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Quantifying cellular dynamics in
mice using a novel fluorescent
division reporter system

Eva Lukas1,2†, Thea Hogan3†, Cayman Williams3,
Benedict Seddon3* and Andrew J. Yates1*

1Department of Pathology and Cell Biology, Columbia University Irving Medical Center, New York,
NY, United States, 2Theoretical Biology and Bioinformatics, Department of Biology, Utrecht University,
Utrecht, Netherlands, 3Institute of Immunity and Transplantation, Division of Infection and Immunity,
University College London (UCL), Royal Free Hospital, London, United Kingdom
The dynamics of cell populations are frequently studied in vivo using pulse-chase

DNA labeling techniques. When combined with mathematical models, the

kinetic of label uptake and loss within a population of interest then allows one

to estimate rates of cell production and turnover through death or onward

differentiation. Here we explore an alternative method of quantifying cellular

dynamics, using a cell fate-mapping mouse model in which dividing cells can be

induced to constitutively express a fluorescent protein, using a Ki67 reporter

construct. We use a pulse-chase approach with this reporter mouse system to

measure the lifespans and division rates of naive CD4 and CD8 T cells using a

variety of modeling approaches, and show that they are all consistent with

estimates derived from other published methods. However we propose that to

obtain unbiased parameter estimates and full measures of their uncertainty one

should simultaneously model the timecourses of the frequencies of labeled cells

within both the population of interest and its precursor. We conclude that Ki67

reporter mice provide a promising system for modeling cellular dynamics.

KEYWORDS

naive T cells, mathematical model, immunology, mouse model, dynamics
Introduction

Describing the dynamics of cell populations – their rates of production from precursors

and self-renewal, and their rate of loss – is important for understanding how homeostasis is

maintained and how these populations respond to perturbations. Many studies of cellular

dynamics employ DNA labeling, in which an identifiable agent such as bromodeoxyuridine

(BrdU), or deuterium derived from deuterated glucose or heavy water, is taken up by

dividing cells. Tracking the increase in frequency of labeled cells during a period of label

administration, and its decline afterwards, allows one to measure rates of production and

turnover, using mathematical models (1, 2).

Recently, there has been growing use of Cre recombinase activated fluorescent fate-

reporters in mice to study immune cell homeostasis. In these systems, tamoxifen inducible
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CreERT expression is controlled in a manner dependent upon a

specific developmental stage or lineage specification. When

expressed alongside Cre reporter constructs, such as Rosa26
RYFPalleles, Cre recombinase excises transcriptional stop

sequences in reporter constructs, resulting in the permanent and

heritable expression of fluorescent reporters. Foxp3-CreERT mice

have been used to label and track Foxp3 expressing cells and

demonstrate that the Foxp3+ regulatory T cell phenotype and

state is stable over time (3). In another study, elegant use of a

Cd4-CreERT reporter strain permitted labeling and tracking of

cohorts of CD8 lineage T cells, induced to express a Cre construct

during their development as CD4+CD8+ thymic precursors (4). In

general, these fate-reporter systems allow us to measure the rates at

which cells make decisions during the period of induction of Cre

recombinase, and to track their fates. If the gene of interest is

specific to cell division, one could then in principle use a reporter

system of this kind to quantify cell population dynamics.

We have reported the generation of a fate reporter strain, Ki67-

mCherry-CreERT mice (5), in which the endogenous Mki67 gene

locus is modified to give rise to a Ki67-mCherry fusion protein, and

a CreERT2 construct (Figure 1A). Ki67 is a nuclear protein which is

expressed at peak levels during the cell cycle and is detectable for

3-4 days after mitosis (6–8). In these mice, active cell division can be

monitored by mCherry fluorescence, which permits live cell sorting

based on Ki67 expression (Figure 1B). In addition, in combination

with a Rosa26RYFPCre reporter construct, Creactivity in

Ki67-mCherry-CreER Rosa26RYFP mice can be induced by feeding

mice tamoxifen, to indelibly mark dividing cells and their progeny

with YFP. Expression of mCherry and YFP therefore reports both a

cell’s current and past division activity. Tamoxifen has a lifetime of

a few hours in vivo (9), so varying the onset and duration of the

tamoxifen pulse has the potential to track the fates of cells dividing

within well-defined time windows, in an analogous way to pulse-

chase DNA labeling assays. Previously we showed that the indelible

and heritable expression of the Ki67 reporter allows one to track the

fate of divided cells and their offspring over long timescales (5), and

that the frequency of reporter expression in different populations

provided an indication of the extent of their division activity.

However this was not formally calibrated.

This study had two aims. First, to validate the use of this

division reporter system to quantify rates of cell division and loss.
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Second, to explore how to maximize the information gained from

YFP and Ki67 labeling timecourses, by implementing different

strategies for dealing with potential sources of noise and bias in

the data. To address both issues we used these reporter mice to

study the dynamics of naive CD4 and CD8 T cells at steady state,

because we and others have characterized the behavior of these

populations extensively (7, 10–14). Briefly, the maintenance of large

populations of naive T cells provides the basis of protection against

novel pathogens (15). The diversity of the naive T cell repertoire is

supplemented by continued production of new T cells from the

thymus (11), and any proliferative renewal of existing naive T cells

acts to preserve it (16). Quantifying such cellular dynamics is

therefore important for understanding how naive T cell numbers

and repertoire diversity are established and maintained (17–20),

and more generally for understanding how the immune system

reconstitutes following hematopoietic stem cell transplantation (21)

or treatment of HIV infection (22).
Results

Ki67-mCherry-CreERT drives YFP
reporter expression with low but
predictable efficiency

In order to better characterize the regulation of Rosa26RYFP

reporter expression by Ki67 driven Cre activity, we first analyzed the

tamoxifen-driven induction of the YFP reporter in dividing T cells

in vitro. T cells from Ki67-mCherry-CreER Rosa26RYFP mice were

labeled with CTV cell dye, to allow tracking of cell divisions, and

activated in vitro by cross linking CD3 and CD28 receptors with

plate bound mAb. Dividing T cells expressed high levels of Ki67-

mCherry. A small subpopulation of dividing cells also induced YFP

expression, that was strictly dependent upon 4OH-tamoxifen

application and the dose thereof (Figure 2A). To assess the

relation of YFP induction to cell division activity, we stimulated T

cells under a range of conditions and measured CTV dye dilution

profiles and YFP reporter induction over the following 4 days.

These different culture conditions resulted in diverse proliferative

activity and induction of YFP expression (Figure 2B). A direct

comparison of YFP induction frequency with mean cell divisions
BA

FIGURE 1

The Ki67 reporter system. (A) Schematic of the mouse model that allows us to follow recent cell division events with a fluorescent Ki67 reporter
(mCherry), and also to indelibly label dividing cells and their progeny with yellow fluorescent protein (YFP). (B) Density plot shows Ki67-mCherry
reporter expression vs anti-nuclear Ki67 mAb staining on total thymocytes.
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within different cultures revealed a strong correlation that was

largely independent of conditions of stimulation or the time at

which cultures were analyzed (Figure 2C). Taken together, these

data show that YFP reporter induction is strictly dependent upon
Frontiers in Immunology 03
cell division, and that the frequency of YFP induction in a given

population is predictive of the average cell division activity.

Next, we analyzed induction of Rosa26RYFP reporter in vivo,

following treatment of Ki67-mCherry-CreER Rosa26 RYFP mice with
B

C D

A

FIGURE 2

Assessment of Ki67 reporter activity and its relation to cell division. (A) Lymph node cells from Ki67-mCherry-CreERT Rosa26RYFP mice were labeled
with CTV cell dye, and stimulated in vitro with plate bound anti-CD3 for 72h, with the indicated concentrations of tamoxifen (TAM). Density plots
show Ki67-mCherry or YFP reporter expression vs CTV dilution by total TCR+ cells, as compared with unstimulated control cultures. (B) Lymph node
cells from Ki67-mCherry-CreERT Rosa26RYFP mice were labeled with CTV, stimulated with the indicated concentrations of plate bound anti-CD3
and anti-CD28, and expression of YFP reporter vs CTV dilution analyzed at the indicated days. (C) %YFP-expressing cells from individual cultures vs
mean division number, normalized for expansion, as determined by the CTV dilution profiles. Solid and dashed lines indicate the best fit linear
relationships and 95% confidence envelope. (D) Ki67-mCherry-CreERT Rosa26RYFPmice were injected daily with tamoxifen for five consecutive days.
Thymus and lymph nodes were recovered at the indicated times after starting injections, and expression of Ki67-mCherry and Rosa26 RYFP reporter
measured amongst DP, CD4 SP, and CD8 SP thymocytes, and naive CD4 and CD8 T cells.
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intraperitoneal injection of 3mg tamoxifen for five consecutive days.

Ki67 expression amongst naive T cells was very low, while

thymocytes, which divide extensively during development,

expressed it at much higher frequencies (Figure 2D). Therefore,

we reasoned that inducing Cre activity by administration of

tamoxifen should preferentially activate Rosa26RYFP Cre reporter

expression in thymocytes relative to peripheral naive T cells. Shortly

after the fifth injection (d4), approximately 12% of CD4+CD8+

double positive (DP) thymocytes had induced expression of YFP

(Figure 2D), while the frequencies of post-selection single positive

thymocytes and peripheral naive T cells expressing YFP were very

low. In the weeks following tamoxifen administration the fraction of

cells expressing the YFP reporter dwindled amongst DP

thymocytes, and gradually accumulated within peripheral naive

subsets, consistent with the prediction that thymocytes time

stamped by YFP induction would continue development and

emerge into the peripheral naive pools.
Estimates of mean residence times of naive
T cells using reporter mice align with
previous studies

To explore the use of the Ki67-mCherry-CreERT reporter

mouse to study cell population dynamics at steady-state, we

measured the numbers of YFP+ T cells in 61 mice aged between

42 and 110 days that underwent the 5 days of tamoxifen treatment

(Figure S1). Mice were sacrificed at a range of timepoints across the

following 62 days, and T cell subsets were harvested from thymi,

lymph nodes and spleens. We then measured numbers of mature

single positive CD4 (mSP4) and CD8 (mSP8) thymocytes, naive

(CD44lowCD62Lhigh) CD4 and CD8 T cells within spleen and

lymph nodes (Figures S2A–C), and the frequencies of YFP and

Ki67-mCherry expression within these populations (Figures S2D–

I). Naive T cells in mice recirculate freely between spleen and lymph

nodes via the blood on timescales of hours (23–25), and Ki67

expression levels within each are strongly correlated (Figure S2J).

We therefore proceeded by pooling the cell numbers from spleen

and lymph nodes, and reporting the Ki67 and YFP expression

fractions within the pooled population as the weighted averages of

the measurements in spleen and lymph nodes. The sizes and Ki67

expression levels of these subsets in the treated reporter mice were

indistinguishable from those of untreated reporter mice and of age-

matched wild-type controls (Figure S3), indicating that both the

YFP reporter constructs themselves and short-term tamoxifen

treatment had no detectable effect on naive T cell dynamics in bulk.

Previous studies have shown that the expected residence times of

naive CD4 and CD8 T cells increase slowly with their post-thymic age

(4, 13, 14), and that thymic output in adult mice declines slowly,

halving roughly every 6months from approximately 8 weeks of age (7).

(We refer to a cell’s ‘residence time’ within circulation, rather than

‘lifespan’, because the rate of loss of naive T cells combines death and

onward differentiation.) In this experiment mice were sacrificed non-

sequentially with respect to their age at the beginning of treatment,

confounding the analysis of any age effects. However, the 70-day age
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range of mice is small compared to the timescales of change of thymic

influx and of population average residence times, and so we did not

expect to see a significant systematic impact of host and/or cell age on

these dynamics. Instead, we assumed that naive CD4 and CD8 T cells

could be considered broadly homogeneous with respect to their total

rates of loss through death or onward differentiation, m. We then

constructed a model describing the kinetics of labeled cells within the

thymic and peripheral naive T cell populations, stratifying each by Ki67

expression (Figure 3). This model assumes that self-renewal involves a

naive T cell undergoing a single division with a low daily probability,

then returning to a quiescent state, rather than a burst of divisions.

Evidence for this mode of behavior comes from modeling of dye

dilution assays of naive T cell proliferation under lymphopenic

conditions (17).

Several studies have inferred that naive T cells in mice self-

renew rarely, if at all (7, 10–14). We therefore began by exploring a

reduced model in which the division rate p was set to zero and we

ignored Ki67 expression. In this model, any YFP expression within

the naive population derives from cells that divided in the thymus

during tamoxifen treatment and were subsequently exported. We

assume that mSP cells leave the thymus at a constant per capita rate

Q, motivated by the observation that the total rate of thymic output

scales linearly with thymocyte numbers (26). Labeled naive T cells

(L) in spleen and lymph nodes are lost at per capita rate m. This rate
is assumed to be identical for labeled and unlabeled cells. If the

number of YFP+ mSP4 or mSP8 cells is Y (t), then;

dL
dt

= QY(t) − mL : (1)

Possibly due in part to the low efficiency of YFP induction, the

measured numbers of labeled cells were somewhat noisy (Figure 4A,

gray points). In studies involving flow cytometry of cells recovered

from harvested tissues, estimates of subset frequencies typically

exhibit smaller coefficients of variation than cell numbers. We

therefore explored an alternative approach, modeling the kinetics

of the proportion of naive cells that expressed YFP, ℓ = L/N, where

N is the total number of naive CD4 or CD8 T cells, rather than of

the kinetics of L (Figure 4B, gray points). Note however that these

proportions also showed variation, again likely due to the low

efficiency of YFP induction. We observed that total numbers of

naive CD4 and CD8 T cells showed very little variation across the

experiment (Figures S2A, B), and so we could reasonably assume

that they were at or close to steady state (dN/dt = 0). In that case,

Equation 1 can be recast as:

d‘
dt

=
QY(t)
N

− m‘ = QZ(t)  −  m‘, (2)

where Z(t) is the number of YFP + mSP cells normalized by the

number of peripheral naive T cells, N.

The process of induction and loss of YFP+ cells in the thymus

occurs along a chain of proliferating precursors leading back to

lymphoid progenitor cells in the bone marrow. Rather than

modeling this process explicitly, we described the timecourses of

total (Y(t)) and normalized (Z(t)) YFP+ mSP cell numbers using the

following empirical functions;
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Y(t) = Y0 − atbe−ct , (3a)

Z(t) = keat(1 + ev(t−t))−
a+b
v : (3b)

For CD4 and CD8 T cells, Equation 3a and Equation 3b were

fitted to their appropriate time-courses, using least squares and log-

and logit-transformed YFP+ mSP numbers and frequencies,

respectively (Figure S4). These fitted functions were then used in

Equation 1 and Equation 2, which in turn were solved numerically

and fitted to the observed time courses of numbers and frequencies

of YFP+ naive T cells, respectively (Figure 4; see Methods for

details). Our conclusions were insensitive to the precise functional

forms of Y(t) and Z(t) – they were chosen simply to represent the

expected and observed unimodal kinetic of labeled cells as they

transit through the final stages of thymic development.

The two methods yielded similar estimates of the mean

residence time (1/µ) with comparable levels of uncertainty

(Figure 5, center panels, diamond-shaped points). These estimates

were consistent with those derived previously from BrdU or

deuterium labeling (11, 27–29) and from busulfan chimeric mice

(7, 13, 14), shown for reference in the left-most panel in Figure 5.

Intuitively, residence times correspond roughly to the timescales of

decline of the YFP labeling curves. These are upper bounds, because

labeled cell numbers are sustained to some extent by residual influx

from the thymus after tamoxifen treatment ends. The cell count and

cell frequency methods also generated very similar estimates of the

per capita rate of output of cells from the thymus (Q; Table 1).
We conclude that a simple homogeneous model without cell

proliferation, and with pre-determined empirical functions

describing the influx of labeled cells from the thymus, yields

residence times of naive T cells consistent with those derived

from other labeling methods. We also conclude that fitting on
Frontiers in Immunology 05
either the total numbers of YFP+ naive T cells, or their frequency,

yields similar point estimates, and with comparable precision.
Defining rates of naive T cell proliferation
by combining YFP labeling with live
readouts of Ki67 expression

The models above assume that YFP expression among naive T

cells derives entirely from cells that divided in the thymus during

tamoxifen treatment and were subsequently exported into the

periphery. To generalize these models and allow for the

possibility of naive T cell self-renewal, we returned to the full

version of the model which describes the dynamics of Ki67

expression in mSP thymocytes and naive T cells in the periphery

(Figure 3). Doing this would allow us to measure the contributions

of intrathymic proliferation and self-renewal to the production of

YFP+ naive T cells, and so to test the consensus view that naive T

cells in mice divide rarely.

The kinetics of Ki67 expression within YFP+ and total naive CD4

and CD8 T cells are shown in Figure 6. At early timepoints, we see that

YFP-expressing naive T cells (yellow points) are significantly enriched

for Ki67 relative to the population as a whole (gray). The observation is

consistent with the intuitive result that YFP-expressing naive cells are

predominantly recent thymic emigrants (RTE), many of which divided

recently in the thymus, where levels of proliferation are high (Figure

S2I). At later time points we see that Ki67 expression among naive

YFP+ cells approaches the population average. This is perhaps

counterintuitive; if naive T cells divide rarely, at late times we would

expect all naive YFP+ cells to have lost any Ki67 deriving from

intrathymic division. In contrast, we expect there to be substantial

numbers of unlabeled RTE, with high levels of inherited Ki67.
FIGURE 3

A simple homeogeneous model of naive T cell dynamics. New Ki67+ and Ki67- naive T cells are exported from the thymus at rates proportional to
the numbers of mature single positive Ki67+ and Ki67- thymocytes, respectively. Once exported, naive T cells circulate between spleen and lymph
nodes, are lost at rate m, and divide at rate p. Division is accompanied by induction of Ki67 expression which persists for a mean time 1/b before cells
become Ki67-.
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Therefore, long after treatment stops, we would expect the level of Ki67

expression among YFP+ cells to be lower than the population average.

The convergence in frequencies has two potential explanations. One is

that mature naive T cells do indeed divide at significant levels. The

other is that YFP+ cells continue to be exported from the thymus long

after tamoxifen treatment, perhaps due to labeling of stem-like

precursor cells in the bone marrow. Indeed we did observe low but

significant levels of label within the mSP4 and mSP8 populations more

than 2 months after tamoxifen administration ended (Figure S4,

points), which were captured by the functions we used to define

these kinetics (Figure S4, black lines).

To estimate the rates of division of naive T cells, we expanded the

basic model (Equation 1) to track Ki67+ and Ki67− cells within the

YFP+ population (L− and L+, respectively; Equation 4). The model is

shown schematically in Figure 3. Division induces Ki67 expression, and

the return to Ki67− is assumed to occur with first order kinetics at rate
Frontiers in Immunology 06
b. Thus 1/b is the mean residence time in the Ki67+ state, a compound

parameter which is determined by both the intrinsic decay rate of the

protein and the threshold of expression defining the boundary between

Ki67− and Ki67+ in the flow cytometric analysis. As before, we assume

that YFP-labeling has no effect on cell dynamics, with all cells

experiencing the same rates of division (p) and loss (µ);

dL+

dt
= QK+(t) − L+(m + b) + p(2L− + L+),

dL−

dt
= QK−(t) − L−(m + p) + bL+ : (4)

Here the empirical functions K+=−(t) describe the timecourses of the

numbers of YFP+ Ki67 +=− mSP cells, respectively. We assume that

Ki67- and Ki67+ mSP cells are exported from the thymus at the same

per capita rate Q. Support for this assumption comes from the
B

A

FIGURE 4

Modeling the dynamics of YFP+ naive CD4 and CD8 T cells after 5 days of tamoxifen treatment. (A) The timecourses of YFP+ cell numbers,
recovered from spleen and lymph nodes, with the best-fitting model described by Equation 1. (B) Observed and fitted trajectories of YFP+ cell
frequencies, modeled with Equation 2. Points are sized by the age class of the mouse at start of treatment.
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observation that in Rag-GFP reporter mice, Ki67 levels are similar

among late stage SP thymocytes and GFP-bright recent thymic

emigrants (14).

The measured values of L+ and L− are not statistically

independent; they derive from a single measurement of naive cell

numbers using a cell counter, which is multiplied by the fractions of

cells that are YFP+ Ki67+ and YFP+ Ki67+ respectively, estimated

using flow cytometry. Any error or inter-mouse variation in the cell

number will then be reflected in both L+ and L−. To circumvent this,

we recast Equation 4 to model the dynamics of two independent

quantities; the total number of YFP+ cells, L(t), and the proportion of

these cells expressing Ki67, ℓ+(t) = L+(t)/L(t);

dL
dt

= QY(t) + L(t)(p − m),

d‘+

dt
=

Q
L(t)

(K+(t) − Y(t)‘+(t)) − b‘+ + 2p(1 − ‘+(t)) : (5)

The observed trajectories of the numbers of Ki67+ YFP+

mature SP thymocytes (K+(t)) were both well described by a
Frontiers in Immunology 07
unimodal function (Figure S5) which took the same form as the

one used to describe the trajectories of YFP+ mSP4 or mSP8

numbers (Y(t), Equation 3a), but with distinct parameters. Using

the fitted K+(t) and Y(t) as inputs, each with distinct parameters

for CD4 and CD8 lineage thymocytes, we then fitted the model

defined by Equation 5 to the observed time courses ℓ
+(t) and

L(t).

Previous estimates of the naive T cell division rate p were very

low, with mean interdivision times ranging from many months to

years. Our point estimates were correspondingly small (400 days for

CD4, 2500 days for CD8). Perhaps due to the relatively short chase

period of 62 days, the mean interdivision times showed

considerable uncertainty (Table 1). We therefore compared the

quality of fits of the full model (Equation 5) to fits of the reduced

and nested model with p = 0. Including p provided a substantial

improvement for naive CD4 T cells (F-test; p-value 4.6 × 10-4), but

not for CD8 (F-test; p-value 0.50). Fitted models with p free are

shown in Figure 7, and for naive CD8 T cells were visually

indistinguishable from the fits with p = 0. All parameters are

shown in Table 1, with indications of the significance of adding p.
FIGURE 5

Summary of estimates of mean residence times of naive CD4 and CD8 T cells in adult mice, derived from different methods. Left panels; summary
of published estimates. Van Hoeven et al. estimated the lifetimes of recent thymic emigrants (RTE) and mature naive (MN) T cells; they found these
values to be indistinguishable for naive CD8 T cells. Values quoted by Rane (2018) (13) were derived from data from wild-type and thymectomized
mice (‘WT’), and busulfan chimeric mice (‘Chimeras’). All estimates from Rane (2018) (13) and Rane (2022) (14) are for RTE and are lower bounds on
the population-average residence time. Center panels; estimates derived from Ki67 reporter mice, using pre-determined, fitted empirical
descriptions of the dynamics of labeled thymocytes as model inputs. Right panels; estimates derived from simultaneous fitting of the kinetics of
labeled thymocytes and labeled naive T cells. In the center and right panels, red diamonds show estimates derived from the simpler model that
assumes no proliferation among naive T cells; blue circular points show estimates derived from the larger model that explicitly tracks Ki67 within
thymocytes and naive T cells and allows for naive T cell proliferation. Bars indicate 95% confidence intervals. One upper limit is truncated for clarity;
see Table 1 for all parameter estimates and confidence intervals.
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Taken together, these analyses support the consensus that naive T

cells in mice divide rarely, if at all (7, 10–13).

Again, the estimated residence times (Figure 5; central panels,

blue circles) agreed with the estimates from the simpler model with

no division (central panels, red diamonds), and with previous

studies (Figure 5; left panels).
Frontiers in Immunology 08
Allowing for uncertainty in the label
content of naive T cell precursors

The analyses above assumed that the time courses of YFP+ mSP

cells in the thymus were described precisely by the fitted functions

Y(t) and Z(t). Intuitively, neglecting uncertainty in these functions
TABLE 1 Parameter estimates for all model fitting strategies.

Parameter Model Fit thymus & periphery Method CD4 CD8

Mean residence time (1/m, days) YFP only (p = 0) Separately Counts 18 (27-54) 36 (19-100)

YFP only (p = 0) Separately Frequency 25 (20-38) 32 (22-80)

YFP only (p = 0) Simultaneously Counts 26 (18-48) 35 (18-230)

YFP only (p = 0) Simultaneously Frequency 35 (24-54) 72 (39-760)

YFP + Ki67 Separately Frequency 26 (17-50) 42 (22-100)

YFP + Ki67 Simultaneously Frequency 21 (15-43) 39 (20-100)

Per capita export rate (Q, /day) YFP only (p = 0) Separately Counts 0.73 (0.51-0.99) 0.92 (0.55-1.5)

YFP only (p = 0) Separately Frequency 0.77 (0.55-0.99) 0.93 (0.58-1.3)

YFP only (p = 0) Simultaneously Counts 0.74 (0.53-0.94) 1.00 (0.59-1.4)

YFP only (p = 0) Simultaneously Frequency 0.59 (0.51-0.72) 0.63 (0.51-0.76)

YFP + Ki67 Separately Frequency 0.72 (0.50-0.99) 0.91 (0.54-1.4)

YFP + Ki67 Simultaneously Frequency 0.84 (0.54-1.0) 0.99 (0.59-1.4)

Mean interdivision time (1/p, days) YFP + Ki67 Separately Frequency 400 (240-930) 2500 (520-104)†

YFP + Ki67 Simultaneously Frequency 300 (200-850)† 4600 (510-105)†

Duration of Ki67 expression (1/b, days) YFP + Ki67 Separately Frequency 2.0 (1.5-2.7) 4.3 (2.7-6.3)

YFP + Ki67 Simultaneously Frequency 1.7 (1.2-2.7) 4.3 (2.5-6.8)
Here we show parameters, with 95% confidence intervals, relating to naive CD4 and CD8 T cell dynamics in Ki67-reporter mice. These are derived from the simple model assuming no naive T
cell division (‘YFP only (p = 0)’), or the full model that utilizes the live readouts of Ki67 expression to estimate p (‘YFP + Ki67’); frommethods that fit thymic and peripheral labeling kinetics either
separately or simultaneously; and from methods that model either the counts of YFP+ cells, or their frequencies within naive T cell populations. Estimates in bold and marked with †; in these
models, adding p as a free parameter did not substantially improve the fit of the model over the nested model with p = 0 (see text); we quote them here for completeness.
FIGURE 6

YFP labeled naive T cells are transiently enriched for recently-divided (Ki67+) cells. The observed frequencies of Ki67 expression among YFP+ (yellow)
and total (gray) naive CD4 and CD8 T cells, after tamoxifen treatment.
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may lead us to overestimate our confidence in the parameters

describing naive T cell dynamics. To explore this issue, we fitted

the labeling data from the thymus and periphery simultaneously.

We did this for the simple model assuming no division, fitting on

both YFP counts (Figure 8A) and frequencies (Figure 8B). We also

performed simultaneous fitting for the full model incorporating

Ki67 expression (Equation 5), which yielded the predicted numbers

of YFP+ naive T cells (Figure 8C) and the proportion expressing

Ki67 (Figure 8D).

Allowing for uncertainty in the parameters defining the thymic

source functions by fitting them simultaneously with the peripheral

dynamics increased the uncertainty in residence times derived from

the simplest model, but had relatively little effect on residence times

for the models constrained by the additional information from Ki67

(Figure 5, Table 1). However, the mean interdivision time became

substantially more uncertain for CD8 T cells when fitting thymus

and periphery simultaneously (Table 1). Indeed, when we compared

the quality of fits of each model to its nested counterpart with no
Frontiers in Immunology 09
peripheral self-renewal (p=0), the models with p=0 had strongest

support, for both CD4 and CD8 T cells (F-test; p-values of 0.17 and

0.88, respectively).
Dynamics of YFP-labeled cells are
representative of the whole population

To further validate the system, we tested the assumption that

YFP-expressing cells behave identically to the population as a

whole. To do this we used the parameters derived from the best

fitting models of YFP-expressing cell dynamics to predict Ki67

expression among bulk naive T cells, given its expression among

their mSP precursors in the thymus.

We took advantage of the pairing of measurements of

thymocytes and peripheral naive T cells in each mouse. We

expect the total number of Ki67+ naive CD4 or CD8 T cells in

spleen and lymph nodes at a time t, N+
pred(t), to be approximately
B

A

FIGURE 7

Models of naive T cell dynamics that explicitly track Ki67 expression. Shown are the fitted trajectories of YFP+ naive T cells (A) and the proportion of
YFP+ cells that are Ki67+ (B), modeled with Equation 5. Points are sized by the age class of the mouse at start of treatment.
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the number of Ki67+ cells exported from the thymus in the previous

1/b days, plus two times the number of naive T cells that divided

during the same time period;

N+
pred =

QK+
mSP

b
+
2pN
b

(6)

This can be expressed as the predicted Ki67+ fraction within the

total naive pool. As described above, this fraction is the average of

that observed in spleen and lymph nodes, weighted by the numbers

of cells in each;

k+pred =
N+
pred

N
=
QK+

mSP

bN
+
2p
b

(7)

This approximation assumes (i) p is small compared to the rate

of loss of Ki67 (b), (ii) the duration of Ki67 expression is much

shorter than the naive T cell lifespan, so that we do not need to

account for any loss of divided cells during this period, and (iii) that

Ki67+ mSP cell numbers are constant over the previous 1/b days.

We then generated a point estimate of k+pred for each mouse,

using its observed values of K+
mSP and N, and the population-average

estimates of the parameters generated by simultaneously fitting the

kinetics of thymic and peripheral YFP-labeled cells. We generated

95% confidence intervals on each estimate of k+pred by sampling from

the bootstrap estimates of these parameters, and compared these

predictions to the observed Ki67+ fraction for each mouse,
Frontiers in Immunology 10
k+obs =
N+

N
: (8)

Figure 9 shows these comparisons, with mice ordered by time

since the end of tamoxifen treatment. It was generated using the

statistically favored version of the model in Equation 5, in which the

naive T cells do not divide (p = 0). Figure S6 shows the comparisons

using the full model in which p was estimated, which are similar.

In both cases, the differences between predicted and observed

frequencies were small in both absolute and relative terms

(Figures 9A, B, respectively; see also Figure S6), although there

was a trend for the models to slightly overestimate Ki67 expression

in the periphery. Discrepancies could potentially be due to

uncertainty in gating Ki67 expression in flow cytometry, and/or

small differences in expected lifespans of very recent thymic

emigrants and more mature naive cells, differences that our

experiment was not designed to resolve. Since division rates are

so low, our analyses confirmed that the bulk of Ki67 expression in

the periphery derives from newly generated naive T cells that

divided shortly before leaving the thymus. Our estimates of the

Ki67 lifetime are somewhat lower than those established previously

(Table 1), consistent with a time lag before Ki67-expressing naive T

cells appear in the periphery. In summary, the predictive ability of

the model combined with our finding that the estimated lifespans of

naive CD4 and CD8 T cells derived from this system are compatible

with previous estimates, and the observation that cell numbers and
B

C D

A

FIGURE 8

Models of YFP+ cell dynamics, fitted simultaneously to data from the thymus and the periphery. (A) Trajectories of YFP+ naive T cell numbers
modeled with Equation 1 and of YFP+ mSPs modeled with Equation 3a. (B) Trajectories of the YFP+ frequency within naive T cells modeled with
Equation 2, and of the ratio of YFP+ mSP to naive T cell numbers (Z(t), Equation 3b). (C) Numbers of YFP+ naive T cells and YFP+ mature SP
thymocytes (L(t) and Y(t), Equation 5). (D) Fraction of YFP+ naive cells expressing Ki67 (ℓ+(t), Equation 5).
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Ki67 levels are indistinguishable in tamoxifen-treated reporter mice

and WT controls (Figure S3), support the conclusion that the

induction of YFP has no appreciable effect on cellular dynamics.
Discussion

We have shown here that Ki67 reporter mice can be used to

study cell division and turnover, in a manner conceptually similar

to BrdU and deuterium labeling. Each has its limitations; BrdU is

toxic when administered for extended periods, and one must model

its dilution by subsequent divisions in the chase period. Deuterium

labeling has the key advantage of being safe to perform in humans

but, because the readout is the enrichment for deuterium in DNA

strands pooled from a sample of the population of interest, one

must calibrate to a fast-dividing population with high enrichment to

infer the proportion of DNA strands that contain deuterium.

Further, most labeling studies assume that the source population

is dividing rapidly and so 100% labeled during the pulse phase, and
Frontiers in Immunology 11
switches to unlabeled as soon as the chase period begins. It is

unclear that this assumption always holds, but for many cell

populations the true precursor may be uncertain, and so verifying

its label content may not be possible. A feature of our Ki67 reporter

system is the low efficiency of induction per cell division, which

makes it necessary to both know the precursor population and

explicitly (here, empirically) model the kinetics of its label content.

We also saw that YFP expression persisted at a low level among

thymocytes well after tamoxifen administration had ended, likely

due to heritable labeling within self-renewing lymphocyte

progenitors. The resulting residual influx of YFP-expressing naive

T cells needed to be accounted for when modeling the chase period.

Ki67 expression levels have been used in previous studies modeling

cellular dynamics, but largely for validation purposes as a correlate of

proliferative activity measured by other means (28, 30). In this study, as

in our previous work (13, 14, 17, 31) we model Ki67 expression

explicitly; here, to inform estimates of rates of thymic export and of

naive T cell self-renewal. We have shown previously that most Ki67-

expressing naive T cells in mice emigrated from the thymus within the
B

A

FIGURE 9

Difference between predicted and observed Ki67 expression on naive T cells, by mouse, calculated using Equation 7, and presented in both absolute
(A) and fractional (B) terms. We used the parameters and 95% confidence intervals derived from the fitted model Equation 5 along with Equation 3a
and K+(t). For both naive CD4 and CD8 T cells, allowing the self-renewal rate p to be non-zero did not improve the fit substantially over a reduced
model with p = 0 (see text). Here we present the Ki67 expression predictions with p = 0; predictions including the small effect of non-zero p are
very similar (Figure S6). Mice are ordered by time post-treatment.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1157705
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lukas et al. 10.3389/fimmu.2023.1157705
previous few days, and we and others have shown that there is very

little self-renewal of more mature naive T cells. Our analyses are

consistent with this conclusion.

The fitting methods we explored here yielded consistent

estimates of the per capita rates of release of mature SP4 and SP8

cells from the thymus, Q, of approximately 0.7 and 1 day−1

respectively. The adult mice in this experiment had approximately

106 and 3 x 105 mSP4 and mSP8 thymocytes, implying that roughly

7 x 105 naive CD4 and 3 x 105 naive CD8 T cells are exported from

the thymus each day. These point estimates align closely with our

previous estimates of 5 x 105 and 2.4 x 105 respectively (7), and with

an older estimate of a total daily export rate of 106 naive T cells (26).

The low efficiency of induction of YFP per cell division in this

mouse model allows it in principle to be used as a division counter;

the YFP expression within a closed population reflects the average

number of divisions it went through during tamoxifen

administration (Figure 2C). Our system has some similarities to

the one described by Bresser et al. (32), in which a fluorescent

reporter construct is switched on with a low probability per

division. To follow specific populations the reporter construct is

induced with a retrovirus and cells are adoptively transferred into a

congenic host, where the accumulation of reporter expression can

be tracked over time. The system we study here does not require

adoptive transfer and so can be used to examine unperturbed

cellular dynamics at steady state, as well as endogeneous

responses to immune stimuli.

Our study has several limitations. When we stratified labeled

cell dynamics by Ki67 expression and fitted thymic and peripheral

dynamics simultaneously, we found the strongest support for

models in which naive T cells do not divide. Simpler analyses in

which the influx of labeled cells from the thymus was described with

a fixed and predetermined function supported self-renewal within

naive CD4, but not CD8, T cells. Our study design made it difficult

to resolve division rates unequivocally, because the duration of the

chase period (62 days) was substantially shorter than the

interdivision times estimated by us and others. Another limitation

is that the study was not designed to model the known effects of

post-thymic cell age on turnover (13, 14, 33). However, within the

range of mouse ages we studied, and with the short chase period, we

expect this cell age effect to be small; and in any case, our estimates

of residence times span those from reports that isolated the

residence times of naive T cells of different ages (Figure 5).

Perhaps the major limitation is that due to the low efficiency of

YFP induction in this reporter strain, the numbers and frequencies

of YFP expressing naive T cells were small. Noise in these

observations contributed to the uncertainty in residence times.

Consequently, this reporter may be better suited for studying

populations that divide extensively, such as T cells responding

to antigen.

In summary, the Ki67 reporter system allows the long-term

tracking of the fate of cells that divided within a given time window,

and can be used as a means of quantifying cell population dynamics

in a manner analogous to (and consistent with) DNA labeling
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assays. The low efficiency of induction in this particular construct

requires one to explicitly model the dynamics of reporter expression

in the precursor of the population of interest. This requirement may

be turned to an advantage in settings in which differentiation

pathways are uncertain. By fitting the labeling data using different

candidate precursors, each with empirically described time courses

of label content, one could then use model selection tools to reveal

the relative support for different pathways.
Methods

Experimental mouse model

Ki67-mCherry-CreER mice have been previously described (5).

Briefly, C57Bl6/J mice underwent targeted replacement of the

terminal exon 14 of the Mki67 locus with a modified exon 14

sequence with upstream FRT flanked neomycin cassette, and

downstream mCherry fusion construct, IRES sequence and

CreERT2 cDNA. Mice were crossed with actin-FLPe mice to

excise the neomycin selection cassette, before crossing with

Rosa26RYFPstrain (34), to generate Ki67-mCherry-CreER

Rosa26RYFP double reporter mice. Cre recombinase activity was

induced in vivo in these mice following i.p. injection with 2mg of

tamxoxifen (Sigma) diluted in corn oil (Fisher Scientific) for five

consecutive days. Ki67-mCherry-CreER Rosa26RYFP double reporter

mice were bred at Charles River U.K. Ltd and the Comparative

Biology Unit, Royal Free Hospital. Experiments were performed

according to the UCL Animal Welfare and Ethical Review Body and

Home Office regulations.
Flow cytometry

Single cell suspensions were prepared from the thymus, spleen

and lymph nodes (cervical, axillary, brachial, inguinal, and

mesenteric) of Ki67-mCherry-CreER Rosa26RYFP double

reporter mice. Cells were stained with the following monoclonal

antibodies and cell dyes: TCR-b APC, CD4+ PerCP-eFluor710,

CD44 APC-eFluor780, CD25 PE, CD25 eFluor450, CD25 PE-

Cy7, CD62L eFluor450 (all eBioscience), TCR- b PerCP-Cy5.5

CD4+ BV711, CD44 BV785, CD25 BV650 (all Biolegend), CD62L

BUV737 (BD Biosciences), LIVE/DEAD nearIR and LIVE/DEAD

blue viability dyes. Cells were acquired on a BD LSR-Fortessa flow

cytometer and analyzed with Flowjo software (Treestar). Gating

strategy to identify DP, mSP and naive peripheral T cells was

identical to that we have employed previously for analysis of mice

expressing Ki67-RFP fusion protein (14). Briefly, DP thymocytes

are identified as CD4+CD8+ CRlo CD5lo, CD4 mSP are

CD4 +CD8 −CD4 4 l o CD 2 5 l o CD6 2 L h i , CD 8 mSP a r e

CD4−CD8+CD44loTCRhiCD62Lhi, peripheral naive CD4+T cells

are TCRRhiCD4+CD44loCD62Lhi, and peripheral naive CD8+T

cells are TCRhiCD8+CD44loCD62Lhi.
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In vitro T cell stimulations

Total lymph node cells from Ki67-mCherry-CreER Rosa26RYFP

mice were labeled with 2 m M of CellTraceTM Violet (Invitrogen) in

Dulbecco’s PBS (Invitrogen) for 10 min at 37°C and washed twice.

Cells were cultured at 37°C with 5% CO2 in RPMI-1640 (Gibco,

Invitrogen Corporation, CA) supplemented with 10% (v/v) fetal bovine

serum (FBS) (Gibco Invitrogen), 0.1% (v/v) 2-mercaptoethanol b ME

(Sigma Aldrich) and 1% (v/v) penicillin-streptomycin (Gibco

Invitrogen) (RPMI-10). Cells were activated by CD3 and CD28

mAb, at concentrations indicated, bound to 96 well flat bottom

plates overnight at 4°C and washed with PBS prior to culture. Cells

were cultured at 10uperscript6/ml in 200 ml. 4OH-tamoxifen (Sigma)

was added to cultures at the indicated concentrations. Cells were

recovered at the indicated times, and analyzed by flow cytometry for

expression of YFP and mCherry, and stained for expression of TCR.
Model fitting

All fitting was performed using the FME wrapper within Grind

in R version 4.1.2, using the implemented pseudorandom-search

algorithm on log- or logit-transformed observations. All data and

code required to reproduce the analyses and figures can be obtained

at https://github.com/andrewjyates/Lukas-Ki67YFP.git.
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SUPPLEMENTARY FIGURE 1

Distribution of the ages of mice at initiation of tamoxifen treatment. Median
age indicated with the blue line.

SUPPLEMENTARY FIGURE 2

First row: Measured numbers of naive T cells in lymph nodes (A), spleen (B)
and of mature single positive thymocytes (C). Second row: Frequency of YFP
expression in naive T cell populations in lymph nodes (D), in spleen (E) and in

mature single positive thymocytes (F). Third row: Frequency of Ki67
expression in naive T cell populations in lymph nodes (G), in spleen (H) and
in mature single positive thymocytes (I). (J) Ki67 expression among naive T

cells in spleen and lymph nodes is strongly correlated.

SUPPLEMENTARY FIGURE 3

Naive T cell numbers and Ki67 expression frequencies in tamoxifen-treated

Ki67 reporter mice and wild-type controls. Upper row shows total number of
naive CD4 and naive CD8 T cells recovered from LN and spleen of either

tamoxifen treatedKi67 reporter mice (TAM), control reporter mice not given

tamoxifen (NO TAM) and WT control mice, at the indicated age of culling
(S1K). Bottom row shows the frequency of Ki67 reporter detected in the

corresponding naive LN T cell population of either tamoxifen treated Ki67
reporter mice (TAM) or control reporter mice not given tamoxifen (NO TAM).

SUPPLEMENTARY FIGURE 4

Phenomenological functions describing the timecourses of YFP-expression
among mature SP cells in the thymus after tamoxifen treatment. (A) Best fits
of the time-varying numbers of YFP+ mSPs (Y(t); Equation 3a). (B) The ratio of

YFP+ mSPs to naive T cell numbers (Z(t); Equation 3b).

SUPPLEMENTARY FIGURE 5

Numbers of Ki67-expressing fluorescent mSPs over time, modeled emprically

with K+(t) = K0 + atbe-ct.

SUPPLEMENTARY FIGURE 6

Difference between predicted and observed Ki67 expression on naive T cells,
by mouse, calculated using Equation 7, and presented as in both absolute (A)
and fractional (B) terms, using parameters derived from models in which the
proliferation rate p was allowed to be non-zero. Mice are ordered by time

post-treatment.
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21. Baliu-Piqué M, van Hoeven V, Drylewicz J, Wagen LEvd, Janssen A, Otto SA,
et al. Cell-density independent increased lymphocyte production and loss rates post
autologous HSCT. Elife (2021) 10. doi: 10.7554/eLife.59775

22. Vrisekoop N, Gent Rv, Boer ABde, Otto SA, Borleffs JCC, Steingrover R, et al.
Restoration of the CD4 T cell compartment after long-term highly active antiretroviral
therapy without phenotypical signs of accelerated immunological aging. J Immunol
(2008) 181(2):1573–81. doi: 10.4049/jimmunol.181.2.1573

23. Lee M, Mandl JN, Germain RN, Yates AJ. The race for the prize: T-cell
trafficking strategies for optimal surveillance. Blood (2012) 120(7):1432–8. doi:
10.1182/blood-2012-04-424655

24. Mandl JN, Liou R, Klauschen F, Vrisekoop N, Monteiro JP, Yates AJ, et al.
Quantification of lymph node transit times reveals differences in antigen surveillance
strategies of naive CD4+ and CD8+ T cells. Proc Natl Acad Sci U.S.A. (2012) 109
(44):18036–41. doi: 10.1073/pnas.1211717109

25. Ganusov VV, Auerbach J. Mathematical modeling reveals kinetics of lympho cyte
recirculation in the whole organism. PloS Comput Biol (2014) 10(5):e1003586. doi:
10.1371/journal.pcbi.1003586

26. Berzins SP, Boyd RL, Miller JFAP. The role of the thymus and recent thymic
migrants in the maintenance of the adult peripheral lymphocyte pool. J Exp Med (1998)
187(11):1839–48. doi: 10.1084/jem.187.11.1839

27. Mohri H, Perelson AS, Tung K, Ribeiro RM, Ramratnam B, Markowitz M, et al.
Increased turnover of T lymphocytes in HIV-1 infection and its reduction by
antiretroviral therapy. J Exp Med (2001) 194(9):1277–88. doi: 10.1084/jem.194.9.1277

28. Ribeiro RM, Mohri H, Ho DD, Perelson AS. In vivo dynamics of T cell
activation, proliferation, and death in HIV-1 infection: why are CD4+ but not CD8+
T cells depleted? Proc Natl Acad Sci (2002) 99(24):15572–7. doi: 10.1073/
pnas.242358099

29. Baliu-Piqué M, Verheij MW, Drylewicz J, Ravesloot L, de Boer RJ, Koets A, et al.
Short Lifespans of Memory T-cells in Bone Marrow, Blood, and Lymph Nodes Suggest
That T-cell Memory Is Maintained by Continuous Self-Renewal of Recirculating Cells.
Front Immunol (2018) 9(2054). doi: 10.3389/fimmu.2018.02054

30. Lewin SR, Ribeiro RM, Kaufmann GR, Smith D, Zaunders J, Law M, et al.
Dynamics of T cells and TCR excision circles differ after treatment of acute and chronic
HIV infection. J Immunol (2002) 169(8):4657–66. doi: 10.4049/jimmunol.169.8.4657

31. Gossel G, Hogan T, Cownden D, Seddon B, Yates AJ. Memory CD4 T cell
subsets are kinetically heterogeneous and replenished from naive T cells at high levels.
elife (2017) 6:e23013. doi: 10.7554/eLife.23013.028

32. Bresser K, Kok L, Swain AC, King LA, Jacobs L, Weber TS, et al. Replicative
history marks transcriptional and functional disparity in the CD8+ T cell memory pool.
Nat Immunol (2022) 23(5):791–801. doi: 10.1038/s41590-022-01171-9

33. Tsukamoto H, Clise-Dwyer K, Huston GE, Duso DK, Buck AL, Johnson LL,
et al. Age-associated increase in lifespan of naive CD4 T cells contributes to T-cell
homeostasis but facilitates development of functional defects. Proc Natl Acad Sci (2009)
106(43):18333–8. doi: 10.1073/pnas.0910139106

34. Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM, et al. Cre
reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26
locus. BMC Dev Biol (2001) 1:4. doi: 10.1186/1471-213X-1-4
frontiersin.org

https://doi.org/10.1111/j.1600-065X.2007.00497.x
https://doi.org/10.1111/j.1600-065X.2007.00497.x
https://doi.org/10.1016/j.jtbi.2012.12.025
https://doi.org/10.1126/science.1191996
https://doi.org/10.1126/science.1191996
https://doi.org/10.1073/pnas.1811634116
https://doi.org/10.1016/j.celrep.2020.108376
https://doi.org/10.1002/jcp.1041330321
https://doi.org/10.1073/pnas.1517246112
https://doi.org/10.1016/j.celrep.2018.06.110
https://doi.org/10.1007/s00280-014-2605-7
https://doi.org/10.1002/eji.1830240533
https://doi.org/10.1016/j.immuni.2012.02.006 
https://doi.org/10.1111/acel.12311
https://doi.org/10.1371/journal.pbio.2003949
https://doi.org/10.7554/eLife.78168.sa2
https://doi.org/10.1111/imr.12694
https://doi.org/10.4049/jimmunol.1500046
https://doi.org/10.4049/jimmunol.180.3.1414
https://doi.org/10.4049/jimmunol.0900743
https://doi.org/10.4049/jimmunol.0900743
https://doi.org/10.4049/jimmunol.1203213
https://doi.org/10.7554/eLife.49900
https://doi.org/10.7554/eLife.59775
https://doi.org/10.4049/jimmunol.181.2.1573
https://doi.org/10.1182/blood-2012-04-424655
https://doi.org/10.1073/pnas.1211717109
https://doi.org/10.1371/journal.pcbi.1003586
https://doi.org/10.1084/jem.187.11.1839
https://doi.org/10.1084/jem.194.9.1277
https://doi.org/10.1073/pnas.242358099
https://doi.org/10.1073/pnas.242358099
https://doi.org/10.3389/fimmu.2018.02054
https://doi.org/10.4049/jimmunol.169.8.4657
https://doi.org/10.7554/eLife.23013.028
https://doi.org/10.1038/s41590-022-01171-9
https://doi.org/10.1073/pnas.0910139106
https://doi.org/10.1186/1471-213X-1-4
https://doi.org/10.3389/fimmu.2023.1157705
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Quantifying cellular dynamics in mice using a novel fluorescent division reporter system
	Introduction
	Results
	Ki67-mCherry-CreERT drives YFP reporter expression with low but predictable efficiency
	Estimates of mean residence times of naive T cells using reporter mice align with previous studies
	Defining rates of naive T cell proliferation by combining YFP labeling with live readouts of Ki67 expression
	Allowing for uncertainty in the label content of naive T cell precursors
	Dynamics of YFP-labeled cells are representative of the whole population

	Discussion
	Methods
	Experimental mouse model
	Flow cytometry
	In vitro T cell stimulations
	Model fitting

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


