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What I’m not going to tell you about

Lineage tracing in vivo: cellular barcoding

Schumacher lab.: library of 2,500 unique 100-nucleotide stretches
(millions of unique 20-nucleotide stretches plus Thy-1.1 or GFP)

Golden, et al., PNAS, 1995. Schepers et al., JEM, 2008. J. van Heijst et al., Science, 2009.
Lu et al., Nature Biotech., 2011. Kreso et al., Science, 2013. Gerlach et al., Science, 2013. Naik
et al., Nature, 2013. Perié et al., Cell, 2015.



A typical cellular barcoding experiment

• Usually based on adoptive transfer, which oft requires perturbation.

• No dynamic information.

Perié, Du↵y, Kok, De Boer & Schumacher, Cell, 2015.



Randomized algorithms to circumvent these drawbacks

Shalin Naik
& Stefan Glaser (WEHI)

Ton Schumacher (NKI)
& Lëıla Peŕıe (Institut Curie)

Tom Weber

Weber, Dukes, Glaser, Naik & Du↵y, “Site-specific recombinatorics: in situ cellular barcoding
with the Cre Lox system”, arXiv:1602.02190.

Weber, Perié & Du↵y, “Inferring average generation via division-linked labeling”, J. Math.

Bio., 2016.
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Fig. 1 How is T cell Division Destiny (DD) regulated at a clonal level?  (A) When a 
population of supposedly identical T cells is stimulated they proliferate to different 
extents, with cells reverting to a quiescent state in a range of generations, resulting in a 
distributed DD.  (B) Two distinct classes of solution for DD at an individual family level 
are consistent with the hypothetical data shown in (A). Each row represents a single 
clone, with dots showing the number of progeny cells reaching DD in that generation.  
When DD is concordant the clonal range (maximum – minimum generation number 
within the clone) is zero.  When DD is discordant the range is greater than zero.  The 
highly concordant explanation that would arise when DD is inherited is illustrated in the 
top panel. In the lower panel, families are highly discordant and multiple family trees 
emerge, which could arise through stochastic or deterministic regulation.  Thus the 
manner of response has a profound impact on identifying the source of variation. (C) 
Signals affecting T cell DD add together as shown at the population level (9). (D) If 
signal effects are independent, clonal family tree addition is a possibility. In these 
examples blue indicates cells that divide and red those that have reverted to a quiescent 
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Two signal theory

PERSPECTIVES

Lymphocytes recirculated around the body1

and responded to foreign molecules. Their
responses could involve the production of
specific antibodies2 or direct cellular attack3,4,
and the size of the response was, in part,
determined by the number of responding
cells5. Burnet’s clonal selection theory6 pro-
vided a rationale for tolerance; the lympho-
cyte populations that were able to respond to
the body’s own tissues were depleted during
the window of prenatal, actively acquired 
tolerance that had been described by
Billingham, Brent and Medawar7.

Lederberg’s one-signal model (1959)
Lederberg’s nine postulates8, which were
drafted while visiting Burnet’s laboratory at
the Walter and Eliza Hall Institute, ade-
quately summarized the state of immunolog-
ical theory at that time (BOX 1). Together, these
postulates formed the basis of a one-signal
model of lymphocyte activation. This model
incorporated a temporal switch that gov-
erned the outcome of antigenic stimulation
— switching from suppression (Burnet sug-
gested deletion) of immature lymphocytes to
activation of mature lymphocytes. The
model deviated significantly from Burnet’s
theory of immunological tolerance9, as mod-
ified by his clonal selection theory10, which
stated that lymphocytes were susceptible to
elimination only “in the late embryonic
period with the concomitant development of
immune tolerance”.

Talmage and Pearlman (1963)
Even at the time of its development, there
were experimental data that did not easily 
fit Lederberg’s one-signal model. Hapten–
carrier phenomena had been studied ever
since Landsteiner11 originally divided anti-
gens into two classes. The first class, ‘carriers’,
were themselves immunogenic, and anti-
bodies could be raised against them easily.
The second class, ‘haptens’, were not
immunogenic unless administered conju-
gated to a carrier, in which case antibodies
that were specific for both the hapten and
the carrier parts of the hybrid molecule
could be produced. Clearly, the structure of
the antigen was contributing to the out-
come. Furthermore, Dresser12 subsequently
published experiments that indicated that
reactive immunocytes could be either toler-
ized or activated, depending on the physical
properties of the antigen.

An attempt to accommodate all of these
data within a theoretical framework was made
by Talmage and Pearlman13. They proposed
that although antigen alone could induce the
maturation of a lymphoid cell into a non-
dividing plasma cell, this resulted in minimal

Two-signal theories of lymphocyte activation
have evolved considerably over the past 35
years. In this article, we examine the
contemporary experimental observations and
theoretical concerns that have helped to
forge the most influential variants of the
theory. We also propose that more-rigorous
quantitative methods are required to sustain
theoretical development in the future.

By the 1960s, immunology had come of
age, and the main components of a cellular
recognition system had been assembled.

NATURE REVIEWS | IMMUNOLOGY VOLUME 2 | JUNE 2002 | 439

Activation rules: the two-signal
theories of immune activation

Alan G. Baxter and Philip D. Hodgkin

T IME L I N E

Box 1 | Lederberg’s nine postulates

• The stereospecific segment of each antibody globulin is determined by a unique sequence of
amino acids.

• The cell making a given antibody has a correspondingly unique sequence of nucleotides in a
segment of its chromosomal DNA — its ‘gene for globulin synthesis’.

• The genetic diversity of the precursors of antibody-forming cells arises from a high rate of
spontaneous mutation during their lifelong proliferation.

• This hypermutability consists of the random assembly of the DNA of the globulin gene during
certain stages of cellular proliferation.

• Each cell, as it begins to mature, spontaneously produces small amounts of the antibody
corresponding to its own genotype.

• The immature antibody-forming cell is hypersensitive to an antigen–antibody complex; it will
be suppressed if it encounters the homologous antigen at this time.

• The mature antibody-forming cell is reactive to an antigen–antibody complex; it will be
stimulated if it first encounters the homologous antigen at this time. The stimulation comprises
the acceleration of protein synthesis and the cytological maturation which mark the ‘plasma cell’.

• Mature cells proliferate extensively under antigenic stimulation but are genetically stable, and
therefore generate large clones genotypically pre-adapted to produce the homologous antibody.

• These clones tend to persist after the disappearance of the antigen, retaining their capacity to
react promptly to its later reintroduction.

Baxter & Hodgkin, Nature Reviews Immunology, 2002.
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A quantitative look at signals

fluoresce red (FucciR) during G0/G1 and green
(FucciG) for the duration of the S/G2/M cell
cycle phases (17). Quiescent (FucciR+G–), recently
divided (FucciR–G–), and actively dividing (FucciG+)
cells can be distinguished, because cells that have
reverted to a quiescent state (G0) accumulate high-
er levels of FucciR (17, 18). We define the number
of generations of division before returning to
quiescence as the cell’s division destiny (DD)
(14–16, 19). OT-I/FucciRG CD8+ T cells were
transferred into mice infected with recombinant
HKx31 influenza virus expressing N4 (HKx31-N4)
(20). During early expansion,most OT-I/FucciRG
CD8+ T cells were proliferative, with <10% revert-
ing to a quiescent state by day 3 of the response.
This proportion of quiescent cells increased stead-
ily, reaching ~75%of all OT-I/FucciRGCD8+ T cells
by the onset of contraction at day 7 (Fig. 1, B andC).
To estimate the number of divisions T cells under-
went before dropping out of cycle, the Cytonmodel
(15, 21) was fitted to total and quiescent cell num-
bers (Fig. 1D and table S1). Results were consistent
with a T cell DD range spanning ~10 genera-
tions (Fig. 1E). If DD is carried through each cell
lineage (16), this result predicts up to 1000-fold
differences in T cell family size consistent with
recent single-cell tracking studies (22, 23).
To further explore the regulation of division

progression, we developed aminimal in vitro stim-
ulation system using CellTrace Violet (CTV)–labeled
OT-I/FucciRG CD8+ T cells. The contribution of
signals 2 and 3 was reduced by using peptide self-
presentation by purified CD8+ T cells (24). The

strong effect of autocrine interleukin-2 (IL-2) was
controlled by adding blocking antibody (clone
S4B6) and using human IL-2 (hIL-2), resistant to
S4B6, when required (25). Superficially the in vitro
pattern of early proliferation with a gradual on-
set of quiescence recapitulated the in vivo re-
sponse (Fig. 1, C and F), with the major differences
being the DD and subsequent time to die (Fig. 1,
D, E, and G, and table S1).
We speculated that the three known sources of

regulation—TCR affinity, costimuli, and cytokines—
might combine to convert the low DD observed
in vitro into the extensive outcome possible in vivo
(Fig. 1E).
To improve estimation of mean DD (mDD)

in our in vitro CTV division tracking assay, we
used OT-I CD8+ T cells deficient in the pro-
apoptotic molecule Bim (OT-I/Bcl2l11−/−) for all
experiments. These cells reported the samemDD
as OT-I/Bcl2l11+/+ CD8+ T cells (Fig. 2A; fig. S1, A
to C; and table S2), but the enhanced survival
upon reverting to quiescence facilitated DDmea-
surement at later times, consistent with previous
studies in B cells (15, 16).
Fig. S2, A to F, shows the effect of a range of

T cell stimuli on mDD. TCR affinity, several ago-
nists representative of cell-contact–mediated co-
stimulation, and some, but not all, cytokines tested
were able to regulate DD in a dose-dependent
manner. To determine when DD was most sus-
ceptible to regulation, cells from cultures where
stimulation was removed immediately before the
first division (24) were compared to cells with

constant costimulation. Agonist antibodies to
CD28 and CD27 principally acted before the
first division. In contrast, ongoing exposure to
IL-2, IL-4, and IL-12 was required for maximal
proliferation (Fig. 2B). Higher levels of IL-2 or
IL-4 caused T cells to divide beyond CTV res-
olution (fig. S3) and the culture capacity. There-
fore, to investigate the potential of IL-2 and IL-4
to extend DD when cytokine levels were main-
tained, OT-I/Bcl2l11−/− CD8+ T cells were sub-
cultured every 48 hours in hIL-2 (Fig. 2C) or IL-4
(fig. S4A), and total cell numbers were calculated
using splitting ratios. Cyton fitting revealed that
hIL-2 and IL-4 can increase the mDD by up to
~11 and 7 divisions, respectively (Fig. 2, C to E;
fig. S4, A and B; and tables S3 and S4). Titration
of hIL-2 showed the effect on mDD to be dose
dependent (Fig. 2D) and that this increase in
mDD was associated with an increase in var-
iance (Fig. 2E and fig. S4C). Together these re-
sults demonstrated that DD can be intrinsically
programmed by early signals, but also has the
flexibility to be “reprogrammed” or extended by
extrinsic stimuli as the T cells divide.
We then determined how T cells integrated

multiple contributors to DD. In Fig. 3, A and B,
we show the increase in mDD imprinted before
the first division for low concentrations of CD28
and CD27 agonist antibodies, and IL-12 protein.
The combination of antibodies to CD28 and CD27
programmed an mDD that was equivalent to the
sum of each individual effect, with IL-12 giving a
slightly greater than additive increase in mDD

1124 28 NOVEMBER 2014 • VOL 346 ISSUE 6213 sciencemag.org SCIENCE

Fig. 1. CD8+ T cells undergo a program of prolifer-
ation and quiescence in vivo and in vitro. (A) Quan-
titative T cell expansion hypothesis. By this model,
the number of mitotic cycles a Tcell undergoes after
activation (N) varies and is determined by a sum of
the individual inputs it receives. In the example shown,
signal 1, 2, and 3 stimuli each individually elicit a small
increase in mean population division number. The cu-
mulative effect of these contributions, when summed
linearly, would lead to geometric increases in total cell
number at the peak response. Analysis of OT-I/FucciRG
CD8+ T cells [(B) to (E)] transferred to HKx31-N4–
infected recipients on day 2 after infection or [(E) to
(G)] in vitro stimulatedwith N4 in the presence ofmIL-2
blocking antibody (S4B6). (B) Number and (C) per-
centage of OT-I/FucciRG CD8+ Tcells expressing FucciR
and FucciG reporter proteins pooled from mediastinal
lymph node, spleen, and lungs at the indicated time
points after transfer. (D) Fitted total (black) andquiescent
(red, FucciR+G– + small FucciR–G– cells) cell numbers
using the Cyton model (19). (E) The estimated DD
distribution from Cyton fitting to in vivo (D) and in vitro
(G) stimulated cells. (F) Percentage of FucciR and FucciG
expression. (G) Fitted total (black) and quiescent (red,
FucciR+G– + small FucciR–G– cells) cell numbers (19).
[(B) to (E)] n = 5 to 10 mice per time point, pooled
from two independent experiments; mean T SEM. [(E)
to (G)] Representative of three independent experi-
ments; mean T SEM from triplicate culture wells.

Time

†
Gen#: 1 2 3 4 N

N generations

N = TCR (1) + costimulation (2) + cytokines (3) 

C
el

l n
um

be
r

0 2 4 6 8 10 12
102

103

104

105

106

107

108

109

1 +2a +2b +3a +3b

Division number

Time (h)
0 40 60 80 100

0

20

40

60

80

100

%
 F

uc
ci

 re
po

rt
er

 e
xp

re
ss

io
n

Division destiny

Pr
op

or
tio

n 
of

 p
re

cu
rs

or
 c

oh
or

t

0 5 10 15 20
0.0

0.1

0.2

0.3

0.4

in vitro
in vivo

Time (h)
0 20 40 60 80 100

102

103

104

105

total cells 
quiescent cells
cyton fit (total)
cyton fit (quiescent)O

T-
I/F

uc
ci

R
G

 c
el

l n
um

be
r

Time (d)

O
T-

I/F
uc

c i
R

G
 c

el
l n

um
be

r

0 5 10 15
0

1 106

2 106

3 106

4 106

5 106

Total cells
FucciR+G-

FucciG+

FucciR-G-

Time (d)
0 5 10 15

0

25

50

75

100

%
 F

uc
ci

 re
po

rt
er

 e
xp

re
ss

io
n

O
T-

I/ F
uc

ci
R

G
 c

el
l n

um
be

r

0 5 10 15
103

104

105

106

107

total cells EX2
quiescent cells EX2

cyton fit EX2 (total)
cyton fit EX2 (quiescent)

total cells EX1
quiescent cells EX1

cyton fit EX1 (total)
cyton fit EX1 (quiescent)

Time (d)

RESEARCH | REPORTS

Marchingo, Kan, Sutherland, Du↵y, Wellard, Belz, Lew, Dowling, Heinzel & Hodgkin,
Science, 2014.



Heterogeneous response in homogeneous conditions

Adapted from Kinjyo et al., Nature Communications, 2015.



Signal impact

(Fig. 3, C and D). Importantly, no single “second
signal” appeared obligatory, but rather multiple
small arithmetic effects on DD culminated in
large geometric differences in the cell numbers
produced (Fig. 1A, center and right panels). Thus,
an increase of ~2.2 divisions in mDD (Fig. 3D)
with the accompanying ~0.5 division increase in
standard deviation (fig. S5, A to D, and table S5)
summed from three weak costimuli resulted in
a net ~8-fold increase in the peak cell number
(Fig. 3, E and F), with the additional difference

in response magnitude attributable to small
variations in the starting cell number (fig. S5E
and table S5). Early programming was cell
intrinsic because cells imprintedwith anmDD of
~1 or ~3.4 generations gave the same outcome
irrespective of whether they were subsequently
cultured separately or together (fig. S6, A and B).
The approximately additive effect of stimuli on
DDalso applied for a range of combinationswhen
stimuli were retained in culture during subse-
quent division rounds (fig. S7, A to D).

Taken together, this series of experiments re-
veals two stages of regulation of T cell DD. In the
first stage, signal 1 and a series of signal 2 and 3
stimuli of different strengths and combinations
can additively “program” a heritable number of
division rounds before the first cell division. In
the second stage, exposure to external signals,
mainly cytokines, can be processed and added to
the DD. These features are consistent with a mo-
lecular mechanism whereby each stimulatory sig-
nal contributes a quantum of mitosis-promoting
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Fig. 3. Summation of DD frommultiple costimuli
geometrically amplifies the T cell response. Per-
centage cohort number (Fig. 2A) (19) versus mean
division number for N4-stimulated, CTV-labeled OT-
I/Bcl2l11−/− CD8+ Tcells cultured with (A) antibodies
to CD27 (immobilized, 5 mg/mL) and CD28 (2 mg/mL)
or (B) IL-12 protein (1 ng/mL) alone, (C) antibodies to
CD27 and CD28 together, or (D) a combination of all
three costimuli for 26 hours, washed and recultured
without further stimulation. Relationship between
cell number and either (E) mean division number or
(F) time for data in [(A) to (D)]. Arrows represent the
effect of individual stimuli on mDD. All cultures con-
tained S4B6 at 25 mg/mL. Graphs are representative
of three independent experiments; mean T SEM of
triplicate culture wells.
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Fig. 2. Costimuli and cytokines program changes to
DD. (A) CTV-labeled OT-I/Bcl2l11+/+ or OT-I/Bcl2l11−/−

CD8+ Tcells were stimulated with N4; total cell num-
bers (left), mean division number (middle), and an es-
timation of the percentage of the starting cells whose
progeny are contributing to the response at that time
point, calculated by removing the effect of cell expan-
sion at each time point [percent cohort number, right;
as described in (19)]were determined.MeanDD (mDD)
on each graph is indicated by dotted lines. (B) Mean
division number of CTV-labeledOT-I/Bcl2l11−/−CD8+ T
cells cultured in thepresence (+, solid lines) or absence
(–, dotted lines) of antibodies to CD28 (2 mg/mL) and
CD27 (immobilized, 5 mg/mL) (blue), IL-12 (1 ng/mL),
human IL-2 (hIL-2, 31.6 U/mL), or IL-4 (1000 U/mL)
(red) for 26 hours, washed and further cultured with
(dark) orwithout (light) costimulation. (C) CTV-labeled
OT-I/Bcl2l11−/− CD8+ Tcells stimulated with N4 in the
presence of hIL-2 at the indicated concentrations were
subcultured into fresh hIL-2 every ~48 hours and the
cell number was fitted using the Cyton model (dotted
lines) (19). (D and E) Dose-response curve ofmDD (D)
and DD distributions (E) from Cyton fitting in (C). All
cultures contained 25 mg/mLS4B6. Representative of
at least two independent experiments; mean T SEM
from triplicate culture wells.
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A quantitative look at signal integration

(Fig. 3, C and D). Importantly, no single “second
signal” appeared obligatory, but rather multiple
small arithmetic effects on DD culminated in
large geometric differences in the cell numbers
produced (Fig. 1A, center and right panels). Thus,
an increase of ~2.2 divisions in mDD (Fig. 3D)
with the accompanying ~0.5 division increase in
standard deviation (fig. S5, A to D, and table S5)
summed from three weak costimuli resulted in
a net ~8-fold increase in the peak cell number
(Fig. 3, E and F), with the additional difference

in response magnitude attributable to small
variations in the starting cell number (fig. S5E
and table S5). Early programming was cell
intrinsic because cells imprintedwith anmDD of
~1 or ~3.4 generations gave the same outcome
irrespective of whether they were subsequently
cultured separately or together (fig. S6, A and B).
The approximately additive effect of stimuli on
DDalso applied for a range of combinationswhen
stimuli were retained in culture during subse-
quent division rounds (fig. S7, A to D).

Taken together, this series of experiments re-
veals two stages of regulation of T cell DD. In the
first stage, signal 1 and a series of signal 2 and 3
stimuli of different strengths and combinations
can additively “program” a heritable number of
division rounds before the first cell division. In
the second stage, exposure to external signals,
mainly cytokines, can be processed and added to
the DD. These features are consistent with a mo-
lecular mechanism whereby each stimulatory sig-
nal contributes a quantum of mitosis-promoting
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Fig. 3. Summation of DD frommultiple costimuli
geometrically amplifies the T cell response. Per-
centage cohort number (Fig. 2A) (19) versus mean
division number for N4-stimulated, CTV-labeled OT-
I/Bcl2l11−/− CD8+ Tcells cultured with (A) antibodies
to CD27 (immobilized, 5 mg/mL) and CD28 (2 mg/mL)
or (B) IL-12 protein (1 ng/mL) alone, (C) antibodies to
CD27 and CD28 together, or (D) a combination of all
three costimuli for 26 hours, washed and recultured
without further stimulation. Relationship between
cell number and either (E) mean division number or
(F) time for data in [(A) to (D)]. Arrows represent the
effect of individual stimuli on mDD. All cultures con-
tained S4B6 at 25 mg/mL. Graphs are representative
of three independent experiments; mean T SEM of
triplicate culture wells.
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Fig. 2. Costimuli and cytokines program changes to
DD. (A) CTV-labeled OT-I/Bcl2l11+/+ or OT-I/Bcl2l11−/−

CD8+ Tcells were stimulated with N4; total cell num-
bers (left), mean division number (middle), and an es-
timation of the percentage of the starting cells whose
progeny are contributing to the response at that time
point, calculated by removing the effect of cell expan-
sion at each time point [percent cohort number, right;
as described in (19)]were determined.MeanDD (mDD)
on each graph is indicated by dotted lines. (B) Mean
division number of CTV-labeledOT-I/Bcl2l11−/−CD8+ T
cells cultured in thepresence (+, solid lines) or absence
(–, dotted lines) of antibodies to CD28 (2 mg/mL) and
CD27 (immobilized, 5 mg/mL) (blue), IL-12 (1 ng/mL),
human IL-2 (hIL-2, 31.6 U/mL), or IL-4 (1000 U/mL)
(red) for 26 hours, washed and further cultured with
(dark) orwithout (light) costimulation. (C) CTV-labeled
OT-I/Bcl2l11−/− CD8+ Tcells stimulated with N4 in the
presence of hIL-2 at the indicated concentrations were
subcultured into fresh hIL-2 every ~48 hours and the
cell number was fitted using the Cyton model (dotted
lines) (19). (D and E) Dose-response curve ofmDD (D)
and DD distributions (E) from Cyton fitting in (C). All
cultures contained 25 mg/mLS4B6. Representative of
at least two independent experiments; mean T SEM
from triplicate culture wells.
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A quantitative look at signal theory in vivo

protein or complex that is diluted by division until
a submitotic concentration is reached and division
ceases (26).
The two-stage DD programmingmodel makes

two key predictions for the role of extrinsic fac-
tors, such as IL-2, that could be tested during in
vivo CD8+ T cell responses: (i) the major phys-
iological role of autocrine IL-2 is in maintaining
division, and therefore it will be more important
away from the initial site of CD8+ T cell priming;
and (ii) the effect of IL-2 on DD will sum with
other stimuli, allowing the prediction of CD8+ T
cell expansion kinetics when IL-2 and other
stimuli are combined.
We tested the first prediction by comparing the

expansionof IL-2 receptora–deficientOT-I CD8+T
cells (OT-I/Il2ra−/−)withOT-I/Il2ra+/+CD8+T cells
in two different in vivo systems, namely an anti-
influenza response and islet graft rejection mod-
el. Similar numbers of OT-I/Il2ra+/+ and OT-I/
Il2ra−/− CD8+ T cells were detected at the site of
priming [mediastinal lymph node (mLN)] during
the expansion phase when cotransferred into
HKx31-N4 infected mice (Fig. 4A). In contrast, a
bias toward expansion of OT-I/Il2ra+/+ CD8+ T
cells was observed in the spleen and lungs, con-
sistent with a role for IL-2 in the maintenance of
cell expansion (Fig. 4A). OT-I/Il2ra+/+ CD8+ T cells
also outcompeted OT-I/Il2ra−/− CD8+ T cells at the
effector site during an anti-islet graft response
(Fig. 4B). The proportion of bromodeoxyuridine-
positive (BrdU+) OT-I/Il2ra+/+ CD8+ T cells after
a 1-hour in vivo BrdU pulse was ~2.5 times as
high as for OT-I/Il2ra−/− CD8+ T cells in the graft
(Fig. 4C), confirming that this bias was attribut-
able to proliferation in the effector site and not
due to migration alone (27).

To investigate the additive nature of T cell
stimuli in vivo,OT-I/Il2ra+/+ andOT-I/Il2ra−/−CD8+

T cells were cotransferred intomice infected with
either high-affinity (HKx31-N4) or low-affinity
(HKx31-Q4) influenza virus (20). The Cytonmodel
was fitted to T cell numbers to estimate the in-
crease in DD due to TCR affinity or IL-2 signaling
alone (Fig. 4, D and E, top, and table S6). By
summation of these individual contributions to
themean and variance of the DD distribution, we
predicted the effect of a combined increase in TCR
affinity and IL-2 signaling on DD (Fig. 4E, bottom)
and successfully recreated the expansion kinetics
of OT-I/Il2ra+/+ CD8+ T cells during an HKx31-
N4 infection (Fig. 4F).
Manipulating T cell responses by costimulation

and cytokine signaling is an important emerging
therapeutic regimen (28, 29), and a quantitative
framework will facilitate the rational develop-
ment of optimal interventions. To support this
goal, we propose a quantitative paradigm where
no one signal is obligatory but rather combina-
tions of inputs add together to geometrically en-
hance outcomes (Fig. 1A). Thus, combinations of
different costimulatory and cytokine signals pro-
vide many alternative paths to generate T cell
responses of similar magnitude. This framework
reconciles long-standing discrepancies between
in vivo and in vitro results for IL-2 and costim-
ulatory signals and reveals a quantitative basis
for current switch-inspired two- and three-signal
models of activation. Further studies measuring
simultaneous differentiation changes to effector
and memory states associated with cell division
would complete the T cell calculating framework
and further enhance our ability to predict thera-
peutic strategies for immunomodulation.
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Fig. 4. In vivo summation of DD can predict Tcell
expansion. (A)Ratio ofOT-I/Il2ra+/+:OT-I/Il2ra−/−CD8+

T cells recovered from mLN, spleen, and lungs after
cotransfer of equal numbers of each into HKx31-N4–
infected recipients. Mean T SEM, n = 5 to 10 mice per
timepoint, pooled from two independent experiments;
two-way analysis of variance (ANOVA). (B and C)
CTV-labeled OT-I/Il2ra+/+ and OT-I/Il2ra–/– CD8+ T
cells were co-transferred to recipient mice at a 30:70
ratio 1 day before engraftment under the renal capsule
with islets expressing membrane-bound ovalbumin
under the rat insulin promoter. Mice were pulsed with
BrdU 1 hour before organ harvesting on day 6 after
engraftment, and the ratio of OT-I/Il2ra+/+:OT-I/Il2ra–/–

of (B) divided CD8+ Tcells and (C) the percentage
of divided CD8+ Tcells positive for BrdU+ within their
respective genotype populations was measured in
the renal (draining) lymph node (rLN) and graft.
Mean T SEM, n = 4 mice, representative of two inde-
pendent experiments; two-way ANOVA and one-tailed t
test, respectively. For all experiments, data points were
excluded from ratio and percentage calculations when
less than 100cellsweredetected.Dotted lines in (A)and
(B) represent the OT-I/Il2ra+/+:OT-I/Il2ra−/− transfer ratio. (D) The Cyton model
was fitted to OT-I/Il2ra+/+ and OT-I/Il2ra−/−CD8+ Tcell numbers from HKx31-Q4–
infectedmice and OT-I/Il2ra−/−CD8+ Tcells fromHKx31-N4–infectedmice pooled
from the mLN, spleen, and lungs after cotransfer of equal numbers of cells into
recipient mice, and (E) the division destiny distribution was determined (top) (19).
By summation of mean and variance of these DD distributions, the cumulative

effect of increasing TCR-antigen affinity and IL-2 signaling on the DD distribution
(i.e., theDDdistribution forOT-I/Il2ra+/+CD8+Tcells inHKx31-N4–infectedmice)
was predicted (bottom). (F) Using this mean and variance, the cell number over
timewas predicted forOT-I/Il2ra+/+CD8+Tcells inHKx31-N4–infectedmice (19).
Mean T SEM; n = 5 mice per time point, representative of two independent
experiments. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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protein or complex that is diluted by division until
a submitotic concentration is reached and division
ceases (26).
The two-stage DD programmingmodel makes

two key predictions for the role of extrinsic fac-
tors, such as IL-2, that could be tested during in
vivo CD8+ T cell responses: (i) the major phys-
iological role of autocrine IL-2 is in maintaining
division, and therefore it will be more important
away from the initial site of CD8+ T cell priming;
and (ii) the effect of IL-2 on DD will sum with
other stimuli, allowing the prediction of CD8+ T
cell expansion kinetics when IL-2 and other
stimuli are combined.
We tested the first prediction by comparing the

expansionof IL-2 receptora–deficientOT-I CD8+T
cells (OT-I/Il2ra−/−)withOT-I/Il2ra+/+CD8+T cells
in two different in vivo systems, namely an anti-
influenza response and islet graft rejection mod-
el. Similar numbers of OT-I/Il2ra+/+ and OT-I/
Il2ra−/− CD8+ T cells were detected at the site of
priming [mediastinal lymph node (mLN)] during
the expansion phase when cotransferred into
HKx31-N4 infected mice (Fig. 4A). In contrast, a
bias toward expansion of OT-I/Il2ra+/+ CD8+ T
cells was observed in the spleen and lungs, con-
sistent with a role for IL-2 in the maintenance of
cell expansion (Fig. 4A). OT-I/Il2ra+/+ CD8+ T cells
also outcompeted OT-I/Il2ra−/− CD8+ T cells at the
effector site during an anti-islet graft response
(Fig. 4B). The proportion of bromodeoxyuridine-
positive (BrdU+) OT-I/Il2ra+/+ CD8+ T cells after
a 1-hour in vivo BrdU pulse was ~2.5 times as
high as for OT-I/Il2ra−/− CD8+ T cells in the graft
(Fig. 4C), confirming that this bias was attribut-
able to proliferation in the effector site and not
due to migration alone (27).

To investigate the additive nature of T cell
stimuli in vivo,OT-I/Il2ra+/+ andOT-I/Il2ra−/−CD8+

T cells were cotransferred intomice infected with
either high-affinity (HKx31-N4) or low-affinity
(HKx31-Q4) influenza virus (20). The Cytonmodel
was fitted to T cell numbers to estimate the in-
crease in DD due to TCR affinity or IL-2 signaling
alone (Fig. 4, D and E, top, and table S6). By
summation of these individual contributions to
themean and variance of the DD distribution, we
predicted the effect of a combined increase in TCR
affinity and IL-2 signaling on DD (Fig. 4E, bottom)
and successfully recreated the expansion kinetics
of OT-I/Il2ra+/+ CD8+ T cells during an HKx31-
N4 infection (Fig. 4F).
Manipulating T cell responses by costimulation

and cytokine signaling is an important emerging
therapeutic regimen (28, 29), and a quantitative
framework will facilitate the rational develop-
ment of optimal interventions. To support this
goal, we propose a quantitative paradigm where
no one signal is obligatory but rather combina-
tions of inputs add together to geometrically en-
hance outcomes (Fig. 1A). Thus, combinations of
different costimulatory and cytokine signals pro-
vide many alternative paths to generate T cell
responses of similar magnitude. This framework
reconciles long-standing discrepancies between
in vivo and in vitro results for IL-2 and costim-
ulatory signals and reveals a quantitative basis
for current switch-inspired two- and three-signal
models of activation. Further studies measuring
simultaneous differentiation changes to effector
and memory states associated with cell division
would complete the T cell calculating framework
and further enhance our ability to predict thera-
peutic strategies for immunomodulation.
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Fig. 4. In vivo summation of DD can predict Tcell
expansion. (A)Ratio ofOT-I/Il2ra+/+:OT-I/Il2ra−/−CD8+

T cells recovered from mLN, spleen, and lungs after
cotransfer of equal numbers of each into HKx31-N4–
infected recipients. Mean T SEM, n = 5 to 10 mice per
timepoint, pooled from two independent experiments;
two-way analysis of variance (ANOVA). (B and C)
CTV-labeled OT-I/Il2ra+/+ and OT-I/Il2ra–/– CD8+ T
cells were co-transferred to recipient mice at a 30:70
ratio 1 day before engraftment under the renal capsule
with islets expressing membrane-bound ovalbumin
under the rat insulin promoter. Mice were pulsed with
BrdU 1 hour before organ harvesting on day 6 after
engraftment, and the ratio of OT-I/Il2ra+/+:OT-I/Il2ra–/–

of (B) divided CD8+ Tcells and (C) the percentage
of divided CD8+ Tcells positive for BrdU+ within their
respective genotype populations was measured in
the renal (draining) lymph node (rLN) and graft.
Mean T SEM, n = 4 mice, representative of two inde-
pendent experiments; two-way ANOVA and one-tailed t
test, respectively. For all experiments, data points were
excluded from ratio and percentage calculations when
less than 100cellsweredetected.Dotted lines in (A)and
(B) represent the OT-I/Il2ra+/+:OT-I/Il2ra−/− transfer ratio. (D) The Cyton model
was fitted to OT-I/Il2ra+/+ and OT-I/Il2ra−/−CD8+ Tcell numbers from HKx31-Q4–
infectedmice and OT-I/Il2ra−/−CD8+ Tcells fromHKx31-N4–infectedmice pooled
from the mLN, spleen, and lungs after cotransfer of equal numbers of cells into
recipient mice, and (E) the division destiny distribution was determined (top) (19).
By summation of mean and variance of these DD distributions, the cumulative

effect of increasing TCR-antigen affinity and IL-2 signaling on the DD distribution
(i.e., theDDdistribution forOT-I/Il2ra+/+CD8+Tcells inHKx31-N4–infectedmice)
was predicted (bottom). (F) Using this mean and variance, the cell number over
timewas predicted forOT-I/Il2ra+/+CD8+Tcells inHKx31-N4–infectedmice (19).
Mean T SEM; n = 5 mice per time point, representative of two independent
experiments. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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protein or complex that is diluted by division until
a submitotic concentration is reached and division
ceases (26).
The two-stage DD programmingmodel makes

two key predictions for the role of extrinsic fac-
tors, such as IL-2, that could be tested during in
vivo CD8+ T cell responses: (i) the major phys-
iological role of autocrine IL-2 is in maintaining
division, and therefore it will be more important
away from the initial site of CD8+ T cell priming;
and (ii) the effect of IL-2 on DD will sum with
other stimuli, allowing the prediction of CD8+ T
cell expansion kinetics when IL-2 and other
stimuli are combined.
We tested the first prediction by comparing the

expansionof IL-2 receptora–deficientOT-I CD8+T
cells (OT-I/Il2ra−/−)withOT-I/Il2ra+/+CD8+T cells
in two different in vivo systems, namely an anti-
influenza response and islet graft rejection mod-
el. Similar numbers of OT-I/Il2ra+/+ and OT-I/
Il2ra−/− CD8+ T cells were detected at the site of
priming [mediastinal lymph node (mLN)] during
the expansion phase when cotransferred into
HKx31-N4 infected mice (Fig. 4A). In contrast, a
bias toward expansion of OT-I/Il2ra+/+ CD8+ T
cells was observed in the spleen and lungs, con-
sistent with a role for IL-2 in the maintenance of
cell expansion (Fig. 4A). OT-I/Il2ra+/+ CD8+ T cells
also outcompeted OT-I/Il2ra−/− CD8+ T cells at the
effector site during an anti-islet graft response
(Fig. 4B). The proportion of bromodeoxyuridine-
positive (BrdU+) OT-I/Il2ra+/+ CD8+ T cells after
a 1-hour in vivo BrdU pulse was ~2.5 times as
high as for OT-I/Il2ra−/− CD8+ T cells in the graft
(Fig. 4C), confirming that this bias was attribut-
able to proliferation in the effector site and not
due to migration alone (27).

To investigate the additive nature of T cell
stimuli in vivo,OT-I/Il2ra+/+ andOT-I/Il2ra−/−CD8+

T cells were cotransferred intomice infected with
either high-affinity (HKx31-N4) or low-affinity
(HKx31-Q4) influenza virus (20). The Cytonmodel
was fitted to T cell numbers to estimate the in-
crease in DD due to TCR affinity or IL-2 signaling
alone (Fig. 4, D and E, top, and table S6). By
summation of these individual contributions to
themean and variance of the DD distribution, we
predicted the effect of a combined increase in TCR
affinity and IL-2 signaling on DD (Fig. 4E, bottom)
and successfully recreated the expansion kinetics
of OT-I/Il2ra+/+ CD8+ T cells during an HKx31-
N4 infection (Fig. 4F).
Manipulating T cell responses by costimulation

and cytokine signaling is an important emerging
therapeutic regimen (28, 29), and a quantitative
framework will facilitate the rational develop-
ment of optimal interventions. To support this
goal, we propose a quantitative paradigm where
no one signal is obligatory but rather combina-
tions of inputs add together to geometrically en-
hance outcomes (Fig. 1A). Thus, combinations of
different costimulatory and cytokine signals pro-
vide many alternative paths to generate T cell
responses of similar magnitude. This framework
reconciles long-standing discrepancies between
in vivo and in vitro results for IL-2 and costim-
ulatory signals and reveals a quantitative basis
for current switch-inspired two- and three-signal
models of activation. Further studies measuring
simultaneous differentiation changes to effector
and memory states associated with cell division
would complete the T cell calculating framework
and further enhance our ability to predict thera-
peutic strategies for immunomodulation.
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Fig. 4. In vivo summation of DD can predict Tcell
expansion. (A)Ratio ofOT-I/Il2ra+/+:OT-I/Il2ra−/−CD8+

T cells recovered from mLN, spleen, and lungs after
cotransfer of equal numbers of each into HKx31-N4–
infected recipients. Mean T SEM, n = 5 to 10 mice per
timepoint, pooled from two independent experiments;
two-way analysis of variance (ANOVA). (B and C)
CTV-labeled OT-I/Il2ra+/+ and OT-I/Il2ra–/– CD8+ T
cells were co-transferred to recipient mice at a 30:70
ratio 1 day before engraftment under the renal capsule
with islets expressing membrane-bound ovalbumin
under the rat insulin promoter. Mice were pulsed with
BrdU 1 hour before organ harvesting on day 6 after
engraftment, and the ratio of OT-I/Il2ra+/+:OT-I/Il2ra–/–

of (B) divided CD8+ Tcells and (C) the percentage
of divided CD8+ Tcells positive for BrdU+ within their
respective genotype populations was measured in
the renal (draining) lymph node (rLN) and graft.
Mean T SEM, n = 4 mice, representative of two inde-
pendent experiments; two-way ANOVA and one-tailed t
test, respectively. For all experiments, data points were
excluded from ratio and percentage calculations when
less than 100cellsweredetected.Dotted lines in (A)and
(B) represent the OT-I/Il2ra+/+:OT-I/Il2ra−/− transfer ratio. (D) The Cyton model
was fitted to OT-I/Il2ra+/+ and OT-I/Il2ra−/−CD8+ Tcell numbers from HKx31-Q4–
infectedmice and OT-I/Il2ra−/−CD8+ Tcells fromHKx31-N4–infectedmice pooled
from the mLN, spleen, and lungs after cotransfer of equal numbers of cells into
recipient mice, and (E) the division destiny distribution was determined (top) (19).
By summation of mean and variance of these DD distributions, the cumulative

effect of increasing TCR-antigen affinity and IL-2 signaling on the DD distribution
(i.e., theDDdistribution forOT-I/Il2ra+/+CD8+Tcells inHKx31-N4–infectedmice)
was predicted (bottom). (F) Using this mean and variance, the cell number over
timewas predicted forOT-I/Il2ra+/+CD8+Tcells inHKx31-N4–infectedmice (19).
Mean T SEM; n = 5 mice per time point, representative of two independent
experiments. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.
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Fig. 1 How is T cell Division Destiny (DD) regulated at a clonal level?  (A) When a 
population of supposedly identical T cells is stimulated they proliferate to different 
extents, with cells reverting to a quiescent state in a range of generations, resulting in a 
distributed DD.  (B) Two distinct classes of solution for DD at an individual family level 
are consistent with the hypothetical data shown in (A). Each row represents a single 
clone, with dots showing the number of progeny cells reaching DD in that generation.  
When DD is concordant the clonal range (maximum – minimum generation number 
within the clone) is zero.  When DD is discordant the range is greater than zero.  The 
highly concordant explanation that would arise when DD is inherited is illustrated in the 
top panel. In the lower panel, families are highly discordant and multiple family trees 
emerge, which could arise through stochastic or deterministic regulation.  Thus the 
manner of response has a profound impact on identifying the source of variation. (C) 
Signals affecting T cell DD add together as shown at the population level (9). (D) If 
signal effects are independent, clonal family tree addition is a possibility. In these 
examples blue indicates cells that divide and red those that have reverted to a quiescent 
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Figure S1. Combinatorial summation of discordant family trees 
The addition of discordant clonal family trees could depend on the time and place of 
contributing stimuli. As a result, the addition is complex as many distinct appending 
interlacements are needed to represent all possible stimulation orders. This is 
demonstrated here using an example of two clonal family trees X and Y. The open circles 
represent cells that will go on to divide further. The black circles represent cells that have 
reached DD. Thus, both families X and Y contain one progeny cell reaching DD in 
generation 1 and two progeny cells reaching DD in generation 2 (represented by the 
vectors X = (gen 0, gen 1, gen 2) = (0,1,2) and Y = (0,1,2)). (A) Illustrates the explicit 
construction of one possible addition that gives rise to one appropriate summed tree. Each 
clonal family tree can be broken up into multiple subsections as indicated by the different 
numbers and colors above (e.g. X is split into 1 and 3, blue and green respectively). 
These subsections of division may be programmed into the clone at the start of the 
response or, alternatively, a later encounter with a stimulus may be the cause of 
subsequent branching subsections (i.e. 3 and 4, green and purple respectively). Thus 
when summing discordant trees all possible permutations of subsection addition must be 
considered. In the worked example, the X stimulation first causes a division (I), followed 
by the Y stimulation (II), followed by what remains of the X stimulation (III) and finally 
the remainder of the Y stimulation (IV). All other possible permutations are shown in 
(B).  Based upon the structure of the original clonal family trees not all orders of 
subsection addition are possible.  Namely, the “root” of the original tree (i.e. 1 and 2) 
must come before the “branch” subsection (3 and 4 respectively) in the resultant 
summation of stimuli effects. For the remaining possible permutations the division effect 
of the subsection on each section of the clone is maintained irrespective of order.  That is, 
the “root” subsection always adds onto all available arms of the clone, the “branch” 
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Microscopy, näıve B cells, anti-CD40, IL4 & IL5

to PB and isotype switching, the former exhibits
strong correlation (fig. S2C) (r: 0.75, 0.88, 0.92,
and 0.94), whereas the latter is the exception and
does not (fig. S2D) (r: –, 0.18, 0.29, and 0.28).
Unexpectedly, correlation structure is also found
in the nonconcordant fates of siblings (Fig. 2, H
to J, and fig. S2, E to G).

These numerous sibling correlation structures
would appear challenging for any simple mech-

anistic theory to explain them, as they suggest
involved sharing of molecular machinery regu-
lating features of isotype switching, development
into a PB, division, and death.We challenged this
deduction by questioning whether all of these
features could be explained by a simple hypoth-
esis of autonomous functional units in cells that
are subject to competition. Such a hypothesis was
proposed for division and death of lymphocytes

in the cyton model (11, 13, 22–25), whose fun-
damental tenet is that each cell’s death or division
fate is a consequence of competition between
independent times for division and death. It pos-
its the existence of two independent random
variables in each cell determining times from
division to fates: a time to division, Tdiv, and a
time to death, Tdeath. We postulate the existence
of two additional independent random variables
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Fig. 1. Individual B cell
fate. (A and B) Cells were
observed to divide, and times
to subsequent events (divi-
sion, death, switch to IgG1,
and expression of Blimp1)
were recorded for both sib-
lings (sib) (2127 cells pooled
from four cultures tracked to
final death or division fate). Il-
lustrated cell becomes IgG1+
at 5 hours, GFP+ at 10.67
hours, and divides at 14.67
hours. (B) Collection of all
sibling pairs illustrating fates.
Sib 1 is chosen as the first in
a pair to divide or die. Sib 1’s
are sorted into fate categories
and then rank-ordered in
increasing time within their
category, with each cell
shown as a column. Sib 2’s
are not ranked but plotted in
the same order as paired
sibling to illustrate the close
relation between fate and
times to fate of siblings. Black
line shows time spent un-
switchedor undifferentiated.
Green line in the column
shows time as Blimp1+ PB,
blue as IgG1+ switched
cells. The fate categories: divide only; become PB and divide; isotype switch
and divide; switch, then become PB, then divide. Sequence repeated for cells
that die. ‘As’ shows asymmetric siblings (one died and one divided). (C) Times

to fate. Number of cells (N ), mean (m), and standard deviation (s) are shown.
(D) Average time to divide (black), die (red), differentiate to PB (green), and
switch (blue) per generation. (E) Proportion of cells undergoing each fate.
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per cell. One, Tdiff, determines a time to dif-
ferentiate to PB, and the other, Tswitch, determines
time to isotype switching. Consistent with ob-
servations of Tdiv (13, 14, 20), with the exception
of death, the corresponding process may not be
in operation in every cell. This is encapsulated
mathematically by assuming that the associated
random variables can have a positive probability
of being infinite.

These times are subject to competition and
censorship. If Tdeath < Tdiv, then the cell’s fate is
death at Tdeath, and the value Tdiv is not observed
and vice versa. Thus, the larger value is censored.
If Tdiff < min(Tdiv, Tdeath), then the cell is observed
to differentiate to PB at time Tdiff from birth, and
otherwise the time is censored. If Tswitch < min
(Tdiff, Tdiv, Tdeath), then isotype switching is
observed at Tswitch , and otherwise its value is
censored. Even though the random variables
{Tswitch, Tdiff, Tdiv, Tdeath} are independent, it is of
fundamental importance that the distributions of
the observed variables {Tobs

switch,T
obs
diff ,T

obs
div ,T

obs
death} are

distinct and correlated, as they have been altered
by competition and censorship (10).

Because the times to concordant fate of sib-
lings are related (Fig. 2, F and G, and fig. S2, C
and D), although the model assumes that un-
censored times within a cell are independent, we
must allow for correlations between times to
concordant fate in siblings. With a superscript
1 indicating times for one sibling and 2 for the
other, we posit the existence of pairs (T 1

switch,T
2
switch), (

T 1
diff ,T

2
diff ), (T

1
div,T

2
div) and (T 1

death,T
2
death), where

the two random variables within each pair may
be correlated, but they are independent across
pairs. For each pair, we adopt the class of bi-
variate log-normal distributions with symmetric
marginal distributions whose correlation struc-
ture is defined through a correlated Gaussian ex-
ponent (10). The model has 15 parameters, four
means, four variances, four cross-correlations,
and three probabilities of finiteness:

q ¼ ðmswitch, mdiff , mdiv, mdeath, s2switch, s
2
diff ,

s2div, s
2
death, rswitch, rdiff , rdiv, rdeath, pswitch,

pdiff , pdivÞ

Consider a parameterization, q, defining the
model. For a set of data, D, consisting of the
times of fates of sibling cells, we calculate the
likelihood that the model would generate the data
L(D|q) (10) and then determine q MAP = arg sup
L(D|q), where “arg sup” reads “arguments of the
supremum,” the maximum a posteriori parame-
terization defining our best-fit model. For each
generation, we fit to a data setD, consisting of all
siblings that share the same fate. This gives us
sufficient data (382, 458, 330, and 254 observa-
tions in generations 1, 3, 5, and 7, respectively) to
estimate all components of qMAP, but it means
that the model’s cross-fate predictions of the re-
maining data (145, 193, 234, and 131 cells, re-
spectively) are extrapolations.

For generation 5, we plotted the uncensored
marginal distributions for the independent ran-
dom variables within a single sibling, as well as
its censored match to observed data (Fig. 3A).
The impact of competition is apparent in the
substantially reduced mean and variance in the
latter graphs and also in the reshaping of the
distributions (see other generations in fig. S3).
One indicator of whether the model’s structure
can capture key features of the data is comparison
of average time to fate with the best-fit model.
This is shown in Fig. 3, B to E, along with the
measured and modeled proportion of cells that
undergo division and isotype switching (death
and differentiation to PBs) (fig. S4). A second
indicator is its ability to capture the correlation
observed in the times to concordant sibling fate
(Fig. 3, H and I, and fig. S5). These good fits
suggest that this simple model with four pairs of

independent random variables has sufficient flex-
ibility to mimic the data.

Although intercellular concordant fate corre-
lations are to be expected because of the cross-
correlation parameters in our model, perhaps
counterintuitively, it also predicts correlations
within cells and between siblings. The uncensored
variables are uncorrelated, so these correlations
arise in the model exclusively as a consequence
of its postulated competition and censorship (Fig.
3, F and G). With the exception of generation 7
(Fig. 3F), the predictions all lie within the 95%
confidence intervals (CIs) of the measured values.
Other fate combinations are shown in fig. S5, all
of which also fall within 95% CIs of the mea-
sured values, with the exception of generation 5
death and differentiation to PB (10).

For asymmetric intercellular correlations
where one sibling divides and the other dies,

A B C

Fig. 2. Fate concordance and correlations. (A to C) Intracellular correlations (correlations in times to
distinct fates within individuals) for each generation. Pearson’s r is shown per generation and for cohort
inclusive of all generations. (D) Measure of concordance of siblings in division versus death fate (red)
shown as Yule’sQ with 95%CIs. (E) Measure of concordance of siblings in isotype switch versus no isotype
switch (blue) and development to PB versus no development to PB fate (green). (F and G) Times to
intercellular concordant fates (siblings that share the same fate) and their correlation. (H to J) Times to
intercellular nonconcordant fates and their correlation.
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2012.



A new proliferation multiplex CFSE/CTV/CPD assay
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Figure S3. Gating scheme 
T cells were isolated and stimulated as outlined in Figure S2.  Gates were created using 
control populations at each time-point then applied to the clonal samples.  (A) FSC/SSC 
profile was used to gate beads (not shown) and lymphocyte populations and then (B) PI 
exclusion used to identify live cells. Live cells were separated out into differentially 
labeled populations by classifying cells as (C) CPD+ or CPD- then plotting (D) CFSE vs. 
CTV to distinguish the division number of cells from different labeling populations.  (E) 
FSC/SSC was then used to classify cells as small (i.e. having reached their DD). 
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CFSE/CTV/CPD Multiplex

state i.e. reached DD.  Addition of concordant trees is straightforward and results in a tree 
that is also concordant (top panel).  Clonal family tree addition is more complex if trees 
are discordant as we must allow combinatorially many interlacements of tree subsections 
to represent all possible contributing interactions in terms of time and place (bottom 
panel, refer to supplementary methods and Fig. S1 for further details). If clonal DD is 
both concordant and the impact of stimuli is independent, this implies the source of 
variation can be tracked back to the progenitor cell.  
 

 

Fig. 2 Clonal T cell family proliferation is synchronized and DD is concordant. OT-
I/Bcl2l11-/- CD8+ T cells labeled with different combinations and concentrations of the 
division tracking dyes CPD, CFSE and CTV (Supplementary methods, Fig. S2, S3) were 
stimulated with N4 peptide (0.01 µg/mL) in the presence of anti-CD28 (2 µg/mL) and 
anti-mouse IL-2 blocking antibody clone S4B6 (25 µg/mL).  Just prior to first division 
(26 hours) single cells from each of the 8 labeling configurations were sorted into new 
wells. Cells were cultured in the presence of hIL-2 (1 U/mL) and S4B6 and at 54, 62 and 
72 hours post-stimulation the proliferation properties of clonal T cell families were 
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Fig. 2

OT1/Bcl211�/� CD8+ T cells, N4 peptide & anti-CD28.
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p-values?
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Concordance & independent additivity suggests lineage
priming

	
	
Figure	4.	Addition	at	the	cell	surface.	Z+A	brings	us	back	to	the	progenitors,	
where	we	see	that	there	is	no	correlation	between	CD25	and	CD28	 	levels	
after	24	hours	and,	moreover,	B,	that	(CD25,	CD28)	level	correlates	to	DD,	thus	
showing	that	the	expansion	properties	of	each	clonal	family	is	dictated	by	
measurable	properties	of	the	initial	cell.	C.	Summarises	the	mDD	for	each	sorted	
condition	and	D	shows	the	total	cell	number	after	expansion.	
Possibly	other	markers	looked	–	CD27	for	example….	
	
Notes	
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Concordance & independent additivity suggests lineage
priming

+	IL-2	conditions	were	recovered	from	an	input	of	96,	224,	96	and	224	sorted	
founder	clones	respectively. (B) Proportion of clones with concordant (range = 0) or 
discordant (range > 0) DD.  Cumulative distribution functions of  (C) maxDD and (D) 
mDD for clones from each stimulation condition (top panel). Signal addition at a clonal 
level was tested by comparing the convoluted distribution of the statistics from the (N4) 
+ (N4 + anti-CD28 + IL-2) conditions, with (N4 + anti-CD28) + (N4 + IL-2) (bottom 
panel and SI). Vertical dashed lines represent mean of the pooled clones. Dotted lines 
show 95% confidence intervals. A (non-standard, see SI) chi-square test for 
independence is not rejected for either mDD (p=0.237)	or	maxDD (p=0.399). 
Representative of two independent experiments. 

 

 
 

Fig. 4. Inter-clonal variation in DD is regulated by receptor sensitivity and clonal 
experience. (A-D) Naïve CTV-labeled OT-I/Bcl2l11-/- CD8 T cells were sorted into (A) 
CD28 high and low expressing populations and stimulated with N4 peptide (0.01 µg/mL) 
with or without anti-CD28 agonist antibody (20 µg/mL). Cell number vs. (B) time and 
(C) Mean Division Number (MDN) were measured and (D) the percentage cohort 
number (an estimation of the percentage of the starting cells whose progeny are 
contributing to the response at that time point, calculated by removing the effect of cell 
expansion at each time point) vs. MDN calculated.  (E-H) Naïve CTV labeled OT-
I/Bcl2l11-/- CD8+ T cells were stimulated with N4 peptide (0.01 µg/mL) and anti-CD28 (2 
µg/mL) for 25 hours then sorted for (E) IL-2Rα high or low expression.  Cells were 
placed back into culture with or without hIL-2 (3.16 U/mL) and cell number vs. (F) time 
and (G) MDN were measured and (H) the percentage cohort number vs. MDN 
calculated.  Gray arrows indicate the difference in mDD between populations when no 
additional ligand was added to the culture, black arrows when ligand was added at the 
specified concentration.  All cultures contained S4B6 (25 µg/mL).  Representative of two 
(A-D) or three (E-H) independent experiments. Mean ± SEM of triplicate culture wells.   
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Lineage priming
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Figure S7. CD28 and IL-2Rα levels prior to the first division are relatively uniform. 
CD28	and	IL-2Rα	expression	of	activated	CTV	labeled	OT-I/Bcl2l11-/-	CD8+	T	cells	
stimulated	for	24	hours	with	N4	peptide	(0.01	µg/mL)	in	the	presence	of	anti-CD28	
(2	µg/mL),	S4B6,	(25	µg/mL)	and	hIL-2	(1	U/mL).	Representative	of	duplicate	
culture	wells	from	3	independent	experiments.		
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panel and SI). Vertical dashed lines represent mean of the pooled clones. Dotted lines 
show 95% confidence intervals. A (non-standard, see SI) chi-square test for 
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Marchingo, Prevedello, Kan, Heinzel, Hodgkin & Du↵y, in prep., 2016.



What is the mechanism?

Attend Phil’s talk.

Heinzel, Giang, Kan, Marchingo, Lye, Corcoran & Hodgkin, in prep., 2016.



Finding the mechanism of familial division destiny

Phil Hodgkin 
!
For KITP Quantitative Immunology Workshop, 2016

Su Heinzel 
Lynn Corcoran 
Andrew Giang 
Julia Marchingo 
Andrey Kan 



Properties of putative unknown ‘x’

x = likely ‘oncogene’ known to alter division 

x = induced division motivating factor 
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x = lost in cells as they stop division 

x = expression changes inherited symmetrically 

x = Quantitative ‘addition’ with multiple stimuli 
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x = lost in cells as they stop division 

x = expression changes inherited symmetrically 

x = Quantitative ‘addition’ with multiple stimuli 

Can x be Myc? 

Properties of putative unknown ‘x’
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- Forced expression of Myc in dividing B and T cells prevents division cessation 
(must also keep alive*) 



Myc levels change with stimulation strength and signal addition

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
0

2000

4000

6000

8000

10000

h

M
yc

[M
FI

M
yc

-M
FI

co
nt

ro
l]

medium
0.63ug/mL aCD28 
2ug/mL aCD28 
6.3ug/mL aCD28 
20ug/mL aCD28 

Anti-CD28 titration 
Correlating 23 h Myc  
with Division Destiny 

!
Different combinations 

IL-2 and aCD28 



10
1

10
2

10
3

10
4

10
5

24h

39h

47h

62h

71h

86h

95h

CTV

co
un

t

B cells

0 20 40 60 80 100
0

500

1000

1500

2000

2500

Div 2
Div 3
Div 4
Div 5
Div 6

Div 0
Div 1

hours

M
yc

 [g
M

FI
]

M
yc

 [g
M

FI
]

Ɵme
ј
div

ј
div

ј
div

ј
div

ј
div

�ŝ
ǀŝ
ƐŝŽ

Ŷ�
ŵ
ŽƟ

ǀĂ
ƟŶ

Ő�
ĨĂ
Đƚ
Žƌ

Ɵme

�ŝ
ǀŝ
ƐŝŽ

Ŷ�
ŵ
ŽƟ

ǀĂ
ƟŶ

Ő�
ĨĂ
Đƚ
Žƌ

ј
div

ј
div

ј
div

ј
div

ј
div

Myc loss is ‘timed’ (not diluted) and machinery for loss heritable and division independent 
A new cellular machine 

(working on details including high rate of turnover - production rate is main change with time)

Myc kinetic changes not affected by division



Reconciling molecular machine with tree formation

Molecular signal integration
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