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During the adaptive immune response, lymphocyte populations undergo a characteristic
three-phase process: expansion through a series of cell divisions; cessation of expansion;
and, finally, most of the accumulated lymphocytes die by apoptosis. The data used, thus
far, to inform understanding of these processes, both in vitro and in vivo, are taken from
flow cytometry experiments. One significant drawback of flow cytometry is that individual
cells cannot be tracked, so that it is not possible to investigate interdependencies in the
fate of cells within a family tree. This deficit in experimental information has recently been
overcome by Hawkins et al. (Hawkins et al. 2009 Proc. Natl Acad. Sci. USA 106, 13 457—
13 462 (do0i:10.1073/pnas.0905629106)), who reported on time-lapse microscopy experiments
in which B-cells were stimulated through the TLR-9 receptor. Cells stimulated in this way do
not aggregate, so that data regarding family trees can be recorded. In this article, we further
investigate the Hawkins et al. data. Our conclusions are striking: in order to explain the famil-
ial correlation structure in division times, death times and propensity to divide, a minimum of
two distinct heritable factors are necessary. As the data show that two distinct factors are
necessary, we develop a stochastic model that has two heritable factors and demonstrate
that it can reproduce the key features of the data. This model shows that two heritable factors
are sufficient. These deductions have a clear impact upon biological understanding of the
adaptive immune response. They also necessitate changes to the fundamental premises
behind the tools developed by statisticians to draw deductions from flow cytometry data.
Finally, they affect the mathematical modelling paradigms that are used to study these sys-
tems, as these are widely developed based on assumptions of cellular independence that are

not accurate.

Keywords: cell lifespan; cell proliferation; cell division; mathematical model;
immune response

1. INTRODUCTION

The reciprocal cellular processes of division and apopto-
sis combine to regulate biological processes ranging
from patterning body and tissue shape to regulation
and maintenance of the numbers of red blood cells,
platelets, monocytes and lymphocytes in the blood.
As a result of the ubiquity of this mechanism, there is
tremendous general interest in the regulation and
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simultaneous control of division and death. Investi-
gators, from as early as the 1950s, have used film and
microscopy to observe and measure the kinetics of cell
division in wvitro (Powell 1955; Dawson et al. 1965;
Minor & Smith 1974; Collyn-D’Hooghe et al. 1977;
Absher & Cristofalo 1984). These studies, on a variety
of cell types, all report that inter-mitotic division
times show significant variation within clones of
growing cells. Both quantitative and qualitative expla-
nations were given to describe this variation. The
influential Smith and Martin model proposed that vari-
ation originated from a stochastic regulator operating in
an ‘A state’ (assumed to be G1) that governed entry
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http://dx.doi.org/doi:10.1073/pnas.0905629106
mailto:jmarkham@wehi.edu.au
http://dx.doi.org/10.1098/rsif.2009.0488
http://dx.doi.org/10.1098/rsif.2009.0488
http://dx.doi.org/10.1098/rsif.2009.0488
http://rsif.royalsocietypublishing.org
http://rsif.royalsocietypublishing.org
http://rsif.royalsocietypublishing.org/

Downloaded from rsif.royalsocietypublishing.org on January 9, 2010

2 Proliferating lymphocyte correlations

J. F. Markham et al.

into a deterministic B phase (S, G2 and M) of the cell
cycle (Smith & Martin 1973). Alternatively, size
models implicated imprecise inheritance of cellular com-
ponents regulating growth and replication as being
responsible for differences in division times (Clifford &
Sudbury 1972; Tyson & Diekmann 1986). The source
of the interdivisional variation or its significance is
still not known. Cells undergoing apoptosis also show
variation in times to die that are consistent with a sto-
chastic internal process that is at least partly the result
of a balance of anti- and pro-apoptotic molecules (Haw-
kins et al. 2007; Spencer et al. 2009). Similarly, little is
understood about how control of division and apoptosis
is related and how this relation affects control of cell
populations in an immune response.

An excellent system for studying complex population
shaping by regulated division and death is the adaptive
immune response mounted by both T and B lympho-
cytes. At its core is the clonal expansion of
lymphocytes of given specificity owing to the appear-
ance of antigen. During this response, B- and T-cell
populations undergo a characteristic three-phase pro-
cess: expansion through a series of cell divisions;
cessation of expansion; and, finally, most of the accu-
mulated lymphocytes die by apoptosis. Advances in
flow cytometry and the discovery of non-interfering
fluorescent dyes that act as cell labels have enabled
the collection of experimental data on the kinetics of
lymphocyte division progression and cell survival (e.g.
Lyons & Parish 1994; Parish 1999). These techniques
yield high-quality information at the level of popu-
lations. For example, use of the fluorescent dye
carboxyfluorescein succinimidyl ester (CFSE) can pro-
vide a time course for the number of live and dead
lymphocytes and the fraction of cells that have under-
gone any given number of cell divisions. These data
have strongly influenced immunological understanding.
They have inspired statisticians to develop method-
ologies to study flow cytometry data (e.g. Hyrien &
Zand 2008), and provided information on which model-
lers have based their paradigms (e.g. Gett & Hodgkin
2000; Leon et al. 2004; Ganusov et al. 2005; Hawkins
et al. 2007).

Data from these experiments are not, however, with-
out their limitations. One significant drawback of flow
cytometry data is that individual cells cannot be
tracked, so that it is not possible to investigate depen-
dencies in the fate of cells within a family tree. In the
absence of this information, biologists, statisticians
and modellers assume that all cells act as independent
entities. This deficit in experimental information has
recently been overcome by Hawkins et al. (2009), who
reported on time-lapse microscopy experiments in
which B-cells were stimulated through the toll-like
receptor-9 (TLR-9) receptor. Cells stimulated in this
way undergo the usual population dynamics, dividing
for 2—6 generations, but do not aggregate, so that
extensive data regarding family trees can be observed
and recorded.

In this article, we detail a further investigation of the
Hawkins et al. (2009) data. In order to explain the
familial correlation structure in division times, death
times and propensity to divide, a minimum of two
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distinct heritable factors is necessary. One factor regu-
lates the propensity for a cell to divide and, if it does
o, the time at which it divides. The other factor relates
the propensity for cell division and the time taken to
apoptosis. We then develop a stochastic model that
has two heritable factors and demonstrate that it can
reproduce the key features of the data. Thus, the data
show that two distinct factors are necessary and the
model shows that two are also sufficient. These deduc-
tions have important implications for mathematical
modelling paradigms that are used to study these
systems.

2. RESULTS
2.1. The B-cell dataset

Hawkins et al. (2009) have reported a dataset derived
from visual annotation of dividing primary naive B lym-
phocytes stimulated using the TLR-9 ligand, CpG. The
initial populations of cells and their progeny were cul-
tured on Terasaki plates and followed for 120 h using
time-lapse microscopy. Images were taken of the cells
in seven of the wells in each plate at a frequency of
one per 2 min. Cell division was judged manually and
cell death was judged by manual observation of propi-
dium iodide uptake as a result of loss of membrane
integrity upon apoptosis. Pedigrees of cells were fol-
lowed from stimulation for up to seven rounds of
division, by which time nearly all cells had died. In
total, 107 and 89 pedigrees were followed in two differ-
ent experiments (Fam2 and Fam3, respectively) and
times to die and divide for related cells recorded.

The data presented by Hawkins et al. (2009) are the
first available for primary lymphocytes and the first
individual cell tracking experiments to include substan-
tial information concerning cell death times and
division cessation. They noted a number of trends in
the average behaviour of the cell population that gave
some insight into cell operation and particularly the
extent of inheritance. We first summarize these features
and then report on new correlations that must be
accommodated into any description of cellular inheri-
tance. Then, we present a physical model with a
demonstrably minimum number of heritable factors
that has the ability to reproduce these features.

2.2. Trends and correlations in the dataset

CpG-stimulated naive B-cells typically undergo a series
of between one and six division rounds. The time to first
division takes approximately 35 h while the more rapid
subsequent divisions average 10 h, although the mean
time increases by approximately 10—15% in the later
division rounds. As noted for many other cell types,
the times to divide are highly variable and, when
plotted as a frequency histogram, follow a right
skewed distribution. Hawkins et al. (2009) also noted
a high degree of correlation in siblings’ division times.
Other reported features included the phenomenon of
division destiny where cells ceased to both grow and
divide after 2—6 division rounds. These cells eventually
died with the times to die also highly variable, with the
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Figure 1. Trends in cell fate broken down per division for experiments (a) Fam2 and (b) Fam3. In both cases, the proportion of
siblings undergoing different fates is a maximum mid-response. Black, both siblings divide; dark grey, one sibling divides; light

grey, both siblings die.
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Figure 2. Correlation of times to divide for related cells (Fam2). (a) Times to divide for siblings are more highly correlated than
for first cousins. (b) Siblings whose division times sum to more than 20 h (above and to the right of the solid line in (a)) are less
correlated (r= 0.23) than the population as a whole (r= 0.71). (a) 7= 0.71, n=204; (b) r= 0.50, n= 352.

mean time decreasing by approximately 25—35% in the
later division rounds. The division destiny of progeny
was heritable and strongly dependent on the original
founder cell which Hawkins et al. (2009) illustrated
using a heat map to display division destiny of cell ped-
igrees. This effect comes about because the fate of
siblings cells (that is, whether they divide or die) is
highly correlated. Figure 1 presents a new quantitative
representation of this relationship. The fate of siblings is
broken down per division. In early divisions, it is almost
always observed that both siblings divide, while in later
divisions it is almost always the case that neither sibling
divides. Only in the middle phase of the response do we
find siblings having different responses and even then
this is in less than 20 per cent of cases.

Figure 2 presents the correlations in division times
for siblings and first cousins for one experimental set
of results labelled Fam2 (the other data are qualitatively
similar). Each is positively correlated (figure 3e,f). In
order to check that this correlation is not simply due
to the dependence of time to divide on number of div-
isions, we looked at the correlations in subpopulations
of cells which had undergone an identical number of
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divisions and found the same result (data not shown).
Interestingly, the correlation between sibling times to
divide is particularly strong at earlier division times as
can be seen in figure 2a, where, if we exclude siblings
whose division times sum to less than 20 h, the Pearson
correlation coefficient (Sokal & Rohlf 1995), r, falls from
0.71 to 0.23.

2.3. Propensity to divide of related cells
18 strongly correlated

In the following discussion, we use the term ‘propen-
sity to divide’ to describe the likelihood of a cell to
divide. In this experiment, four different cell outcomes
are observed: cells can be observed to undergo div-
ision or death, cells can be lost from view (around
17%) and a small number (2.5%) reach the end of
the experiment alive. We assume that, after sufficient
time has elapsed, all cells will undergo one of two
fates, division or death. We measure the correlation
of fates of sibling cells by assigning the number 1 to
division and 0 to death and measuring Pearson’s r
for these numbers. So, for example, if siblings
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