dp (1)] Po (8, %),

ot ox
Wult0) 4 VOB = [ p,, (£) +dy (1)] P (£, %) +2 Pt (8) Py (8, 73)

(73)

for n=1, ..., Mmax, and where x is the amount (or concentration) of CFSE in each cell,
which decreases at a rate 1(x). The number of cells contained in the /2" subpopulation is

defined as Py (t) = [, P (+, x) dx, and the number of cells having an amount x of CFSE is

max

n
given by P (£, %) =ano Py (2, x). After adding on the autofluorescence the latter can be fitted
directly to measured CFSE profiles, whereas the total cell number in the data is predicted by
P(H =X P{d [92]. Because the cellular dynamics are now decoupled from the CFSE
fluorescence, this system of PDEs can be simplified into a simple set of ODEs for the cell
numbers,

dPy
dt

dpP,
== [Po (®) +dy (t)] Py, dr == [pn (t) +d, (t)] Py+2p,_1 () Poo1,  (74)

for n=1, ..., Nmax, and simple linear PDEs for the loss of the normalized fluorescence.
Solving the PDEs, Hasenauer ef al. [92] derive a model that markedly speeds up the fitting
of the model to CFSE profiles. Having a combined division and fluorescence structured
model, it is much more natural to incorporate division and death rates that depend on the
number of divisions the cells have completed [92, 194]. Banks & Clayton Thompson [13]
take this model further, by choosing an appropriate {x) enabling them to restrict = 2 [15],
and rewriting Eq. (73) into the age-structured approach of the cyton model Egs. (52-57),
where division and death rates depend on the time since the last division:

IPy(t,x) + I[v(x)Po(t,x)]

>

.
+2P% (1),

PN (1) +Pge (1)

P (6) +PJe () "

t
BP0 | ALV)P (1)
ot ox

for n=1, ..., Nmax- This is a cyton model that can directed be fitted to CFSE profiles, i.e.,
without having to assign each fluorescence measurement to a particular division number.
Starting with the basic cyton model of Egs. (52-57) with nine parameters, they add on
various assumptions and find that their most complex cyton model having 13 parameters
describes this one particular set of data best [13].

We have seen above that the assumption of exponentially distributed inter-division times
that is made implicitly by ODEs performs poorly at describing the proliferation of rapidly
dividing cells. The fluorescence and/or division structured PDEs derived from Eq. (72)
make the same assumption and should suffer from similar problems. Since the CFSE data
were obtained after polyclonal stimulation of the cells, which typically triggers rapid
proliferation, it could be that the bell-shaped dependence of the division rate on the division
number that was found in these studies [15, 16, 92, 144] is an artifact that is compensating
for the too fast progress through the division cascade in these PDEs. As yet it also remains
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unclear whether the bell-shaped dependence of the division rate on the division number can
be replaced by a bell-shaped recruitment function, /(f), and a linearly increasing death rate,
which was sufficient to describe other CFSE data [78, 137]. Finally, although the PDEs
derived from Eq. (72) provide a powerful approach to model the MFI or poorly fingered
CFSE data, one should remain careful and check whether the data contains sufficient
information to reliably estimate all the parameters of such a model. Fitting complex models
to simple data calls for estimating confidence intervals, and comparing different
dependencies of recruitment, division and death on age and/or division number [158].

Branching process models: One advantage of using branching process theory is that it
allows one to calculate not only the mean number of cells in different division classes, but
also the probability of a given number of cells in a given division class. Comparison of the
theoretical predictions with the observed statistical variance can help tease apart different
mechanisms behind the variability in population behavior. Zilman ef al. [248] review a
number of the models that have been used to interpret CFSE data, and conclude that the
cyton model [96], the age structured model of Eg. (49), and continuous branching process
models, can all yield formally identical systems of equations. They provide simple analytical
solutions for a model in which the distribution of interdivision times follows a gamma
distribution, and consider examples where the division rates within lineages are correlated.
Because a gamma distribution can adopt the shape of an exponential distribution, and can
look very similar to a lognormal distribution, this seems an excellent general model for
fitting CFSE data. Disturbingly, they also show that the estimates of some critical kinetic
parameters, such as the average interdivision time, depend on the assumed distribution of
interdivision times [248]. Determining the shape of the distributions describing how death
and division depend on a cell’s age since the last division is therefore of crucial importance
for properly understanding of cell kinetics. This has recently been achieved by following B
cells and their daughters /n vitro over extended periods of time while they are dividing and
dying by video microscopy [95]. These imaging experiments suggest further complications
in the modeling of CFSE data because division and death times are strongly correlated
within the lineages descending from a single cell [67, 96, 152, 226]. Dependencies between
the life spans of parent and daughter cells are expected to affect the interpretation of CFSE
data [115].

Hyrien and Zand et a/. [35, 114-117] devised a series of age-dependent branching process to
model CFSE data, allowing for arbitrary probability distributions for the age at which cells
die, divide, revert to rest, or differentiate. Cell death was left out from their earlier models
[117], but was accounted for in their later models [35, 114, 115]. Their models allow for
lineages of cells to account for the possible correlations between daugther cells and their
parent cells [67, 96, 152, 226], and importantly they show that most of these dependencies
are not expected to change the interpretation of the CFSE data [114]. Hyrien et al. [115]
argue that the age-structured population model of Eq. (49) and the cyton model of Eq. (57)
are based upon a “competing risk approach”, where the expected life-span of cell is
completely determined by the distributions of the time to division and time to death, and that
this need not reflect the actual biology properly. One example would be a cell that inherits
the decision to die from a previous generation, and another example is a cell that needs
additional time after the decision to divide or die has become irreversible, to actually
complete the cell division or the process of apoptosis [115]. They therefore extend the model
with a probability to divide, p,, at generation 7, and let cells die with a probability 1 — o,
Cells that divide have a distribution of times to division, g,(4a), and cells that die sample their
life-span from a distribution of times to death, d,(&). Thus, the life-span of a live cell at
generation n7is determined by g,(a) if the cell divides and by d,(a) if the cell dies, whereas
in the cyton model the expected life-span is determined by the combination of g,(4) and
d,(a), and does not depend on the actual event type.
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When the model is fitted to CFSE data obtained by polyclonal stimulation of human CD8* T
cells, it is further extended with a probability that a cell neither dies, nor divides, but returns
to rest and become long-lived [115]. The CFSE profiles, i.e., the fraction of live and dead
cells expressing each particular CFSE fluorescence intensity were fitted directly to the
corresponding probablilty density functions of the model [115, 117]. The data consisted of
ten time points taken between 40 hours and 112 hours, but there was no separate data
estimating the distribution of the time to complete the first division. The proliferation of
undivided cells was modeled as a gamma distribution, fy(&), and had to be estimated from
the CFSE profiles. Allowing for different parameters for the undivided cells (7= 0) and
activated cells (n> 0), and no further dependencies on the division number, the model fitted
the CFSE data of live and dead cells well [115]. The mean time to division of activated cells
was 12.9 hours and the mean time to death was 1.5 hours. Thus, cells that are going to die,
do so rapidly. Simplifying the model by not allowing cells to revert to rest markedly
decreased the quality of the fit [115]. Another simplification of the model was made by
adopting the competing risk approach of the cyton model, and this decreased the quality of
the fit even further. Hyrien et a/. [115] argue that this poor fit suggests that the competing
risk approach cannot properly describe the biology because decisions of cell fate are made
earlier than the realization of the actual event. Indeed, it could be difficult in the cyton
model to combine a short time to cell death, probably required to explain the CFSE profile
of the dead cells, with a long time to division estimated from the whole CFSE profile, and
remain consistent with the observed increase in the cell numbers. Alternatively, one could
argue that it was not tested whether a cyton model where 5,(a), (&), and/or the progression
fraction, ¢, depend on the division number for 7> 1, would be able to explain this data.
This remains undecided as we do not know whether all the parameters of models of such
complexity are estimable from CFSE data [115]. Importantly, /n vitro imaging studies of
individual B cells provide strong statistical evidence that cell fates like division and death,
can be described by the competing risk approach assumed by the cyton model [66, 67, 95].

Miao et al. [158] also allow cell fates to be determined before the actual events and extended
the age-dependent branching process of [117] to allow for cell death. They developed an
agent based model to generate artificial CFSE data to compare how the ODE of Eq. (14), the
simple Smith-Martin model of Eqg. (58), the cyton model in [96], and two variants of their
novel branching process models perform in describing that data. To allow for fair
comparisons they also allowed for exponential distributions in some of the simulations of
the agent based model. In general the two models based on branching processes performed
best [158]. It is perfectly understandable that general models based upon age-dependent
branching process outcompete the simple ODE and Smith-Martin models; we expect that the
additional states in the new models bring about additional parameters that allow for the
superior fits.

Yates et al. [241] fit the CFSE dilution of dividing cells by describing the cellular kinetics
with a discrete time branching process lasting AV generations until the cells have diluted their
CFSE fluorescence to background levels. At every time step, or generation, of the model
cells have a particular probability to divide, p, a probability to die, &, and hence a probabily,
1 - p — d'to survive without division. Similar to what is assumed explicitly in the cyton
model [96] and implicitly in Egs. (13-49), cells retain no memory of the events in previous
divisions, other than their division number [241]. All parameters of this model are
identifiable because there are only three parameters, i.e., the length of the generation, and p
and d. Moreover, the time delay that is implied with cell division is naturally accounted for
by the generation time of the branching process, i.e., for any finite time step the population
will expand slower than one that is based on the continuous time random birth death model
of Eg. (13). Finally, a branching process allows one to estimate the process noise [161]
originating from the stochastic processes of division and death, and to compare that to the
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measurement noise in the CFSE data [241]. Fitting the model to T cell proliferation data it
was found that the best fits were obtained with different probabilities of division and death
in the first division, in divisions 1-3, and in the subsequient divisions. Having a fixed
generation time and a fixed probability for the first division implies that the time to complete
the first division obeys a binomial distribution. Since the times to first division typically
follow a time-shifted normal or log-normal (or gamma) distributions [56, 81, 96], and
because this binomial distribution would approach a normal distribution only when both the
probability to divide and the generation time are small, it is not completely clear whether
this model can deliver a realistic distribution for the time to first division.

Many different models share the problem that current CFSE data is not rich enough to
estimate all parameters reliably. Moreover in most of the CFSE data sets total cell numbers
have not been measured, and one only knows the frequency distribution over the division
classes. Cell death rates can only be estimated when total cell numbers are known. Although
directly fitting CFSE profiles would seem very helpful, it is not obvious that the CFSE-
structured PDE of Eq. (72) [144] is the best approach. Rates of cell division and death would
depend on a cell’s CFSE intensity when division and death rates depend on the division
number (like in Eq. (67)), but division and death rates may also depend on the time since the
last division, i.e., a cells age, see Eq. (49) and Refs [43, 96, 248], which is a period during
which a cell’s CFSE intensity should hardly decline. Thus, one could develop more realistic
models by structuring the population by age and division number, and on top of that keep
track of the CFSE loss over time and dilution by division. For instance, one could allow for
an exponential loss of the mean CFSE fluoresence intensity of undivided cells over time,
allow for a mean and variance of the CFSE intensity of undivided cells, and calculate mean
and variance of divided cells by propagating the increase in the variance with every division.
After estimating the loss rate, mean and variance from the data, such a model would allow
one to calculate the corresponding CFSE profile from the precursor distribution, and hence
would allow one to fit Eq. (49), the cyton model [96], or any other continuous branching
process [115, 158, 248] directly to CFSE data.

5.1.2 Some examples of biological interpretation of CFSE data—The slow
renewal of CD8* memory T cells specific for particular epitopes from LCMV was recently
characterized by labeling memory P14 CD8" T cells /n vitro with CFSE and transferring
these cells into naive recipients [36]. Recipient mice were then serially bled at various time
points posttransfer and both the number and the CFSE profiles of the transferred memory
cells were longitudinally assessed in individual mice. Transferred memory CD8 T cells were
stably maintained in the recipient for the entire duration of the experiment. The percentage
of undivided cells decreased exponentially with time, suggesting that this was a
homogeneous population of memory cells, and that the recruitment into division was
stochastic. Since the CFSE dilution was slow, the data was described with the cascade
model of Eq. (13). As expected from Eqg. (15), the mean number of divisions and the
variance in the number of divisions both increased linearly with time. Fitting the CFSE
distribution in the number of cells over time, in each mouse, to the Poisson distribution of
Egs. (14) and (15), the estimated rate of division was in agreement with that estimated from
the rate of increase in the mean number of divisions [36]. These observations implied that
the homeostatic turnover of memory CD8 T cells occurred stochastically, and that the
probability that a memory cell divided did not depend on its previous division history. This
stochastic turnover resulted in an average rate of division of p = 0.02 day™2, or an
intermitotic time (1/p) of approximately 50 days (see Table 3).

The homeostatic proliferation that naive T cells undergo following adoptive transfer into an
environment with low T cell numbers was studied by Yates et a/. [242]. They labeled F5
TCR transgenic naive CD8" T cells, which are specific for an influenza peptide, with CFSE
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and transferred these cells into Ragl knockout mice that have no endogenous T cells. At
different time points lymph nodes were recovered from the recipient mice to record the
CFSE profiles. In the presence of cognate antigen, i.e., the influenza virus, CFSE dilution
was rapid due to the vigorous clonal expansion of the F5 T cells. In its absence, the F5 cells
started to grow exponentially after a few days. The mean division number (as defined by Eq.
(15)) increased linearly with time, with some evidence for a slowing-down after about two
weeks. Fitting the Smith-Martin model to the data obtained in the absence of cognate
antigen, Yates et al. [242] estimate an average time between divisions of 1/p+ A ~ 5 days
(with A ~ 7 hours). Comparing the deterministic model of Eg. (66) with the Smith-Martin
model, having an exponential recruitment into division, on this data they concluded that
homeostatic proliferation involves stochastic recruitment into division. To account for the
reduction in the expansion rate after two weeks, the Smith-Martin model was extended with
an exponentially decreasing proliferation rate. The extended model fitted the data
significantly better and estimated interdivision times starting at 3.4 days and declining to
11.3 days after two weeks [242], which remains much slower than what is observed during
immune responses to cognate antigen.

To investigate the role of IL-2 in T lymphocyte proliferation, CFSE-labeled naive CD4* T
cells were stimulated /n vitro with anti-CD3 antibodies at different concentrations of
exogenous IL-2 [56]. This data was originally interpreted with Eq. (66), i.e., by assuming a
lognormal distribution, /(2), of division times for the first division, and deterministic
expansion with a fixed interdivision time for the divided cells [56]. This analysis suggested
that IL-2 mainly affects the fraction of cells recruited into the response, the interdivision
time, and the probability of cell death during the division for divided cells. Since visual
inspection of the CFSE data suggested that there should also be some stochasticity during
the later divisions, the same data was later analyzed with extended Smith-Martin models
[78, 137]. Assuming either a delayed gamma distribution or a lognormal distribution for the
recruitment function, /(f), the new analyses confirmed that IL-2 affects the fraction of cells
recruited (the recruitment data were slightly better explained by the delayed gamma
distribution [137]). Ganusov et a/. [78] fitted Eq. (65) to the data and found that having an
increased rate of death at the higher division numbers significantly improved the quality of
the fit, which led to their interpretation that the main effect of IL-2 is a reduction of the
cellular death rate after a few divisions. This is in good agreement with independent /n vitro
data [220]. Lee & Perelson [137] instead made the assumption that the length of the B phase
increases with the division class, i.e., A,= Ag + nA, and found that this heterogeneity also
improved the quality of the fit to the data, leading to their result that a main effect of IL-2 is
a change in the interdivision time. Unfortunately, it was never tested which of these two
explanations is most realistic, and/or if both are valid. Collectively, this illustrates how the
choice of the mathematical model may determine the results one obtains, and that it is
important to understand the modeling and study various possibilities.

The proliferation of B cells was studied in a similar fashion by stimulating naive B cells /n
vitro for different periods of time with various concentrations of different stimuli [212]. T
cell-dependent stimulation was mimicked using an anti-CD40 mAb and IL-4, whereas the
Toll-like receptor (TLR) agonists LPS and CpG were used as T cell-independent stimuli.
The CFSE data was analyzed by computing the change in the mean division number
(defined by Eq. (46)), and the total cell numbers over time. The analysis suggested that for
all stimuli the fraction of cells recruited and the rate of population growth increased with the
concentration of the stimulus. Similarly, the duration of the stimulus correlated with better
expansion and a larger fraction recruited. Thus, both the concentration and the duration of
the stimulus appear to play a key role in the overall proliferative outcome. The type of
stimulus determined at which time point proliferation would stop, which caused the
populations to decline, suggesting a unique intrinsic limit to B cell proliferation for any
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given stimulus, even when stimulation conditions were improved by diluting the population
[212]. Additionally, proliferating B cells were sorted according to the number of divisions
they had completed, and were transferred into separate cultures. Tracking the subsequent
divisions revealed that cells having completed more divisions proliferate less, suggesting
that that a division-linked limit is the key regulator of the extent of B cell proliferation [212].

Similar B cell data from the same laboratory were analyzed by fitting an analytical cyton
formulation of the extended Smith-Martin model of Eq. (65) to the data [136]. In these
experiments naive B cells were stimulated with LPS in the presence or the absence of IL-4.
The recruitment into the first division was measured with thymidine labeling, and was fitted
with a recruitment function, A(#), assuming a delayed gamma distribution of the division
times. Although here a lognormal recruitment function explained the data slightly better, the
very similar gamma distribution allowed for analytical solutions [136]. When IL-4 was
present, a greater proportion of cells were recruited into division, but with a longer average
time to complete the first division. Similar to the protective effect of IL-2 on proliferating T
cells [78], it was observed that IL-4 has more of an effect on the death rate of B cells than on
the rate of proliferation. The most profound effect of IL-4 was to decrease death rates for
smaller division classes [136]. As an alternative for the inhomogeneous death rates in Eq.
(65), the possibility of the above-mentioned increase in the length of the B phase depending
on the division class was tested on this data. This analysis showed that for proliferating B
cells, Eq. (65) with the increase of death rate provides a better fit than the model with an
increase of cell cycle length [136].

The fitting of the CFSE data from human CD8" T cells after polyclonal stimulation by the
extended age-dependent branching process model suggested that cell division takes
approximately 12.9 hours and cell death about 1.5 hours in human CD8* T cells [115]. The
activated cells die with a probability 0.13 per generation, they divide with a probability 0.66,
and they revert to rest with a probability 0.21 per generation. The fact that about 20% of the
cycling cells reverts to a quiescent state at each generation could account for the generation
of separate lineages of memory cells and effector cells during clonal expansion [78, 115,
245]. The fact that cells die so rapidly suggests that the decision to die is made in preceding
generations, which we would predict that sister cells are expected to die at similar times
[115]. This prediction is born out by the experiments where individual B cells were followed
in vitro by imaging [67, 95].

6 TRECs and telomeres

In addition to labeling populations to characterize their population dynamics one can study
particular markers that reflect the division history of cells. Two such markers have been
studied in the past: (1) telomeres, which are the non-coding ends of chromosomes that
shorten every cell division, and (2) T cell receptor excision circles (TRECSs), which are small
circles of DNA that are formed when T cells rearrange the gene segments coding for their
antigen receptors in the thymus. Since TRECs are not duplicated when cells divide, the
fraction of TREC™ cells in a population provides information about the frequency of cell
division. Similar information is provided by the average telomere length of a population
because cell division shortens the telomeric ends of chromosomes. Note that the expected
number of TRECs per cell, here called the TREC content of a population, declines
geometrically with cell division, since the TREC content halves with every division,
whereas the telomere lengths decline linearly with division, because every division removes
50-100 nucleotides [88, 218]. Remarkably, in the literature the use of telomeres was
typically restricted to measuring cell division [192, 229], while TREC data were originally
used to measure thymic output [62], even though both should be influenced by de novo
production and peripheral division.
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TRECs have been used to quantify the output of newly produced naive T cells from the
thymus. This is an important parameter to estimate because the size of the thymus declines
with age [203], and the reduced production of novel naive T cells with unique new antigen
receptors is thought to play an important role in aging [165]. It was therefore a major step
forward when thymic output could be quantified by the introduction of the TREC assay [62,
130]. Since TREC:s are not copied during peripheral proliferation, each TREC remains a true
marker of thymic origin, and the number of TREC™ cells in a population reflects the number
of cells that were originally produced by the thymus at any point in time and that are still
present in the periphery. Conversely, the number of TREC™ naive T cells reflects the
number of cells in the population that have been produced by peripheral proliferation. The
average TREC content of a naive T-cell population can therefore be used to estimate the
fraction of cells that were originally produced by the thymus. When the average number of
TRECs per CD4* or CD8* T cell was measured in healthy individuals of different ages, an
exponential loss of the TREC content was observed [62], reminiscent of the supposedly
exponential decay of thymus output with age [203]. The TREC content of T lymphocytes
has therefore been widely used to measure thymus output. For example, the fact that the
TREC content of CD4* and CD8™ T cells tend to be reduced in HIV* patients, has been
taken as evidence for HIV-induced loss of thymus output [62].

TRECs are usually measured as the fraction of the amount of DNA analyzed, and are
therefore typically expressed as TREC content, i.e., the average TREC number per cell.
Reviewing TREC data one needs to be careful about the population that is being sampled,
and the best data measure TREC content within naive T cell populations [89] and/or even
within subsets of naive T cells [124, 125]. Measurements that have lumped the naive and
memory T cell subsets may be biased by shifts in the naive and memory ratios, as memory T
cells tend to contain few TRECs [140]. Another difficulty in the interpretation of TREC data
is that TRECs are long-lived, and are thus not a direct marker of current thymus output.
Indeed, in patients who had been fully thymectomized, TRECs could still be identified in
CD4" and CD8™ T cells up to 39 years after thymectomy [62]. Intuitive interpretation of
TREC data may therefore easily lead to false conclusions [41, 99, 102, 140], and
mathematical modeling is required for proper interpretation.

There are several ways to formulate models for the TREC dynamics in naive T cell
populations. One approach is to write equations for both the TREC* and TREC™ naive T
cells [140], and another is to extend cascade models like Eq. (13) realizing that the TREC
content of each population halves with every cell division [213]. The latter has the
advantage that it can also be used for tracking the average telomere length of the population
(see below). Hazenberg et al. [102] proposed a very simple TREC model, simplifying Eq.
(2) for naive T cells by lumping death and activation into a single loss rate ¢, and adding one
equation for the total number of TRECs in that population, i.e.,

d—N— (@)+(p—-d)N, (76
dt—(ra+p , (76)

where o(4) is an age-dependent thymic production rate, pis the renewal rate, and d'is the
loss rate of naive T cells. Note here age refers to the age of an individual, not the age of a
cell. The corresponding dynamics of the total number of TRECs, 7, was described as:

dar
E—CO‘ (a) —dT, (77)
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where cis the average TREC content of a cell appearing from the thymus (i.e., a recent
thymic emigrant). Since TREC can only be produced in the thymus, the total number of
TREC is not affected by peripheral proliferation, i.e., Eq. (77) lacks a proliferation term.
Thymocytes that have formed their TREC(S) by rearranging their T cell receptor on average
complete a few divisions before emigrating from the thymus [62], and the expected value of
the TREC content of a recent thymic emigrant is approximately 1/8 ¢ 1/4 [11, 243]. Because
a T cell can rearrange its T cell receptor genes on both chromosomes, < <a thymocyte may
contain two TRECs. However, because of subsequent divisions in the thymus very few
recent thymic emigrants will contain more than one TREC. Naive T cells will typically have
either zero or one TREC and Eq. (77) should approximately reflect the number of TREC*
naive T cells in the system. From these two equations one can derive that the TREC content
(C= T/N) changes according to:

d_C_a'(a)
dt~ N

(c=C)—-pC. (18)

One can immediately see that the total number, 7, of TRECs in the system provides a much
better estimate for thymic production than the TREC content, C, because the latter is
confounded by peripheral proliferation [41, 140, 187]. For estimating thymus output it
would therefore be good practice to analyze total TREC numbers in addition to TREC
content [41, 140].

Assuming that the TREC content is in quasi steady state, i.e., assuming dC/dz= 0, the TREC
content is equally affected by thymic production, o(4), and peripheral proliferation, A,

C o)

¢ o(a) +pN’ (79

This equation has various interesting implications. First, the TREC content can only decline
with age if naive T cells proliferate, i.e., if p> 0. The experimental data demonstrating that
the TREC content of human naive T cells declines one to two orders of magnitude over
one’s lifespan [89], whereas the TREC content of thymocytes, and probably that of RTEs
(¢), remains constant [118], “proves” that human naive T cells divide without switching to
the memory phenotype (provided that TRECs are stable) [68, 102]. Second, if the system
were in quasi steady state, and if there were no density dependent regulation in the naive cell
compartment, that is, if the number of naive T cells was simply proportional to the thymic
output, i.e., if M) o o(a), the average TREC content would approach a constant value
(provided TRECS are stable). Thus, the fact that the TREC content declines provides
evidence for homeostasis within the naive T cell compartment [68, 102]. Third, Eq. (79)
shows that the scaled TREC content, C = C/, of the naive T cell population reflects the
fraction of cells that were originally produced in the thymus (because the o(8) + pNterm in
the denominator reflects the total production) [57], which makes sense because TRECs
remain a marker for cells that were originally produced in the thymus. Human TREC
contents measured in thymocytes, cord blood cells, and naive T cells taken from volunteers
of various different ages, suggest that CD4*CD8™~ thymocytes and CD4* cord blood cells
have an indistinguishable TREC content of ¢~ 0.2/cell [57], and that 30 year old adults have
a TREC content of C~ 0.04/naive CD4* ~ T cell [57, 89]. This would argue that in a 30
year old healthy human adult the scaled TREC content C » 0.2, i.e., that about 20% of their
circulating naive CD4* T cells have originally been produced in the thymus [57]. Finally,
note that the reported decline in TREC content with age is reasonably well described by C=
0.2e70-0552 \where ais age in years, which agrees surprisingly well with the yearly 5% loss
of productive thymus tissue estimated by Steinmann et a/. [203].
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These results can also be used to understand the mechanisms by which the population
densities of CD4* and CD8* naive T cells in HIV* patients are reduced [190], and their
TREC:s are diluted [89]. The most likely explanation for the reduction in naive T numbers is
increased priming by immune activation [101], taking cells from the naive into the memory
compartment, which in the model for naive T cells corresponds to increasing d. Lowering
the number of naive T cells, A, by increasing dwould however increase the TREC content
(see Eq. (79), Hazenberg et a/. [102] and Dutilh & De Boer [68]). Low TREC content calls
for increased proliferation (see Eq. (79)), which would however increase . Because this is
intuitively difficult to understand, let us define the division rate as p = ad, where 0 a 1
because p < d. According to this definition a fraction 1/(a + 1) of the cells are expected <
<to die before they divide. Then use the steady expression of Eq. (79), and the steady state
of Eq. (76), i.e., N= o(a)/(d[1 - a]), to compute from the observed scaled TREC content, C,
and the actual number of naive T cells, A, i.e.,

—~ lon
C=1-0 and N=—. (go
ca €9

This shows that 1 — Cdirectly estimates “the likelihood of cell division over the expected
life span of a cell”, a, and that to explain decreased naive T cell counts given a particular
thymic output the death rate has to increase more than the TREC content decreases.

Estimates of the death rate are available from studies using deuterium labeling of CD4*
naive T cells in healthy volunteers [223] and HIV* patients [224], which suggested average
loss rates of ¢=0.0005 day~! and = 0.00152 day~1, respectively (i.e., life spans of 5.6 and
1.8 years, respectively; just exceeding a 3-fold difference). Naive T cell counts are depleted
during HIV-1 infection, and after one or two years of HIV-1 infection one readily observes a
5-fold TREC dilution and a 2-fold reduction of the number of naive CD4* T cells in the
blood. Given that C and d’are known, Eq. (80) can be used to estimate the impact of HIV-1
on thymic output. For instance, for a normal individual with 500 naive CD4* T cells per ul
blood, a death rate of o= 0.0005 day~%, and a scaled TREC content of C = 0.2 TREC cell™},
one estimates that o= 500 x 0.2 x 0.0005 = 0.05 cells uI~1 blood day™1. A “typical” HIV*
patient with an approximately 3-fold faster loss rate of ¢= 0.00152 day~1, a 2-fold reduction
of its naive T cell numbers (A= 250 cells), and a 5-fold lower scaled TREC content (C =
0.04), would therefore have a thymic production of o= 250 x 0.04 x 0.00152 = 0.0152 cells
w11 blood day~1, which is approximately 30% of the normal thymic output. Summarizing,
to explain the TREC dilution in HIV* patients one has to invoke increased division rates of
the naive T cells [102], which compensates for their increased loss rate d. To explain severe
naive T cell depletion in combination with significant TREC dilution, one has to invoke
decreased thymic production, and the more TREC dilution (i.e., the more the division), the
lower the estimated thymic production that is required to explain marked naive T cell
depletion. Note, that this reasoning is based upon steady state behavior, and that the
dynamics of naive T cells are very slow. A numerical simulation over 20 years of Eqgs. (76)
and (77) reveals that the 5-fold TREC dilution occurs much faster than the 2-fold depletion
of the naive T cells (Fig. 10), which argues that the quasi steady state of Eq. (78) is a better
approximation than that of Eq. (76).

It has been observed that both HIV* patients under successful treatment [89], and human
stem-cell transplantation patients [64], have TREC contents that are higher than normal.
This has been interpreted as evidence for increased thymic production (“thymus rebound”)
[64]. Employing similar mathematical models, Ribeiro & De Boer [187] show these higher
than normal TREC contents may in fact reflect the normal influx of recent thymus emigrants
into a virtually empty peripheral T cell pool. Indeed, according to Egs. (76-77) the TREC
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content will approach its maximum, C — ¢, when the peripheral pool largely consists of
recent thymic emigrants, even if thymic output is normal.

Cascade models like Eq. (13) have been used to model the TREC dynamics of the serial
compartments of thymocytes, recent thymic emigrants, and naive T cells [213]. One choice
is to model the dynamics of TREC* and TREC™ cells in each compartment, i.e.,

dN,

> =co () - (p+d) Ny, —-=pN;_, —(p+d)N,,
+pN*t

— 4N -
> =(l-0o®-(p+td)N,, “==2pN -1

n-1

8
— (p+d) N}, )

forn=1, 2, ..., /, where the source o() is the inflow from the preceding compartment, and
where the plus and minus superscripts denote TREC* and TREC™ cells, respectively. Upon
the A" division cells are assumed to mature into the next compartment, e.g., transform from a
thymocyte into an RTE, where they then appear as a source o(f) weighted by their TREC
content ¢. Here ¢ obtains the interpretation of the fraction of TREC* cells in the source (i.e.,
we assume that cells cannot harbor more than one TREC). Note that the division of a
TREC™ cell preserves the TREC* cell and leads to one new TREC™ cell. Alternatively, one
can model the total number of TRECs in the cascade, 7, with one equation, i.e.,

I viy—an-L N/ 82)
ar 7 2l

n=1
where V =ZHZONI, and the last term is the cell division of the last stage /V;of the cascade in
this compartment weighted by its expected TREC content 27/, and define the TREC content
as C= T/N[213].

Bains et al. [11, 12] generalize Eqs. (76-77) by letting all parameters depend on time, i.e., on
the age of the individual, to investigate the contribution of peripheral renewal, o(H) M9, to
the maintenance of naive CD4* T cells during childhood. Their analysis is based on TREC
measurements in T cells in young adults from Douek et a/. [61], who recalculate their TREC
data into TREC content of naive T cells by assuming that memory cells contain no TRECs,
and by dividing the measured TREC content in individuals of different ages by the measured
fractions of naive T cells. Because the recalculated data suggest that the TREC content does
not decline up to an age of 20 years, Bains et a/. [11] argue from Eq. (79) (their Eq. (4)) that
the relative contribution of thymic production and peripheral renewal should not change
with age. Thus, because thymic production is decreasing with age, the total production by
peripheral renewal should decline similarly when youngsters mature. Total naive CD4* T
cell numbers in the body, M, tend to increase during the first 20 years of life, and were
computed by multiplying the measurements in the blood with the dependences of blood
volume with body weight [141], and of body mass with age, and by assuming that 2% of the
naive T cells resides in the blood [11].

In Bains et al. [11] thymic production, (%), was assumed to be proportional to the volume of
productive thymic tissue, which has been measured, and declines with age [203]. Using an
estimate for the TREC content of a recent thymic emigrant similar to that defined above, i.e.,
¢=0.25, and having estimates for the thymic output, o(#), and the total number of naive T
cells, M9, they estimate the division rate p(#) from Eq. (79). The interdivision time, 1/p(9),
in children between 1 than 5 years was about 125 days, which increased to 1/p(#) = 500 days
at the age of twenty. Similarly, substituting 7 (5 = CM¥) into Eq. (77) they computed the
death rate from
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1 c dN
d(t):N—(t)(O-(t)E_E)’ (83)

and find expected life spans of naive T cells of 1/d= 70 days between the ages of 1 to 5
years, increasing to approximately 400 days at the age of 20 years [11]. These life spans
would become longer if lower estimates of ¢ were used. This expected life span of about one
year for naive CD4* T cells in young adults is in good agreement with the short term
deuterated glucose labeling study of Macallan et al/. [150], but is over 5-fold shorter than the
life spans estimated in the long term deuterated water study of Vrisekoop et al. [223].
Finally, finding that C/c~ 0.08/0.25 =~ 0.32 the authors calculate from Eq. (79) that up to an
age of 20 years only 32% of the total naive T cell production is due to the thymus [11].

In their second study, Bains et a/. [12] used published measurements on the fraction of
Ki67* naive T cells in individuals of 0-30 years, which decreased with age and
approximately obeyed 0.02e70-14 where ais age in years, to estimate how the fraction of
dividing naive T cells decreases with age. To translate Ki67 expression into a division rate it
was assumed that a dividing naive T cell is Ki67™* for about half a day (note that Fig. 6b
would suggest that five days is a more appropriate estimate). Combining the estimated
proliferation rate, the stable TREC content, with the observed naive T cell densities per ul of
blood, the thymic output was computed from Eq. (79) (their Eq. (10)). Using this approach,
they estimated that at birth the average human thymus exports 6.9x108 CD4* T cells day 2,
which approximately doubles during the first year of life to 1.4 x 109 CD4* T cells day 2.
After this peak thymic export declines in a biphasic manner with a decline of 12% per year
between one to eight years, and 4% per year later on [12]. These rates are reasonably
consistent with those predicted by the classical histological study of Steinmann et a/. [203],
except for the decline of 12% per year in one to eight year olds, which is somewhat too fast.
The two studies are not entirely consistent on the relative contributions of thymic production
and peripheral renewal because the estimated thymic output in Bains et a/. [12] is several-
fold higher than that in Bains et a/. [11]. The particular translation of Ki67 expression into a
division rate in Bains et al. [12] could be responsible for this discrepancy because increasing
the estimate for the duration of Ki67 expression changes the estimate of thymic output. In
both studies the relative contribution of the thymus in the maintenance of naive CD4* T
cells remains smaller than that of peripheral renewal, even in these relatively young
individuals [27], which is in good agreement with the even smaller contribution of the
thymus estimated later in life [57].

6.2 Telomeres

Chromosomes have unique structures at their ends consisting of non-coding tandem DNA
repeats that are called telomeres. Due to the incapability of DNA polymerases to copy the
very ends of chromosomes, telomeres shorten with each cell division [23, 88]. Since each
cell division leads to the loss of 50-100 terminal nucleotides from each chromosome, the
average telomere lengths of all chromosomes in a cell provides a record of a cell’s
proliferation history. Telomere shortening also has functional consequences, as it limits the
replication capacity of cells when the telomeres become too short [1, 97, 98]. The
implications of this “Hayflick limit” on the senescence of immune responses has been
addressed by mathematical modelling [180]. Activated T cells may express the enzyme
telomerase that elongates the telomeric ends of the chromosomes [106, 228, 230].

One can develop a model for the average telomere length of a naive T population by adding
a source to Eq. (13), i.e.,
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dN, dN,
d—to=o-(a> ~(prd)No,  —"=2pNyy — (prd) Npn=1,2,... 00, (84)

where nis the division number. Summing these equations yields Eq. (76) for the total naive
T cell population. When Lj is the average telomere length of recent thymic emigrant A, and
L is the telomere loss per division, one can obtain for the average telomere length

2 (Lo —nLpa) Ny (2) 2nNy (1)
L(t)=2 NG =Ly — LA”N—(t). (85)

Taking the derivative gives

SN, >nN,N’
=— LA+l
=—2pLy—(p—d) (Lo~ L)+X-(Ly - L), @

— (@)
== 2pLa+ (Lo - L) 5,

dL
dt

where the “ denotes differentiation with respect to time. Thus, in the absence of a source the
average telomere length declines with twice the division rate [47], times the telomere loss
per division (the factor two is due the fact that cell division gives two daughter cells with
shortened telomeres). This has the quasi steady state

L=Ly N 2pL d L=L 2pLa
= - — an = - —_—
@ 2P Ol (87)

at the steady state of Eq. (76). Interesting, these equations confirm that the average telomere
length declines linearly with the proliferation rate, as opposed to the TREC content which
declines geometrically with p.

In an earlier paper of a cascade model without a source, the mean division number gy, =

~ NN of Eq. (84), was differentiated to derive that for o(# = 0 the change of the mean
obeys dup/dt= —2p, [47]. Because the change in the mean division number should be
proportional to the rate of telomere erosion, this was also interpreted to argue that the rate of
telomere loss reflects twice the proliferation rate. Note that we showed above that such a
cascade model generates a Poisson distribution of cells in the different division classes, i.e.,
Eqg. (15), with mean w(9) = 2pt, yielding the same du/dz = 2p. A second contribution of that
paper [47] was the study of telomere lengths in a cascade model coupling naive, A, and
memory, M, T cells, i.e.,

M,
dt

=2p,M,_1 — (p,,+d,,) My+a,C,N, (88)

N ~N" "'n-K°

where &y is the activation rate of naive T cells, ¢y is their clonal expansion, and K'is the
average telomere loss during clonal expansion. Telomere erosion during clonal expansion
may be reduced due to telomerase expression in activated T cells, i.e., 2K & ¢y [47].
Differentiating the mean division index, w4 of Eq. (88) it was shown that

dauM

——=2p, —ayc

N
” (y =1y —K),  (89)

"M

arguing that the rate of telomere erosion in memory T cells is less than proportional to 20,
because it is bounded by the influx of naive T cells having a lower average division number.
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Subtracting dua/df= —2pp from Eq. (89) gives an ODE for the difference between the mean
naive and memory division indices

d/JA N
7=2 (pM - pN) - aNCNM (ua — K)  (90)

which will ultimately approach the steady state

2(pM_pN)K
a,c N’

NN

Ha=K+ (91)

From this equation one can see that the average telomere lengths of naive and memory T
cells should approach a fixed distance, and thus ultimately decline at the same rate 2p,,[47],
despite the fact that memory T cell divide more frequently than naive T cells, i.e., pys > oas

This is perfectly consistent with experimental results showing than the average telomere
lengths of naive and memory T cells decline at the same rate with age [229], and
unfortunately argues that the rate at which telomeres erode says more about the division rate
of the precursor population than about that of the population itself. The same holds for naive
T cells, because they are formed from progenitor populations in the bone marrow, that are
also eroding their telomeres [192]. Thus, Eq. (86) allowing for a source of cells with
telomere length L, that could be declining over time, seems a good general model. From its
steady state Eq. (87) one can indeed see that the average telomere length would follow Lg
with a fixed distance. This is probably the explanation of why the telomeres of granulocytes,
naive and memory T cells all erode at a rate that is set by the telomere erosion of their
common precursor, the hematopoietic stem cell [192].

This review started by arguing that we know too little about the production rates, division
rates, and death rates of lymphocytes during health and disease. Although we have discussed
several papers estimating these kinetic parameters in various circumstances in mice,
monkeys and men, we have also shown that reliable quantitative interpretation of
experimental data in immunology remains challenging. In several cases the biological
interpretations depended strongly on the particular assumptions underlying the mathematical
model that was used to fit to the data. It is of utmost importance therefore to interpret
experimental data with the most appropriate mathematical models that are currently
available, to know which models are most appropriate for what experimental setup, to
compare the outcome of the different models, and to fully understand the assumptions
underlying the different mathematical models. Reliable modeling of experimental data
therefore requires close collaboration between the immunologists performing the
experiments and the theoreticians developing the mathematical models for interpreting their
data. These modelers should be fully aware of the intricacies of the experiments and should
help design them to optimize the statistics of their fitting procedures. The immunologists
have to fully appreciate the precise assumptions underlying the various mathematical models
and help to ensure that these assumptions are biologically realistic. These requirements are
increasingly being met in modern systems immunology [69].

Despite these technical difficulties of enriching immunology with quantitative estimates,
several reliable kinetic parameter estimates have been obtained over the past decade. In
healthy human adults naive T cells have expected life spans of almost a decade [223], and
are largely maintained by peripheral renewal, leaving a fairly minimal role of thymic
production [11, 12, 57]. In mice, which have expected life spans of about two years, naive T
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cells are expected to live for a few months and the thymus plays the major role in their
maintenance throughout life [57, 231]. Total memory T cell populations tend to be stable,
but turn over much more rapidly than naive T cell populations, with expected life spans of
30 to 52 weeks in humans [223] and about two weeks in mice [231]. In mice memory T cells
specific for LCMV have longer expected life spans of 50 days [36, 244], and it is not known
why the other memory phenotype cells in mice tend to have shorter life spans [231, 244].
The difference in the expected life span of naive and memory T cells is smaller in mice than
it is in men, which is at least partly due to the relatively short life span of naive T cells in
mice caused by their high thymic production throughout life. Indeed the life spans of naive
T cells tend to be longer in thymectomized mice [57, 176, 209, 221].

Overall, the scaling in the expected life spans of naive T cells between adult mice and men
is almost a factor fifty, from approximately ten weeks (i.e., 7 to 13 weeks [231]) to almost
ten years (i.e., 8.4 to 9.4 years [223]), which is not so far from the ten-fold difference that is
expected from basic scaling laws [109]. For memory T cells this scales from about two
weeks in mice to 30 to 52 weeks in humans, i.e., an average factor of about twenty. During
normal homeostasis CD4* T cells tend to be turning over more rapidly than CD8* T cells,
and this is true for both naive and memory T cells, in mice, men and sooty mangabeys [57,
121, 223] but not in rhesus macaques [46, 162]. Memory T cell populations are
heterogeneous and consist of several subpopulations with markedly different rates of
turnover, whereas naive T cells tend to be homogeneous [231].

Quantitative interpretation of CFSE experiments has taught us that in mice the first division
of recently activated cells typically takes several days, and is followed by a fairly
deterministic clonal expansion phase during which cells divide much more rapidly, e.g.,
with cell cycle times of about half a day both /n vitro [43, 78, 81, 96] and /n vivo [2, 44,
107]. During the clonal expansion triggered by an acute infection in mice, CD8" T cells
divide somewhat faster than CD4* T cells, i.e., with doubling times of 8 vs. 11 hours, over
approximately the same time period, thus allowing for larger expansion of CD8* T cells
[44]. After the peak of the response activated CD8* T cells contract much faster than
activated CD4" T cells [44], but afterwards approach a stable memory phase comprised of
self-renewing memory T cells [36]. In the much larger rhesus macaques the rate of clonal
expansion is about one per day, as estimated from the growth rate of antigen specific CD8*
T cells responding to SIV infection [39]. This one per day corresponds to a doubling time of
16 hours, which is only 2-fold slower than that in mice. Since there are so few data on acute
T cell reactions in humans (but see Turnbull et a/. [211] for an exceptional, but yet difficult
to quantify example suggesting growth rates of 0.2 day™1, or doubling times of 3.5 days),
and/or any other large vertebrates, we know little about the maximum expansion rates of T
cells in large species. It has been argued that acute immune responses should not obey the
general scaling laws because all species need to mount a large adaptive immune response on
a time scale of days to a week [33] (although pathogens do replicate somewhat slower in
larger host species). Nonetheless, in mice, T cell expansion is observed to start within one to
two days after infection [44, 131], whereas it has been shown that in vaccinated macaques
antigen-specific T cell expansion may not start until one or two weeks after infection [39,
40]. Scaling aspects of the immune response have also been studied by Perelson and Wiegel
[178, 234].

Although this review has focused on quantifying T cell turnover in normal healthy immune
systems, much of the current interest in estimating turnover rates comes from the increased
cellular turnover rates observed during chronic infection with HIVV-1 and HIV-2 in humans,
and with SIV in macaques. A large variety of techniques, varying from Ki67 staining [37,
71, 193, 247], BrdU labeling [46, 121, 132, 162], deuterium labeling [103, 105, 134, 163,
224], TREC analysis [60, 62, 102, 140, 187], telomere analysis [173, 238, 239] and various
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combinations thereof [61, 89, 172] have unequivocally established that T lymphocytes are
turning over more rapidly in chronically infected patients and macaques than in healthy
controls. It has been difficult to precisely quantify the fold increase in T lymphocyte
turnover because (1) the estimation of turnover rates from this data can be challenging, (2)
studies have not always separated naive from memory T cells, and (3) the rates of cell
division, i.e., the fraction of Ki67* T cells, depend on the viral load and the density of CD4*
T cells [37, 193]. Long-term deuterium labeling in volunteers and HIV-1 infected patients
suggests that the turnover rate of memory CD4* and CD8* T cells is approximately 3-fold
increased in patients with CD4* T cell counts between 180 to 450 cells per wl blood [224].
The variation in the turnover rate of naive T cells was higher, with a similar 3-fold increase
in the naive CD4* T cell compartment, and a 12-fold increase for CD8* naive T cells [224].
Note that such data are typically interpreted with mathematical models assuming steady
state, which seems reasonable because the time scale of CD4* T cell depletion is much
slower than the estimated turnover rates. Indeed during labeling experiments in chronically
infected patients there is no evidence for a decline of the CD4* T cell population. This is not
surprising because if the CD4* T cell count falls from 1000/ to 200/, the definition of
AIDS, over 10 years, the average decline is 6.7 cells/ul per month, which is extremely
difficult to detect over a short labeling period.

Similar several-fold increases in T cell turnover seem consistent with most of the studies
cited above, and collectively these observations form the basis of the “immune activation”
hypothesis arguing that this perturbation of the normal T lymphocyte Kkinetics is
mechanistically responsible for the slow depletion of CD4™ T cells [19, 63, 85, 101]. The
other basis of this hypothesis is the lack CD4* T cell depletion in chronically infected
natural hosts of SIV, like sooty mangabeys and African green monkyes, which do have high
viral loads, but no signs of immune activation [30, 34, 121, 174, 195, 196]. Patients with
very low viral loads and very slow disease progression, i.e., the long term non progressors or
elite controllers, do have evidence for some immune activation [3, 18, 112, 171]. In HIV-1
infected patients the turnover rates of CD4* and CD8* T cells tend correlate positively with
the viral load in the plasma, positively with LPS levels in the plasma, and negatively with
the CD4™ T cell numbers in peripheral blood [37, 112, 193]. The increased T cell turnover in
patients with low CD4* T cell counts is not, or hardly, due to homeostatic response
however, because T cell activation markers decline dramatically after the initiation of anti-
retroviral therapy long before the recovery of the CD4* T cell pool [100]. Moreover,
immune activation is not restricted to CD4* T cells, as various other populations like NK
cells, CD8* T cells, and B cells are also turning over several-fold more rapidly in SIV
infected monkeys [46]. Despite the indisputable evidence that HIV infected patients suffer
from this several-fold increased turnover in various cell types of the immune system, we
currently lack a full mechanistic understanding of how this generalized immune activation
causes depletion, and particularly the depletion of CD4* T cells only.
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Figure 1.

The immune response of one antigen-specific clone modeled by the ODE model given by
Egs. (1-5). The activation function, % (B) (heavy black line), is determined by the antigen
concentration of Eq. (1) (which is not shown). At time zero one clone of a 100 naive T cells
(M light black line) becomes activated and starts to proliferate (A or P. red). After about one
week proliferation stops because the activation function drops to zero when antigen is
rejected. Choosing parameter values that are reasonably realistic for humans, we start with
one clone of a hundred naive T cells, i.e., o= ry=0, dN=0.001 day 1, ay = day~1. Effector
cells, £, disappear by rapid cell death, dz= 1 day~1, and a small fraction become memory
cells, m=0.05 day~1. Memory cells accumulate and have an expected life span of a hundred
days (r3y=0; aps= 1 and djy= 0.01 day™1).
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0 day | 1.93 148239 | 149 1.00-1.97 | 1.01 0.66-2.03 | 0.45 0-1.19
A(0)  cells 145 118 12 57
Parameter GP33 NP396 GP118 NP205
D day=' [ 1.90 1.74-2.11 | 1.93 1.76-2.13 | 1.87 1.61-2.20 | 1.53 1.41-1.73
T0 day | 1.93 1.48-2.39 | 1.49 1.00-1.97 | 1.01 0.66-2.03 | 0.45 0-1.19
A(0) cells | 445 - 118 - 42 - 57 -
Figure2.

Fitting the model of Egs. (6-7) to the data of Homann et a/. [107] using the precursor
frequencies estimated by Kotturi et a/. [131], and given in the Table above as the A(0)
values. The data is comprised of the CD8" T cell responses to four epitopes from LCMV
(GP33, NP396, GP118 & NP205), for which we have both time course data and estimates
for the initial number of precursor cells. The light solid lines depict the total number of
activated cells, A, per spleen, the dashed lines show the corresponding number of memory
cells, M, and the heavy solid lines give the total, 7= A+M, number of cells that was fitted to
the data (symbols) using non-linear least-square regression [153]. Each inset shows the same
data over a time span of 921 days. Ranges in the table indicate 95% confidence intervals
determined by bootstrapping the residuals one thousand times. Common parameters: djy,= 0,
da = 0.395 (0.330-0.479) day™1, m=0.019 (0.015-0.023) day 1, z=7.91 (7.71-8.11) days.
Allowing dj,> 0, or allowing any of these common parameters to vary between the epitopes
hardly improved the quality of the fit. These four fits are similar to those of De Boer et a/.
[44] and only extend them with the precursor frequencies estimated by Kotturi et a/. [131].
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Figure 3.

The immune response of one antigen-specific clone modeled by the DDE model given by
Egs. (2) & (4) and Egs. (11) & (12). The activation function switches at predefined time
points: in Panels (a & b) # (1) =1 when ¢< 5 days and ¥ (1) =0 otherwise, whereas in (c) we
let antigen persist by defining -# (1) =1.% (1) =0.01 when ¢> 5 (which falls off the scale of
the vertical axis). At time zero one clone of a 100 naive T cells (M: black) becomes activated
and starts to proliferate (A or 2. red). After about one week the response starts to contract
because for most cells the time window of proliferation, =)= 7 days, has ended. After day
seven effector cells (£: green) and/or memory (M: blue) cells are formed. The parameters
are the same as those in Fig. 1 and are reasonably realistic for humans. In Panel (a) we
mimic Fig. 1 by setting ay = 1 day~! and in Panels (b & c) we increase the activation of
naive T cells 10-fold to ay = 10 day~2. In Panel (c) memory cells are reactivated because
Z (t)=0.01from day five onwards. By repeated rounds of reactivation of memory T cells
and proliferation a chronic immune response is maintained.
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Figure4.

One week of deuterated glucose labeling of a healthy human volunteer showing the
deuterium enrichment in CD4* and CD8* T cells taken from the blood [163]. The data were
fitted with Eq. (26) for 7= 2 subpopulations, giving average turnover rates @= 0.006 day !
and d= 0.0044 day~1, for CD4* and CD8* T cells, respectively. We have shifted time by
one day to allow for a short delay before labeled cells appear in the blood [163]. Note that
fitting the same data with the temporal heterogeneity model of Eq. (29) would have given
identical fits and average turnover rates, with a radically different interpretation of the
parameters,; ¢y and &, of Eq. (26) [53].
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Deuterium labeling curves expected for the temporal heterogeneity model of Eq. (29) for ¢ =
2 (a) and ¢ = 32 (b) taken from De Boer et al. [53]. The model is parameterized for the
slowly renewing LCMV specific memory CD8" T cells described by Choo et al. [36].
During the labeling phase one writes for the unlabeled fraction of DNA isolated from resting
and activated cells, respectively, dUp=dt= rUs—(dr+a) Upand dU4=dt = aUgr—(da+1) U,
whereas during the de-labeling phase one writes the same equation for the labeled fraction
dLp=dt=rLa(dr+a)Lrpand dL4=dt= al p— (da + 1)L 4 [189], with the total fraction
labeled defined as L = -Lp+ L 4= 1-Up—L g Parameters in Panel (a): ¢=2; 4= 0.02 and
hence 7= 0.01865; r= 1.105 day~1, and an average turnover rate of d=0.01963 day!
(which is close to fdy). The fraction of activated cells, £, and the average turnover rate, d, are
the same in both panels by setting the parameters in Panel (b) as: ¢=32; 4= 0.02/31 =
0.0006452 and hence r= 0.08658 [53]. Other parameters: de = 0.001 day ™t and ds=1
day~1. The up and down-slopes are technically biphasic [189], but this is hardly visible
when ¢=2 (a).
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T cell turnover rates estimated by deuterium labeling. Panel (a): Expected life spans of total
T cells estimated by one week of deuterated glucose labeling in Mohri ef a/. [163] versus 9
weeks of deuterated water labeling in Vrisekoop et a/. [223]. Each symbol represents a
healthy human volunteer and is plotted at the CD4 or CD8 T cell count (per | blood) of that
subject. The horizontal lines depict the average expected life spans, i.e., 250 and 484 days
for CD4* T cells, and 400 days for CD8* cells. The vertical lines depict the 95% confidence
intervals; since the Vrisekoop et al. [223] data was recalculated from the naive and memory
T cell enrichment, we have no confidence intervals for those data points. Note that the CD4*
T cells of one volunteer in the Vrisekoop ef a/. [223] data have an expected life span that is
about 2-fold larger than the mean, which is largely due to an approximately 2-fold lower
deuterium enrichment in this subject’s CD4* memory T cell compartment (and not to a poor
fitting of the data). Judging the CD4 data on either the mean, or the median to exclude the
outlier, the difference between the two techniques is about 2-fold. Westera et al. [231]
perform a similar comparison of these two data sets by re-fitting the data with a two-
compartment version of Eq. (26), and find that the difference remains but becomes
somewhat smaller. Panel (b): Mohri ef a/. [163] also measured the fraction of dividing cells
by staining with the Ki67 antibody, and we plot for each individual the estimated average
turnover rates, i.e., the pvalues in their Table 1, as a function of the Ki67 measurements in
CD4* and CD8* T cells. The line in Panel (b) results from fitting the linear regression line y
= axto the data, and suggest that the daily turnover is approximately one fifth of the fraction
of Ki67* cells.
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Three weeks of BrdU labeling of a monkey infected with SIV. The left and right panels
show the percentage of BrdU™* cells in CD4* and CD4~ memory T cells from monkey
H1348 in the study of Mohri et al. [162]. Fitting Eq. (37) to these data required at least two
compartments (i.e., 7=2), and restricting 1= 0.25, i.e., two divisions to become BrdU~, we
find for CD4™ T cells an average turnover rate of 0.025 day~! (with a3 = 0.34, ay =1 - ay;
¢, =0.072 and & = 0.0016 day™1), and for CD4™~ T cells 0.019 day~! (with a; = 0.36, a,=
1-ay, ¢4 = 0.048 and & = 0.0028 day™1). The fitting of the same data with the source model
of Eq. (32) is shown in De Boer et a/. [46].
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CFSE intensity

o4

Basic features of a CFSE profile of dividing B cells four days after polyclonal stimulation.
The dashed line at the right illustrates the CFSE intensity of unstimulated B cells. These
cells serve as the control to locate the undivided cell position. The solid line shows the
dividing B cell population revealing the typical asynchronous profile. Progressive divisions
are apparent by the accurate two-fold dilutions of the fluorescence intensity, which on the
log scale appear as even spacings. The dashed line to the left illustrates the position of an
equivalent population that was not labelled with CFSE, allowing the position of the
autoflourescence intensity to be determined. This is Figure 1a in Hasbold ef a/. [91];
reprinted with permission from the Nature Publishing Group.
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Figure9.

A simple representation of the Smith-Martin model (a) and a cartoon (b) of the mathematical
model of Eq. (58). Panel (c) shows the fit of Eq. (67) to CFSE data fitted with various
models in De Boer et al. [43]. Here nis the number of divisions CD4* T cells have
completed after polyclonal stimulation, and /7= 6+ refers to all cells having completed six or
more divisions. Panels (a & b) are adapted from Figure 1 in Ganusov et al. [79].
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The decline of the naive T cell numbers, the total number of TRECs, and the TREC content
after infection with HIV-1. The steady state before time zero represents a healthy individual
with /=500 naive CD4* T cells per ul blood, a death rate of o= 0.0005 day 1, and a scaled

TREC content of C = 0.2 TREC cell™1, suggesting that p= 0.84, and o= 0.5 cells pI™1

blood day~1. After time zero we set o= 0.0152 cells I"X blood day~2, p= 0.964, and d=
0.00152 day~? to represent HIV-1 infection. Note that the TREC dynamics are much faster
than the depletion of the naive T cells because naive T cells also maintain themselves by

proliferation.
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