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If lymphocyte kinetics – the proportion of
lymphocytes that proliferate and that die in a day –
could be estimated in vivo, then this would be a vital
step in the understanding of many diverse aspects of
immunology. Maintenance of immune memory,
T-cell homeostasis, regulation of the adaptive
immune response during viral infection and the
pathogenesis of CD4+ depletion in HIV infection: an
understanding of all of these would be a step closer.
DNA labelling in vivo has the potential to elucidate
lymphocyte kinetics in this way. However, the
dynamics of label incorporation and loss are 
complex [1] and it is easy to misinterpret the data.
We will discuss one aspect of DNA label
interpretation that has caused much debate: the
assumption of kinetic homogeneity in lymphocyte
populations [2–4]. We compare two different
approaches to the problem, explaining why we
favour one approach and expanding on the
consequences of this interpretation.

DNA labelling techniques: BrdU and 2H glucose

The labelling of DNA with bromodeoxyuridine
(BrdU) is a common technique [5], which is widely
used in animals but is generally considered
unsuitable for use in humans because of its 
toxicity. The recent development [6] of a stable,
non-toxic label suitable for use in humans,
deuterated glucose (2H glucose), has opened 
the door to a true in vivo understanding of human
lymphocyte kinetics.

BrdU and 2H glucose are both incorporated into
the DNA of dividing cells. BrdU is a nucleoside
analogue that is incorporated in the place of
thymidine when a cell divides during the labelling
period. Cells that contain BrdU can be detected and
enumerated using flow cytometry [5]. By contrast,
2H glucose labels the pentose sugar (rather than the
base) of nucleosides synthesized during the labelling
period. The ratio of labelled to unlabelled nucleosides
can be measured using gas-chromatography
mass-spectrometry [6].

In both BrdU and 2H glucose techniques, the
amount of label is measured over time following a
labelling period. The data generated, showing
acquisition and loss of label, is used to infer the
kinetics of the cell population studied (Box 1).
Crucially, DNA labelling techniques only label cells
that have divided during the labelling period (and in
the case of BrdU, their progeny). This is in contrast to
non-DNA labelling techniques, such as chromosome
damage or carboxyfluorescein diacetate succinimidyl
ester (CFSE) labelling, which label cells regardless of
division history.

Cell populations of constant size

In healthy adults, the size of many lymphocyte
populations (e.g. B cells, CD8+ T cells, CD4+ CD45RO+

T cells) is approximately constant, or changes only
very slowly with time. Similarly, in several chronic
viral infections, for example, HIV-1 and HTLV-1
(human T-cell lymphotropic virus-1), the number of
infected lymphocytes and the magnitude of the
cellular immune response to the virus are
approximately constant. If a lymphocyte population is
of constant size, then the flow of cells into that
population must be balanced by the flow of cells out of
that population. Input of cells into a lymphocyte
population includes proliferation in the periphery
(antigen-driven and homeostatic proliferation),
production in the thymus and bone marrow and
maturation from different cell populations. Loss of
cells from a lymphocyte population results from cell
death (including cell senescence, activation-induced
cell death, death induced by cytopathic viruses) and
cell maturation.

In the case of lymphocytes in adults, peripheral
proliferation and cell death are thought to account for
the largest changes in cell numbers, with maturation
and thymic export playing smaller roles. It would
therefore be expected that, for a population of
constant size, the proliferation rate and the death
rate of lymphocytes measured in labelling studies
would be approximately equal. This does not appear
to be the case. Instead, it is a common feature of
BrdU [7–9] and 2H glucose [10] labelling studies that
the estimated death rate is considerably higher than
the estimated proliferation rate. Two different
explanations for this discrepancy have been
postulated: the existence of a source term and the
existence of kinetically heterogeneous
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subpopulations. These two models are summarized 
in Fig. 1.

Source term
In this approach [7,10], it is argued that because the
death rate of the population is higher than the
proliferation rate, an additional input of cells must
be postulated in order to maintain the constant size
of the population. This additional input of cells is
referred to as the ‘source’ and ‘represents
replenishment of T cells by the thymus, extrathymic
sites or a subpopulation of peripheral T cells that
can be recruited into active division’ [7]. However,
the measurements made on the source do not
appear compatible with this description. The
production of T cells by the source is extremely
large: in human controls it is between 3 times and
30 times higher than the contribution from
peripheral proliferation [10]. If the source
represented the thymus then the conclusion would
be that the thymus released some 1010 T cells per
day. The exact level of thymic export in adults is
unknown but current estimates are of the order of
108 T cells per day [11,12]: considerably lower 
than the output of the source described by Mohri
et al. [10]. Furthermore, a discrepancy between the
death rate and the proliferation rate is observed in

CD45RO+ as well as CD45RA+ cells (Macallan et al.,
unpublished). This cannot be attributed to thymic
export, which would mainly produce CD45RA+ cells.
Similarly, extrathymic sites are unlikely to
contribute so many lymphocytes per day, because
their progeny are mainly restricted to non-classical
T cells [11], which are a very small proportion of
circulating lymphocytes. The possibility remains
that the source represents the replenishment of
activated cells by a non-dividing or slowly dividing
subpopulation that have undergone clonal
expansion on activation [8]. However, if the
subpopulation of cells were non-dividing then they
could not provide a constant net output of cells: that
is, they could not provide a source (this can be seen
explicitly in Bonhoeffer et al. [8], Eqn 12 and 13,
when p’ is set equal to zero). If the subpopulation of
cells were slowly dividing then they could provide a
net output or source but it would be expected that all
of the cells in this source would incorporate label
during the labelling period. This is not observed [10].
Even if the source were taken to be the sum of
thymic output, extrathymic output and peripheral
proliferation there is still a discrepancy between
this description and the output of cells attributed 
to it [10]. For the reason described peripheral
proliferation can only contribute labelled cells;
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Step 1: Construct a mathematical model to describe the
labelling experiment.
A model is devised that predicts a labelling time course for a
given value of the proliferation rate and the death rate.
Step 2: Fit the model to the data.
The aim of this step is to find the values of the proliferation
rate and the death rate that make the theoretical prediction
of the model come closest to the observed experimental
data (Fig. I).
This is done by varying the values of the proliferation rate
and death rate in the model to see which combination of
parameters gives the best fit.
Step 3: Produce best estimates of the proliferation and
death rates
The best estimates of the proliferation and death rates are
those that yield the best fit of the model to the data.
In this case the best estimates would be p = 0.05 and d = 0.1.
Step 4: Check the effects of changing the model assumptions.
Any mathematical model will be too simple to describe a
biological system – it will contain a number of assumptions.
It is important to check that relaxing these assumptions
does not significantly alter the estimate of p and d.

Box 1. Inferring proliferation rates and death rates from labelling data
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(c) Fig. I. Initially, the proliferation rate and death rates are guessed 
(p = 0.1, d =0.2). These values are substituted into the model. This
produces a theoretical labelling curve. The theoretical labelling curve is
compared with the experimental data. In this example (a), it can be seen
that the theoretical curve is too high. The proliferation rate is therefore
decreased (p =0.05, d =0.2) and these values are substituted into the
model. This produces another, lower, theoretical labelling curve (b).
Although the fit is improved, it can be seen that the theoretical loss of
label is too rapid. The death rate is therefore decreased (p =0.05, d =0.1)
and these values are substituted into the model. This produces another
theoretical labelling curve (c). These estimates of the proliferation rate
and death rate (p =0.05, d =0.1) give the best fit of the model to the data.
In practice this step would be performed by a computer with several
hundred combinations of p and d considered.



TRENDS in Immunology Vol.23 No.12  December 2002

http://immunology.trends.com

598 Opinion

unlabelled cells must be contributed by the thymus
and extra thymic sites. Yet in the control subjects
studied by Mohri et al. [10], an average of 
84% of CD4+ cells and 99.6% of CD8+ cells in the
source are unlabelled. That is, with a 2:1 CD4:CD8
ratio, the source produces approximately 
(2/3 × 0.84 + 1/3 × 0.996) × 1010 = 0.89 × 1010 unlabelled
cells. This is still far in excess of current estimates of
thymic and extrathymic output (moreover, it would
be expected that a proportion of cells exported from
the thymus would have divided – further decreasing
the estimate of unlabelled cells that could be
produced by the thymus). It is therefore difficult to
identify the physiological correlate of such a large,
partially labelled source.

Kinetically heterogeneous subpopulations
In the second approach [9], it is argued that the
disparity between the estimated proliferation rate
and the estimated death rate is entirely consistent
with a population of constant size, provided that the
population is not completely homogeneous. Here, we
define a kinetically heterogeneous population to be
one that consists of cells or subpopulations of cells
with different kinetics.

Because the population examined is not
kinetically homogeneous, the labelled fraction is not
a representative sample of the whole population.
Instead the labelled fraction only contains cells that
divided recently; it is therefore biased towards

rapidly proliferating cells. Because DNA labelling
techniques measure the proliferation rate of one
population (the whole population) and the death
rate of another (the labelled population) it is not
surprising that there is a discrepancy between the
two rates, despite the fact that the population as a
whole is of constant size. In general, it would be
expected that the measured death rate would be
greater than the measured proliferation rate
because the death rate measured is that of cells that
turn over (proliferate and die) most rapidly. 
This is in agreement with numerous studies 
using DNA-labelling techniques [7,9,10]. An
example to illustrate this is given in Box 2. 
In the case of cell populations where recent
proliferation is not correlated with a higher
probability of death, for example, cells that have a
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The shortfall between the death
rate and the proliferation rate is
made up by a source term.

In this model the labelled
contains a higher proportion of
rapidly proliferating cells than
the whole population.
The estimated death rate is
therefore biased towards cells
that have recently divided
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Fig. 1. Source model and kinetic heterogeneity model compared. The whole population of interest is
represented on the left, the fraction of this population that becomes labelled is represented on the
right. Blue shading denotes label. (a) In the source model because the population is assumed to be
homogeneous, the labelled population is assumed to be a representative sample of the whole
population. It therefore has the same kinetics (proliferation rate and death rate) as the whole
population. (b) In the kinetic heterogeneity model, the population is assumed to be heterogeneous
(in the illustration there are three subpopulations with different kinetics). The labelled population is
therefore, not a representative sample of the whole population. Instead it is biased towards the
rapidly proliferating cells and its kinetics, therefore, differ from those of the whole population.

Imagine an experiment to measure the kinetics of a CD4+

lymphocyte population. The CD4+ population will
contain several subpopulations with different kinetics
(e.g. CD45RA+ cells, CD45RO+ cells, CCR7+ cells, resting
cells, activated cells, cells that have recently met cognate
antigen, cells that have recently met stimulating
cytokines).

For the sake of simplicity, imagine that the CD4+

population is made up of just two subpopulations:
subpopulation X and subpopulation Y. Let
subpopulation X be a slowly turning over subpopulation
making up 90% of the CD4+ cells; let its proliferation 
rate be 0.02 day-1 and its death rate be 0.02 day-1

(i.e. 2% of cells in population X proliferate in a day 
and 2% die in a day). Let subpopulation Y be a 
rapidly turning over subpopulation making up the
remaining 10% of the CD4+ cells; let its proliferation 
rate be 0.2 day-1 and its death rate be 0.2 day-1

(i.e. 20% of cells in population Y proliferate in a 
day and 20% die in a day). The average proliferation
rate of the whole CD4+ population is therefore,
90% × 0.02 + 10% × 0.2 = 0.038 day-1. Similarly, the
average death rate of the whole CD4+ population is
90% × 0.02 + 10% × 0.2 = 0.038 day-1. Note that in this
example, the CD4+ population is in equilibrium, that is,
of constant size because the average death rate equals
the average proliferation rate.

Imagine that this CD4+ population is labelled for a
finite time with a DNA label that is only taken up when a
cell divides. The proportion of cells from the rapidly
turning over subpopulation Y will be higher in the
labelled population than in the whole population
because more of the rapidly dividing cells will have
divided during the labelling period. In the labelled pool, 
if 60% are from subpopulation X and 40% are from
subpopulation Y, the average death rate of the labelled
pool will be 60% × 0.02 + 40% × 0.2 = 0.09day-1. Similarly
the average proliferation rate of the labelled pool is 
60% × 0.02 + 40% × 0.2 = 0.09 day-1.

DNA labelling experiments measure the average
proliferation rate of the whole population (0.038 day-1)
and the average death rate of the labelled population
(0.09 day-1).

It can clearly be seen that despite the population
being in equilibrium the measured death rate is far in
excess of the measured proliferation rate.

Box 2. Numerical example to illustrate the effect of

kinetic heterogeneity in lymphocytes
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fixed lifespan, the measured death rate would not
be expected to be greater than the measured
proliferation rate.

This explanation is consistent with what is known
about normal lymphocyte physiology. T-cell and B-cell
populations are clonally diverse: it is therefore
probable that they contain subpopulations with
different kinetics depending on level of receptor
expression, phenotype, cytokine microenvironment,
and whether or not they have recently 
met cognate antigen.

It is currently not possible to be certain which of
these two approaches (discussed earlier and
illustrated in Fig. 1) best explains the observed
discrepancy between estimated proliferation and
estimated death rates. However, we favour kinetic

heterogeneity as the most probable explanation.
Indeed, one author of a paper advocating the source
theory has recently published a letter suggesting that
lymphocyte heterogeneity might be a more
appropriate interpretation [3]. Therefore, although
we cannot rule it out, we do not consider the source
model any further and instead focus on the kinetic
heterogeneity theory.

Consequences of kinetic heterogeneity

One important consequence of the kinetic
heterogeneity model is that the average death rate of
a population cannot be directly measured with DNA
labelling techniques unless the entire population
incorporates label. Instead, the death rate estimated
is that of labelled cells only. The death rate measured
is, therefore, a function of the labelling protocol, in
particular the length of the labelling period (Fig. 2).

Death rate estimates obtained using DNA-
labelling techniques would be expected to decrease as
the length of the labelling period increases. It is
difficult to find truly comparable data but a very
preliminary meta-analysis suggests that this might
be the case (Fig. 3). Further investigations on more
comparable populations are necessary to ascertain if
this is a genuine result.

Better estimates of the average death rate 
could, in theory, be obtained using non-DNA
labelling techniques (e.g. CFSE or chromosome
damage [13,14]). This is because labelling
techniques that do not rely on cell division for label
uptake do not favour labelling of cells with rapid
turnover rates. Consequently the labelled fraction is
a more representative sample of the population as a
whole. However, both radiation treatment and
standard CFSE labelling protocols (involving the
labeling of cells ex vivo followed by their reinfusion
into the subject) are of limited use in humans and
involve substantial manipulation of the cells
making it difficult to know how useful non-DNA
labelling techniques are in practice. Alternatively,
the average death rate of the whole population could
be indirectly inferred from DNA labelling data
because, for a population of constant size, the
average death rate is equal to the average
proliferation rate (assuming that disappearance 
of labelled cells by mechanisms other than 
death is negligible).

Once it is appreciated that the death rate
measured is not the average death rate of the whole
population but instead the death rate of the labelled
population, then this can be turned into an
advantage. By systematically varying the length of
the labelling period the subpopulations ‘seen’by
labelling experiments will change and information
about the kinetics of different subpopulations can be
obtained (Fig. 2). Interesting data can also be
obtained by analysing label enrichment in cell
populations sorted for markers of apoptosis 
(Macallan et al., unpublished).
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Fig. 2. Measured death rate varies with the length of the labelling period. Death rates are estimated
from the kinetics of labelled cells. The death rate measured is therefore, the death rate of labelled
cells. As the length of the labelling period is varied, the subpopulation structure of the labelled cells
varies and therefore, the estimated death rate varies also. Consider a population that consists of just
two clonal subpopulations X and Y. (a) Assume that both populations are of constant size and that the
larger population, population X, has slower dynamics (i.e. the proliferation and death rate of
population X is less than that of population Y). After a short labelling period (b) a higher proportion of
cells from Y are labelled (purple shading) because Y proliferates more rapidly than X. Therefore, the
ratio of population X to Y in the labelled cells (right hand column) does not reflect the ratio of
population X to Y in the whole population (left hand column). The labelled cells, therefore, exhibit
more rapid delabelling kinetics than they would if the whole population was labelled. Consequently,
the measured death rate is higher than the average death rate. If the length of the labelling period is
increased (c) the constituents of the labelled population more closely represent that of the whole
population and the death rate measured is closer to the average death rate.
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Modelling kinetic heterogeneity

The obvious way to model kinetic heterogeneity
would be to explicitly model each kinetic
subpopulation separately. This approach would be
most appropriate if the identity of the main
subpopulations was known (and their individual
kinetics were of interest). However, in general,
explicitly modelling each subpopulation is
problematic because it would involve the
introduction of at least two free parameters† for
each subpopulation considered (turnover rate of the
subpopulation and size of the subpopulation).
Furthermore, these parameters would be highly
correlated and potentially limitless in number
because division into subpopulations could
probably be continued ad infinitum
depending on the degree of resolution of the
different subpopulations.

Instead, another method of modelling kinetic
heterogeneity can be used [9]. In this approach there
are just two free parameters to estimate: the
average proliferation rate of the whole population
and the death rate of labelled cells. An example of
this approach, as applied to deuterated glucose
labelling in a population of constant size, is given 
in Box 3.

Conclusions

When DNA labelling techniques are employed to
investigate in vivo lymphocyte kinetics it is commonly
observed that estimated death rates exceed estimated
proliferation. Here, we have compared two possible
interpretations of this observation. In one
interpretation a ‘source’ term is included in the
analysis to compensate for the proliferation versus
death rate discrepancy. In the alternative
interpretation it is assumed that the discrepancy can
be explained by variations in kinetics of the
subpopulations that constitute the population as a
whole. Both interpretations are consistent with a
population of constant size.

The choice of approach has profound effects on the
results of DNA labelling experiments. Not only will
the two methods yield different proliferation rates,
more importantly, they could yield fundamentally
different physiological interpretations of data.
Proliferation rates will be different because in the
source model label in the source itself does not
contribute to the proliferation rate estimate
(although it must have originated from cell
proliferation); the source model will therefore, 
give lower proliferation rate estimates. More
significantly, data interpretation can also differ
according to the approach. Here, as an example, we
discuss how the results of a recent experiment [10]
are affected by the choice of mathematical model.
Mohri et al. [10] studied seven HIV-1 infected
subjects and four uninfected controls using the
2H glucose technique. The resulting data were
analyzed using the source model. In the infected
subjects a correlation was observed between the
estimated proliferation rate of CD8+ cells and Ki67
expression (a cell-cycle antigen). Surprisingly, there
was no such correlation between the estimated death
rate and TUNEL positivity (an indicator of apoptosis)
in CD8+ cells. This cannot be explained in the context
of the source model that Mohri et al. use unless it is
supposed that most CD8+ cell death is not by
apoptosis. However, re-examined in the light of the
kinetic heterogeneity model, the lack of correlation is
not surprising because the death rate measured is
not that of all CD8+ cells but only of labelled cells,
which are not a representative sample of the whole.
However, the proliferation rate measured is the
proliferation rate of the whole CD8+ population and
therefore, would be expected to be correlated with
Ki67 expression on the whole population. If apoptosis
was the main mechanism of CD8+ cell death in
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Fig. 3. Length of labelling period might be inversely correlated with death rate estimates. Estimates
of the proliferation and death rate of CD4+ T cells in normal subjects obtained in five different
experiments are shown. Although there is broad agreement in the proliferation rate estimates, the
death rate estimates vary more widely and appear to be inversely correlated with the length of the
labelling period. It is difficult to make rigorous comparisons across different subject groups,
experimental and mathematical methods and so this analysis should be treated extremely cautiously.
However, it does provide a plausible explanation for at least some of the between experiment
variation. Source of parameter estimates: navy diamond, [13]; red square, [7]; green triangle, [16];
black cross, [10]; blue circle, (Macallan et al., unpublished).

†A free parameter is an unknown variable (e.g. proliferation rate or
death rate) that is to be estimated from the data. The more free
parameters there are the harder it is to estimate any of them with
confidence. This is particularly true if the parameters are highly
correlated or if there are few data points.
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recently divided cells, then there would be a positive
correlation between the estimated death rate and
TUNEL positivity in labelled CD8+ cells. It would be
interesting to compare the correlation between
estimated death rates and TUNEL positivity in
labelled CD8+ and CD4+ cells: it could be determined
if death in recently divided cells (some 10–20% of the

population for a 7-day labelling period [10]) was
mainly as a result of apoptosis (e.g. activation
induced cell death or CTL lysis) or mainly as a 
result of non-apoptotic death (e.g. the cytopathic
effects of HIV-1).

Another interesting result reported by Mohri
et al. was the observation that HIV-1-infected
subjects have a larger source term for CD4+ cells
than uninfected controls but a smaller source term
for CD8+ cells. In the context of the source model, an
increase in the source implies that thymic output,
extrathymic output or activation of resting cells 
has increased. In the context of the kinetic
heterogeneity model, an increase in the source 
(i.e. a greater discrepancy between the death rate
and the proliferation rate) implies that the
population is more heterogeneous, that is, that
there is a greater difference between the labelled
population and the whole population. So, for
instance, the observation that the CD8+ cell source
is decreased in HIV infection is interpreted in the
context of the source model to mean that thymic
output is decreased by infection or that fewer
resting CD8+ cells become activated during
infection (a prediction that is hard to reconcile with
the gradual decrease observed in resting CD8+ cell
numbers [15]). Conversely, in the context of the
kinetic heterogeneity model, Mohri’s result implies
something very different: in infected patients the
entire CD8+ pool more closely resembles the rapidly
turning over subpopulation in uninfected patients,
suggesting that there is a high degree of activation
across the whole CD8+ cell population. It can
therefore be seen that data interpretation is
dependent on the choice of model.

Given the dramatic effect that the choice of model
can have on DNA labelling interpretation, it is vital
to examine carefully which model is more
appropriate. Although the source model cannot 
be ruled out, we believe that, on the balance of
current evidence, the kinetic heterogeneity model is
more likely to provide an accurate description of
DNA labelling.

Consider the analysis of data from an experiment in which the ratio of labelled to
total deoxyadenosine was measured over time in a population of constant size.

We model the rate of change of total deoxyadenosine (A) and labelled
deoxyadenosine (A*) with time, in terms of two free parameters: p the average
proliferation rate and d* the disappearance rate of labelled cells. Total
deoxyadenosine is proportional to the number of cells in the population and is
therefore constant with time. Labelled deoxyadenosine is increased when cells
proliferate at a rate p and lost when labelled cells disappear (die, change phenotype,
migrate) at a rate d*. The equations to describe this system are, therefore:

t ≤ τ during the labelling period

t > τ after the labelling period

where b is the probability that an incorporated deoxyadenosine molecule will be
labelled and τ is the length of the labelling period. Solving these equations
analytically yields

enrichment 
fraction =

This model can then be fitted to experimental data (Macallan et al.,
unpublished). An equivalent approach to modeling BrdU data has been used [a]. 
It should be noted that the kinetic heterogeneity model is not equivalent to the
source model even if the source is slowly dividing cells (see discussion about the
source model on why the source model is incompatible with data and see
conclusion for examples of how interpretations of data vary between the 
two models).
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