1' frontiers
in Immunology

ORIGINAL RESEARCH
published: 14 March 2019
doi: 10.3389/ mmu.2019.00436

OPEN ACCESS

Edited by:
Shalin Naik,
Walter and Eliza Hall Institute of
Medical Research, Australia

Reviewed by:
Ken R. Duffy,
Maynooth University, Ireland
Philip D. Hodgkin,
Walter and Eliza Hall Institute of
Medical Research, Australia

*Correspondence:
Aridaman Pandit
A.Pandit@umcutrecht.nl

Specialty section:
This article was submitted to
T Cell Biology,
a section of the journal
Frontiers in Immunology

Received: 05 August 2018
Accepted: 19 February 2019
Published: 14 March 2019

Citation:
Pandit A and De Boer RJ (2019)
Stochastic Inheritance of Division and
Death Times Determines the Size and
Phenotype of CD& T Cell Families.
Front. Immunol. 10:436.
doi: 10.3389/ mmu.2019.00436

Check for
updates

Stochastic Inheritance of Division
and Death Times Determines the
Size and Phenotype of CD8 © T Cell
Families

Aridaman Pandit *>% and Rob J. De Boer 3

* Laboratory of Translational Immunology, University Medit&enter Utrecht, Utrecht University, Utrecht, Netherlans}
2 Department of Rheumatology and Clinical Immunology, Univsity Medical Center Utrecht, Utrecht University, Utrecht,
Netherlands,® Theoretical Biology and Bioinformatics, Utrecht Universj, Utrecht, Netherlands

After antigen stimulation cognate naive CD8 T cells undergo rapid proliferation and
ultimately their progeny differentiates into short-livedffectors and longer-lived memory
T cells. Although the expansion of individual cells is veryeterogeneous, the kinetics are
reproducible at the level of the total population of cognatecells. After the expansion
phase, the population contracts, and if antigen is cleareda population of memory
T cells remains behind. Different markers like CD62L, CD2&nd KLRG1 have been
used to de ne several T cell subsets (or cell fates) developy from individual naive
CD8C T cells during the expansion phase. Growing evidence from ¢ir-throughput

experiments, like single cell RNA sequencing, epigeneticrp ling, and lineage tracing,
highlights the need to model this differentiation process tathe level of single cells. We
model CD8C T cell proliferation and differentiation as a competitiverpcess between the

division and death probabilities of individual cells (likie the Cyton model). We use an
extended form of the Cyton model in which daughter cells inhgt the division and death
times from their mother cell in a stochastic manner (using ¢mormal distributions). We
show that this stochastic model reproduces the dynamics of ©8C T cells both at the
population and at the single cell level. Modeling the exprason of the CD62L, CD27, and
KLRG1 markers of each individual cell, we nd agreement witthe changing phenotypic
distributions of these markers in single cell RNA sequenadindata. Retrospectively
re-de ning conventional T-cell subsets by “gating” on theg markers, we nd agreement
with published population data, without having to assume tht these subsets have
different properties, i.e., correspond to different fates

Keywords: CD8 C Tcells, single cell dynamics, stochastic inheritance, T cel | differentiation, immunological memory

1. INTRODUCTION

The hallmark of adaptive immunity is its ability to mount a speaesponse against primary
infection and to rapidly respond against re-infections with enlarged population of memory
cells. This immunological memory forms the basis of vadiima CD&" T cells mount cytotoxic
responses against intracellular pathogens like viruses amad &m integral part of the adaptive
immune system. CO8 T cells express a T cell receptor (TCR) allowing them to recegttieir
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cognate antigen presented as a pMHC compl&x3). Naive to e ector memory, to e ector cells tted their single-cell
CD8® T cell are activated when their TCRs bind a cognatdracing data best. One of the drawbacks of using molecules lik
pMHC complex, and after tandem signaling by co-stimulatoryCD62L and CD27 as a memory marker is that these molecules
molecules. After activation naive CB8T cells undergo are also expressed on naive CDB cells. Recently activated
clonal expansion producing short-lived e ector and longereliv T cells that are on a trajectory to become e ector T cells are
memory cells. For a typical epitope in mice, there are less thantherefore expected to initially exhibit the CD62CD27 central
1,000 cognate naive CBT cells, which expand and can produce memory phenotype. Indeed, in both CB4(14) and CD&
a progeny of more than ¥0activated cells4 5). When antigen (25, 26) T cells, CD62L expression declines during the rst
is cleared the CD8 T cell population contracts about a 20- division(s), but is either retained or up-regulated later n
fold, leaving behind a long-lived population of memory T cells sub-population of cells that one typically associates with iogm
These memory COBT cells can rapidly respond upon secondaryprecursor cells.
infection. The timing and magnitude of CI58T cell responses Division and di erentiation of CD& T cells is a complex
varies for di erent antigens and infections, but for eachigenh  process. The growth of single-cell sequencing technologids a
the dynamics of the entire response is highly reproducib®).  other high-throughput methods, including cellular barcodin

In contrast to the reproducible population dynamics, single-and lineage tracing, warrants the development of models that
cell tracing studies have shown that the fate of individuaiive can incorporate the complex dynamics of individual cells, along
CD8F T cell is heterogeneous,(10). Multiple lines of evidence with their RNA/protein expression data. We modeled CD8
suggest that the fate of an individual CB& cell is regulated T cell division and dierentiation dynamics as competition
by their local niche, i.e., the cytokines, cell-cell inttians, between division and death fate of a cell, as advocated in the
co-stimulatory molecules, strength of TCR binding, andl celCyton model 7). The same group of authors also developed
migration (6, 7, 9, 11-14). Lineage tracing studies have shownmodels where daughter cells inherit these division and death
that individual naive CD8 T cell have the potential to produce times from their mother cell in stochastic mannet#-30). We
both e ector and memory T cellsd). Even in controlledn vitro  here develop a simple combination of both models by de ning
experiments, genetically identical naive ¢D8 cells expand a phenomenological stochastic inheritance of the divisiod an
into heterogenous “families”l&-17). Because several biologicaldeath times (using lognormal distributions), in order to diu
factors govern the fate of individual cells, this calls fordlving  the heterogeneity between the families produced by singlena
stochasticity when modeling T cell di erentiation. T cells. To integrate these growth dynamics with the molaccul

Di erent experimental and mathematical models consideringdata, we also allow each cell to inherit three surface markem
linear or branched di erentiation pathways have been used taheir mother cell (i.e., CD62L, CD27, and KLRG1). Because cell
study the potential mechanisms of T cell dierentiation and division is often associated with di erentiatior2{, 27, 29, 31—
memory formation {7, 9, 18). According to thee ector rst  33), we considered that the marker expression of a cell changes
modelssupported by epigenetic studies, naive €DBcells rst  with cell division, withouta priori coupling marker expression
divide and di erentiate into e ector cells during the expansio to the kinetic properties, or fate, of that cell. We show thatrsuc
phase, which either die or di erentiate into memory CB8T  simple “stochastic inheritance” models can qualitativelylicate
cells during the contraction phase $-23). According to the previously observed CI38T cell division and di erentiation
progressive di erentiation modgisdividual naive CD8 T cells  dynamics (0), both at the population level and at the single-
receiving ample stimulation di erentiate into e ector cellwhile  cell level. Additionally, this stochastic inheritance afrface
those receiving less stimulation di erentiate into memomils markers can account for the recent single-cell expressioa dat
(7, 9, 13. According to theasymmetric division modehaive obtained during the expansion phase of CDg cells @6).
CD&° T cells divide asymmetrically producing one daughterSince in our model the expression of the markers on a
with e ector potential, and another with memory potential4). cell has no e ect on its kinetic properties, and the model
Thus, very di erent models have been proposed for €D8  nevertheless remains in agreement with the data, we coaclud
cell di erentiation. that compartmentalizing dividing T cells into kinetically dient

Two single-cell tracing studies demonstrated a largd cell subsets on the basis of their surface markers need not
heterogeneity in the number of progeny produced by individualcapture the true population dynamics, nor the fate adopted by
naive CD§ T cells expressing the same TCR 10). Buchholz individual T cells.
et al. (L0) compartmentalized the cells using the surface
expression of the CD62L and CD27 markers, and found tha?l RESULTS
the progeny (or family) of an individual naive CB8T cell
was also heterogenous in the fraction of “central memory2.1. Basic Model
(CD62LCCD27), “e ector memory" (CD62L CD27), and We simulated 8 days of clonal expansion of €DBcells using a
“e ector” (CD62L CD27 ) T cells. Thus, considering the “stochastic inheritance” model (s&&ure 1AandTable 1). The
surface expression of CD62L and CD27 as a marker for the faggmulations were initialized with a 1,000 naive EDF cells,
adopted by individual cells,1() found that individual naive and each cell was assigned a time of divisip) &nd a time of
CDE&" T cells have very di erent memory potentials. Using thedeath (), following earlier modelsZ7-30). In our model, these
time course of these markers, Buchholz et ab) (show that a “waiting times” are sampled from two independent lognormal
progressive di erentiation model from naive to central memor distributions (Equations 1, 4). In generation zero the méame
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of division was much lower than the mean initial time of death2.2. Surface Marker Distribution

(seeFigures 1B-D Equation 1) to allow for an initial expansion Lineage tracing experiments have used several surface raarker

phase. In our basic model, we considered that all naTveQ:DSincIuding CD62L, CD27, and KLRG1, to categorize €D3

T cells become activated at the start of the simulation, aind aells as naive, central memory, e ector memory and e ector T

their time of division these cells deliver two daughtersdiach cell subsetsg, 10, 26). To study marker dynamics, we allowed

daughter cell noisily inherits the division and death tinfesm  our simulated CD8 T cell to express the same set of surface

its mother cell (Equations 2, 3). Since the probability ofdeath  markers. We initialized naive CISST cells as CD6%, CD2F,

has been shown to increase with the number of divisions, wand KLRG1 (see section 4), and allow daughter cells to noisily

decrease the probability to undergo a subsequent divisien, (i inherit the CD62L, CD27, and KLRG1 expression levels from

we increase the division time; see Equation 2), and incrédase their mother cell. Expression of the markers only changes upon

probability of cell death (i.e., we decrease the death tiree; scell division, and the expression levels do not in uence the

Equation 5), with every division. The inheritance of theidien  division and death times of the cell. Inheritance of exprassio

and death times is stochastic because we add noise to the tinevels also involves stochasticity, and the segregatioeaoh

both daughters inherit from their mother (using a lognormal marker is independent of the other markers, and the division

distribution), and add Gaussian noise to allow for someatioh  and death times. The CD62L marker tends to decrease upon

between the daughters. Thus, one daughter cell may divide @ell division, while KLRG1 tends to increase with cell division

die earlier than the other, but their division and death tisneare By these assumptions, large families tend to be dominated

correlated to those of their motheFigure 1A). by KLRGF cells, and contain a small fraction CD62lcells
Figure 1C shows that the mean division time of the (Figure 3). Overall, the CD62L marker is negatively correlated

proliferating cells increases with every division for thestr8 (Spearman's 0.52;p-value< 10 ) with family size,

divisions, and, surprisingly, starts to decrease after &idins while the KLRG1 marker is positively correlated (Spearman's

(even though in our model the probability to divide decreases 0.73;p-value< 10 %) (Figures 3A,Q. The correlation

with every division). Since the probability of cell deathremses of CD62L with family size is weaker, and the correlation of

with every division, the death time is expected to becom&LRGL1 is stronger, than the corresponding correlations obeser

comparable to the division timé{gures 1B,D after 8 divisions, in lineage tracing experiments,(10). Corroborating the lineage

resulting in preferential death of slowly dividing CBS8T cells. tracing experiments, CD27 exhibited a weak (Spearman's

Although the increased death rate slows down the expansion0.08) correlation with family size~{gure 3B). Thus, assuming

of the population, there is a selection for cells that dividst,fa stochastic inheritance of marker expression su ces to expthe

which decreases the mean division time after about 8 dinisio previously observed marker dynamics of di erentiating CD8

We parameterized our model such that the mean division andells g, 10).

death times become comparable at 8th generatkigure 1B);

choosing dierent parameters did not alter our subsequent . L.

results qualitatively Rigure S1in Supplementary Material). 2-3- Heterogenous Time of Activation

Thus, modeling time of division and death as independenfViodel

stochastic variables allows for complex population dynamick the lineage tracing experiments several small families

selecting for particular cellular properties in the absence ofontained a large fraction of CD68Lcells g, 10), and a

competition between the cells. natural explanation for this observation is that these amifi@s
completing few divisions because they started late. Although
2.1.1. Disparate Single Cell Behavior the population dynamics, and the correlations of markers with

After 8 days of clonal expansion, our simulations typicallyfamily size, in our model were comparable to those in these
produced more than 10 CD8& T cells starting from a lineage tracing experiments, we rarely observed small CD62L-
1,000 naive CO8 T cells. Previous studies have shown thatich families because in the model small families are lardety
individual naive CD8 T cells carrying the same T cell to excessive cell death. This is due to one of our simplifying
receptor make disparate immune respons8s 1(0). In good assumptions because in our model the rst division tends to
agreement with the experimental studie% 8, 10), we found be completed faster than the subsequent divisions, whereas in
that a small fraction of the initial naive CB8T cell pool reality the rst division typically takes much longer, besau
form the majority of the responseF{gure 2A). Specically, quiescent naive T cells have to become activated and change
about 10% of the naive CIO8T cells contribute about 50% the expression of thousands of genes. The observed times to
of the total immune response. In the model this disparitycomplete the rst division following activation of naive C68
can only arise from the fact that dierent C8 T cells T cells typically obey a normal or lognormal distribution5
families undergo di erent numbers of divisions. In a typical 17, 27, 31, 34). We therefore make our model more realistic
simulation, the median family size (i.e., the number of proge by adding a “time of activation” for every naive CBS8T

of a single naive CD8 T cell) was about a 1000 cells, cell, which is sampled from a lognormal distribution (see
whereas the largest family size was abodtddlls Figure 2B).  section 4 for details). Similar to the basic model, a 1,000
Thus, stochastic inheritance of division and death timea canaive CD§ T cells typically produced 1C° CD& T cells
account for the experimentally observed large disparity irafter 8 days of clonal expansion. Adding heterogeneity in the
family sizes. time of activation increased the disparity in the family size
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FIGURE 1 | Stochastic inheritance model of T cell differentiation. Reel (A) is a schematic representation of the model. The red circle othe left represents a mother
naive CD& T cell that divides into two daughter T cells, which divide fither. The color of the circles indicates that the dividing D8C T cells differ from each other in
terms of their division and death kinetics. Empty circles gresent dead cells. PanekB) depicts that we parameterized the model such that expected &ision and
death times cross each other at generation 8. The red line repsents the expected mean division times at each generatioand the blue line represents the expected
mean death times at each generation. The violin plot shows thtime of division(C) and death (D) distributions for each generation of dividing CD8 T cells. The red
lines depict the mean of each distribution. The model was itialized with a 1,000 naive CD§ T cells.

TABLE 1 | Parameter values used in the stochastic inheritance model.

Parameter Value Dimension
mp 45 hours
Vmp 0.2 mp hours
p 1.25 -
Vp 0.05 _
tmin 4.0 hours
Ve 0.02 -
md 40 hours
md 0.2 md hours
d 0.99 -
d 0.05 d -

distribution (Figure 4), resulting in an even smaller fraction (
7%) of the 1,000 naive CBS8T cells contributing the majority
of the responseHgure 4A). The disparity in the family size
distribution in the heterogenous time of activation modebre
closely resembles the disparity observed in Gerlach et)ahid
in agreement with their previous interpretation, we concltldat
heterogeneity in time of activation plays an important roleTin
cell population dynamics.

were KLRGY (Figure 5. The CD62L marker was negatively
correlated (Spearman’s 0.766Clgs%=( 0.790, 0.738);
Studentst-test p-value < 10 19), while the KLRG1 marker
was positively correlated (Spearman’s 0.835,Clgs9, D
(0.815, 0.853); Studentstest p-value < 10 10 with family
size Figures5A,Q. CD27 exhibited a weak (Spearman's
0.152) correlation with family sizeF{gure 3B). These
correlations of CD62L, CD27, and KLRG1 are comparable to
those observed in the lineage tracing experimesisl(), and
we now have several small families with a large fraction of
CD62LC cells, because some families start late and complete
relatively few divisions. Thus, incorporating heterogénen
time of activation helps to account even better for the marker
dynamics of di erentiating CD& T cells Figure 5).

2.4. Division Dependent Marker Dynamics

Most studies ascribe the e ector and memory potential of
dividing CD& T cells by their surface expression of markers
like CD62L, CD27, CCR7, and KLRG1. We reanalyzed the
single cell data of proliferating CI%8 T cells published by
Kakaradov et al.Z6) to study the variation in mRNA expression
(as an indicator of surface expression of the corresponding
proteins). Kakaradov et al.2@) studied single cell mRNA
expression data for naive CBST cells (Naive), cells which

We also studied the marker dynamics in this “heterogenousiad undergone 1 division on day 2 (Day2), pools of dividing
time of activation” model. Similar to the basic model, in larg cells on day 4 (Day4) and day 7 (Day7), central memory

families a small fraction of cells was CD&2land most cells

(Tem; CD62I%) cells on day 42; and e ector memory (Tem;

Frontiers in Immunology | www.frontiersin.org

March 2019 | Volume 10 | Article 436


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Pandit and De Boer Inheriting Division and Death Times

A 20x10°} A 100
80+
15x10°} 0
2 8
E ; 60|
+ 10x10°F . 8 . .
8 | (@] 40’ Ld
O | - .
| e L] L] ..
5x10°} [ B - 5.8
: ‘ . ‘ ‘ 0 T r 5
0 20 40 60 80 100 10 10 0° 10 10 10
B Percentage of cells (%) Family size
160 B 100 -
140
80t
120{ « .
g
>100f + 60} .
g N
S 80 o
5 © 40
L 60} 5
X
40} 20!
20
0 0% ) o) =3 7 5
100 102 10° 10° 10° 10 10 10 10 10 10
Family size c 100

FIGURE 2 | Family size distributions generated by the basic stochasti
inheritance model. PanelA) depicts the cumulative family size distribution, 80}

i.e., the percentage of naive CD8 T cells (x-axis) and the corresponding w
cumulative number of CD& T cells present on day 8 (y-axis). The COB T cell le o
families on the x-axis are ordered by their size on day 8 (wite largest family + 60}
on the left). The dashed red lines represent the fraction ofimilies that —
constitute 50% of the total response. Panel(B) shows the frequency %.2
distribution of family sizes on day 8, which reveals that somfamilies Q' 40}
contribute more than 10* cells to the total response. These results are based S
on simulating the clonal expansion of a 1,000 naive COBT cells. N
20+ . .
L]
L]
o0 10' 10° 10° 10* 10°

CD62L ) cells on day 42Kigures 6A-D. Note that the last
two sets were measured after six weeks, which is beyond the

time window of our simulations. Because we are mOdeling theFIGURE 3 | Variation of the marker distribution as a function of familgize in
rst 8 days of clonal expansion, the majority of the single ell | the basic model. The fraction of CD§ T cells that are positive for CD62L(A),
studied on day 4 and day 7 should be activated e ector cellsCD27 (B), and KLRG1(C) markers is shown for each cD§ T cell family. Each
(Figures 6A—Q. The expression of CD62L mRNA was high in byllet rgpresents one naive QD@ T cell family:lThese results are based on
individual naive cells, and the Day2 cells undergoing thsir simulating the clonal expansion of a 1,000 naive COBT cells.

division. Since CD62L expression is not dramatically reduce

in cells after their rst division Figure 6A), these data con rm

that CD62L is lost somewhat gradually. Similarly, the dataypical markers is gained or lost gradually by dividing ¢D8
reveal that CD27 expression does not exhibit a temporal trend cells.

(Figure 6B), while KLRG1 mRNA expression increases over Using the heterogenous time of activation model, we explored
the rst week Figure 6Q. Thus, single cell expression pro les the longitudinal marker dynamics in dividing CI58T cells. As

con rm the assumptions made in our model: the expression okexpected, the mean CD62L expression decreased over time, but

Family size
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FIGURE 4 | Family size distribution of the heterogenous time of activion w
model. (A) Same asFigure 2 the cumulative family size distribution shows the ) 80}
percentage of naive CcD§ T cells (x-axis) and the cumulative number of O
responding CDE T cells present on day 8 (y-axis). The red vertical and +
horizontal lines represent the fraction of families that ewtitute 50% of the total — 60
response. (B) Family size frequency distribution on day 8 shows that some g
families contribute more than 1¢ cells to the total response. These results are 3 40¢
based on simulating the clonal expansion of a 1,000 naive CIBT cells. hV4
Y
o 20}
X
a small fraction of cells remained CD62I(CD62L expression 10°
marker specic threshold; see section 4) throughout the Family size
expansion phaseF{gure 6D). The mean CD27 expression was
centered around 1 (relative to the marker specic threshold) FIGURE 5 | Variation of marker distribution with family size for the
and exhibited no clear trendF{gure 65_ Nevertheless, several| heterogenous time of activation model. The fraction of CDB T cells that are
individual CDg: T cells express very low or very high levels positive for CD62L(A), CD27 (B), and KLRG1 (C) markers is shown for each
f CD27. indicati that stochasti . | f CD27 d CcD8C T cell family. Each bullet represents one naive CI58T cell family. These
0 » Indicating tha S OC. ag IF gam orloss o oesresults are based on simulating the clonal expansion of a 1( naive
skew the marker expression in dividing cells. The mean KLRG1¢psC T celis.

expression increased over time, however, the majority of the
cells remained KLRG1(KLRG1 expressior marker specic
threshold; see section 4) throughout the simulati&ig(re 6F).

Two di erent mechanisms allow dividing cells to maintain cell (Figures 6G-). As expected cells having undergone few
high CD62L expression levels (or low KLRG1 expressiodivisions are typically CD62L positive (relative expression
levels) throughout the expansion phase. First, because of thieFigure 6G). Interestingly, a small fraction of cells that had
heterogeneity in the time of rst division several familiesundergone more than 6 divisions were found to be CD62L
retain high CD62L levels (or low KLRGL1 levels) by startingpositive igure 6G), indicating that dividing cells can retain or
late and completing few divisions. Second, the dividingscellgain CD62L expression due to stochasticity in marker dynamic
stochastically retain or gain CD62L expression (or retaitose  The marker distributions of CD27 expression exhibited atglig
KLRGL1 levels). We therefore plotted the marker distributionsegative trend with increasing generation number indiogtihat
as a function of the number of divisions undergone by eaclstochastic retention or acquisition dominates CD27 posiivi
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FIGURE 6 | Comparison of temporal and generational dynamics in hetegenous time of activation model with the publicly availablsingle cell experiment described
in Kakaradov et al. £6). RNA expression of different cell surface markers CD62(A), CD27 (B), and KLRG1 (C), which are commonly used to classify different cD8
T cell subsets [reanalyzed fromZ6)]. Brie y, Kakaradov et al. 26) performed single cell RNA sequencing on the following COBT cell populations: naive; day 2 cells
that had undergone their rst division (Day2); day 4 cells (Bd); day 7 cells (Day7); day 42 central memory (Tcm); and dayp4ffector memory (Tem) cells. The violin
plot shows the temporal dynamics of CD62L(D), CD27 (E), and KLRG1 (F) expression distribution in CD§ T cells. The cells that were alive at the start of each day
were considered for the calculation of the individual expssion distribution. The violin plot shows the dynamics of CB2L (G), CD27 (H), and KLRG1(I) expression
distribution per generation of CcD§ T cells. The marker expression levels in the model were norrtized with the expression threshold used to determine marke
positivity inFigures 3, 5 (see section 4). These results are based on simulating theazial expansion of a 1,000 naive CD8 T cells.

(Figure 6H). The marker distributions of KLRG1 expression CD62L CD27 ase ector T cells. Lumping our simulated T cells
exhibited a strong positive trend with increasing genematio into these subsets our model mimics the population dynamics
number, indicating that most KLRG1 positive cells haveobserved in Buchholz et all@) because the sub-population of
undergone a large number of divisionki@ure 6l). A fraction central memory T cells (red) decreased over time, while the
of cells that underwent more than 14 divisions remained KLRGE ector memory (black) and e ector T cells (blue) increased
negative (relative expressien 1; Figure 6l). Thus, stochasticity over time Figure 7A). Using their progressive model, Buchholz
in marker inheritance can lead to large variability in marke et al. (L0) postulated that family sizes are largely determined
expression, and classifying CBE cells by their markers need by the stochastic activation, di erentiation and expansion of

not re ect their division history. the cells. Large families arise when activation occurs eantly
) _ cells dierentiate rapidly (as the more dierentiated subsets
2.5. T Cell Population and Subset Dynamics were estimate to proliferate faster). Hence, the memory patent

In a seminal study, Buchholz et al.G) used lineage tracing and (de ned by the expression of the CD62L and CD27 markers) of
mathematical modeling to suggest that naive €DBcell rst large families could be lower than that of small familieshaugh
divide and di erentiate into central memory cells, which fher  in our model large families tend to produce a smfadiction of

di erentiate into e ector memory cells, and subsequently into CD62L° “memory” T cells Figures 3, 5, we found that large

e ectors. To mimic their T cell subsets, we similarly catéged  families produced the highesumberof CD62L¢ “memory” T

the T cells in our simulations: CD6ZICD27 as central cells Figure 7B). Thus, if the expression of CD62L at the end
memory T cells, CD62LCD27 as e ector memory T cells, and of the expansion phase would indeed correlate with memory
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FIGURE 7 | T cell subset dynamics.(A) Temporal dynamics of T cells: central memory cells (CDGﬁ_CDZYC; red); effector memory (CD62L CcD27°; black) cells;
and effector (CD62L CD27 ; blue) cells.(B) Number of CD62LC cells as a function of family size(C) The violin plot shows the changes in the rate of proliferatio
(1=(time of division)) over time for T cell subsets: central may cells (CD62I_C CcD27%; red); effector memory (CD62L CcD27%; gray) cells; and effector

(CD62L CD27 ; blue) cells.(D) The violin plot shows the rate of proliferation as a functioof generation or number of divisions.

potential, e.g., if CD6Z. cells were to preferentially survive T cells. Thus, the estimated increase in the division rate of
during the contraction phase, we would conclude that thedatg clonally expanding CO8 T cell observed by Buchholz et al(
families contribute most to a secondary response [whichegre could just be a consequence of selection, and need not re ect
well with the data of Gerlach et aB). inherently di erent kinetic properties of cells adopting di erent
Using a mathematical model Buchholz et dl0(inferred that  fates de ned by the expression of the CD62L and CD27 markers.
the proliferation rate increases with di erentiation, i.eentral
memory cells have a lower proliferation rate than e ectors.
In agreement with this, we found that the proliferation rate 3. DISCUSSION
(de ned as the inverse of the division time) was higher for
the e ector subset compared to e ector memory and centralHow naive CD§ T cells adopt their eventual fate in terms
memory subsets when calculated from day 5 onwards (i.e., o memory or e ector cells has remained an open question
day 5 to day 8fFigure 7C). Conversely, the proliferation rate for decades. We have shown that stochastic inheritance of
of the central memory and e ector memory subset was highethe division and death time of mother cells readily accounts
than that of e ector subset at early times (i.e., on day 2, 3for the large heterogeneity in family sizes that is obserived
and 4 Figure 70). Finally, we observed that the division rate experimental data4, 8, 10), and that stochastic inheritance of
increased in cells having completed 8 divisiof$g(re 7D).  marker expression can account for the observed kinetic Sfate
Therefore, lineages undergoing a high number of divisiersit (10) of cells adopted during the clonal expansion phase. Although
to proliferate faster than those undergoing few divisionsiolrin  the dividing cells in our model do not adopt any fate, as they
our model emerges as a consequence of the competition betweenly gradually change their expected time to divide or die and
the division and death ratesFigures 7D, 1B,0), i.e., rapidly their marker expression per division, we also obtain that the
dividing families are selected and start to predominate. ¢égn average proliferation rate of the population increases oveetim
large families are formed from cells that tend to divide éast This is not because the cells adopt di erent fates but because
and they produce the highest number of CD&2Fmemory”  there is natural selection for families that divide fast,iethhas
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FIGURE 8 | Division destiny stochastic inheritance model(A) Cumulative family size distribution, an@B) family size frequency distribution on day 8 from division
destiny stochastic inheritance model (same afigure 2). The fraction of CD§ T cells that are positive for CD62L(C), CD27 (D), and KLRG1 (E) markers is shown for
each CD&C T cell family (same ad=igure 3). (F) Number of CD62LE cells as a function of family size (similar tBigure 7B ). (G) Temporal dynamics of T cells (similar
to Figure 7A). (H) The violin plot shows the rate of proliferation (time of division)) for T cell subsets from day 5 to day 8: cerstl memory cells (CD6ZE CcD27°; red);
effector memory (CD62L CcD27%; gray) cells; and effector (CD62L CD27 ; blue) cells (similar td=igure 7C).

the natural side e ect that these families tend to be domidate shows that a large fraction of cells undergoing a high number
by CD62L and KLRGF cells. When the inheritance of the of divisions tend to lose CD62L, and that these cells tend
marker expression and the division and death times is noisyp divide faster, we also found that a fraction of cells can
the correlation between the markers and the kinetic propsrtieretain or gain CD62L expression, despite undergoing several
remains rather poor. Modeling clonal expansion at the single cetlivisions. Similarly, we found a substantial fraction ofi€ean
level also allowed us to compare the model with the recentlyemain KLRG1 negative after undergoing a high number of
published single cell RNA expression daf®)( revealing that divisions. Thus, categorizing dividing T cells into subsegig
during the rst week of clonal expansion there is little evide the expression of a few surface marker need not re ect the
for a separation of the population into clusters of CDEZLD27  true dynamics of individual CD8 T cells. More importantly,
central memory T cells, CD62ICD27 e ector memory T cells, Buchholz et al. 10) categorized dividing T cells into subsets
and CD62L CD27 e ector T cells (sedigures 6A—Q. This and postulated that larger families produce smaller fraction
probably happens later, since sorting cells on the basis oéthesf CD62L° cells at the end of the expansion phase. Using
markers on day 42 does lead to subsets with di erent propertietheir mathematical model Buchholz et all(j, predict that
(26). The growth of high-throughput methods therefore warrantsthe contribution to memory phase is poorly correlated with
the need to develop models incorporating the dynamics ofhe size of a family. Contrary to this, Gerlach et af) (
individual cells. reported that the contribution to the memory phase is positively
Studies have shown that gain or loss of surface markerrrelated with the size of a family at the end of the expansion
is a continuous processl{, 25 26, 33). Nevertheless, several phase. This is the expected result when the activated cells
models categorize dividing T cells into distinct sub-popidas  at the end of the expansion phase do not dier much in
having di erent properties {0, 26, 35. Although our model their survival probabilities during the subsequent contrac
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phase. Additionally, if the expression of CD62L at the end ofleath @7, 28 37, 38). If the division time is smaller than the

the expansion phase were to correlate with memory potentiatjeath time, the cell divides at the time of division; wherdas i

i.e., if CD62C cells were to preferentially survive during the the death time is smaller than the division time, the cell dies a

contraction phase, our model would still predict that the lesg the time of death. We simpli ed extensions of the Cyton model

families contribute most to a secondary response, becawse ththat allow each daughter cell to stochastically inheriesdivision

contain more CD62E cells than smaller families{gure 7B, and death times from its mother2(—30, 37). In our model

even though the latter contain a largémction of CD62L¢  the daughters inherit the division and death times by sampling

cells Figure 5A). from a lognormal distribution. The time of the rst division
Several studies have indicated that the division timesf each naive T cell is sampled from a lognormal distribution

of two daughter cells are highly correlated, and that theas follows:

division destiny(number of divisions after activation) of a

naive T cell is determined by integrating the activation and

co-stimulatory signals 16, 17, 36). Myc was identied as toy D L( mp: Vmp), Q

regulator of division destinywith the rate of production

of Myc being inherited from one generation to the next.wherety, is thetime at which a cell in generation@roliferates.

Interestingly, the time of death was not aected by MycThe division time of the daughters in generatiois inherited

expression; hence time of division and death are regulatefiom their mother cell in generation 1 by sampling from

independently {6, 17). Allowing for stochasticity in the another lognormal distribution:

inheritance of division and death times in our models impligit

de nes dierent division destinies for dierent families. To

test whether or not de ning an explicit division destiny (i,e ts Dty L( pVp), 2

a maximum number of generations) for each family would

change our conclusions, we extended our heterogeneousaimewhere, i is the generationfy , is the division time of the

activation model with a phenomenological parameter samplingnother cell. We assumed that the division times tend to

the maximum number of divisions for each family from increase with every division and therefore sep > 1

a lognormal distribution (see Equation 7). Cells breachingTable 1. Additionally, we required a minimum division time

their predetermined division destiny are assumed to becomef tmin D 4 hours for every divisionTable 1), and redraw

quiescent. We found that stochastic inheritance model withp wheneverty < tmin (for i 0, i.e., including the rst

division destinies exhibited population dynami¢sdures 8A,B,  division). We tested di erent , values and found no qualitative

marker dynamics Figures 8C-P, and subset based inferencesdi erence between our resultsF{gure S1in Supplementary

(Figures 8G,H that were qualitatively similar to the stochastic Material). Since stochastic factors may lead to variatietwieen

inheritance model without division destinies. We found tha the division times of the daughter cells,( and t,), we

incorporating division destinies increased the skewnesthin considered an additional variation in the division times of

response (fewer families were required to mount 50% of theach daughter,

response) as a large number of families with rapidly dividing

cells reached their division destinies curtailing theispense

potential (Figure 8B). Varying the distribution from which we th.Dty N(Lve and t,,Dty N(Lve), (3)

sampled the division destinies changed the skewness of the

responses (data not shown), but did not alter our qualitativé®y Sampling twice from a normal distributioN (1,ve) (Table J).

results and inferences. Similarly, we de ned the time of death for each naive T cell,
In conclusion, we show that modeling stochastic inheritanc td,, and each daughter cetly;, using lognormal distributions,

of time of division and death allows us to qualitatively reprodu

the marker, division and di erentiation dynamics of C58T

cells without having to assume that clonally expanding elipt tgo D L( md:Vma), (4)
di erent fates. t4y,Dtg , L( ava), and tg,Dtg, L( qva), (5)
4. METHODS where we set 4 < 1to de ne that cells tend to shorten their time

to death with every division.
4.1. Basic Model _ L
Upon activation by cognate antigen, naive T cells clones wuler 4-2. Heterogenous Time of Activation
rampant proliferation to produce a large population of e ector Model
and memory T cells. We considered a modi ed cyton modelin the basic modelthe time the naive mother cells take
(27) that we call thestochastic inheritance modelcapture the to complete their rst division is very similar to the time
proliferation and di erentiation of naive CD8 T cells. Similar required to complete the subsequent divisions. Several studie
to cells in the Cyton model, each cell in our model harbors twchave shown that the time to complete the rst division is
competing clocks: (i) division clockvhich determines the time much longer than that of subsequent divisions5(27, 28),
of division, and (ii) adeath clockvhich determines the time of which is natural because quiescent naive T cells have to
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become activated and change the expression of thousands of KLRGLi1 D KLRGL 1 N (1.15,0.15) an&LRGl 2 (13)

genes. To allow for a dierence between the rst and the D KLR@; 1 N (1.15,0.15),

subsequent divisions we add a stochastic “activation titoe”

the rst division. Activation is expected to be stochastichese where,CD62.j, CD27, andKLRGL;; are the expression levels

of intrinsic di erences among the naive T cells and theirof the CD62L, CD27, and KLRG1 markers for each daughter

environments. Adding an activation time of on averagg cell ( D 1 or 2), which are inherited from the expression level

hours, we de ne the time of rst division as a sum of two in their respective mother cells. Note that CD62L expression

lognormal distributions: tends to decrease by 5% per division, and that KLRG1 expression
tends to increase by 15%. Fbigures 3 5-8, we considered
cells with a CD62L expression 97, CD27 expression 90,

tpo D L( mp:Vmp) CL( a,Va), (6) and KLRG1 expression 80 as positive, for the respective

. . . markers. Since expression levels are arbitrary, we also evadid

Wwhere we use an average time of activation of 2 days, 4@, 57 arbitrary thresholds to assign marker positivity. Due to laxfk

andva D 29 (15). data, these propensities had to be guessed, but changing them

4.3. Division Destiny Model produced qualitatively similar results, albeit with higher ownkr

To incorporate an explicit division destiny, we sample avariability in the marker distributions. Also note that in our

maximum number of divisions allowed for each family from amodels the expression levels can only re ect the inision inysto
lognormal distribution as: of_ a cell and thz_at they do not change the behavior of the cells.
Since the cells in our model cannot adopt memory or e ector
fates, the CD62L, CD27, and KLRG1 expression cannot re ect
Df D L( divs Veiv), (7) thesefates.
The codes for simulating the three models are available at:
where thedivision destiny of a familyDs, de nes the highest https://bitbucket.org/aridaman/tcellfate.
generation number allowed within a famify We parameterized . .
the model such that the mean division destiny was 8 generatio 4-5- Single Cell Data Analysis

(ie., gv D 1.73 andvg, D 0.83). When cells breach their Single cell expression data described and generated?8y (
division destiny they become quiescent’ and do not undergwas downloaded from NCBI GEO website (ACCGSS|On number:

further divisions nor cell death. GSEB89405). We used R package Sewdttp normalize and
] quality check the single cell data. The gene expression fatedle
4.4. Marker Inheritance genes were plotted using R package ggplotp (

In the simulations, every naive CB& cell was seeded with three

initial expression levels of the surface markers CD62L, CBR2d AUTHOR CONTRIBUTIONS
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