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Differentiation & selection of T cells
Thymus

Peripheral organs

Lymphocyte population diversity

Repertoire diversity
Proliferation/death

Dynamics through aging

Proliferation
Differentiation

TCR diversification
selection
migration
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Tolerance
Immunity

Regulation

Quantify T cell processes and dynamics
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Dynamics and selection of lymphocytes

BM

Death 
95%

Multiplicity of T cell populations
•Naive/memory
•Function
•Repertoire
•Regulation

Perturbations
•Aging
•Diseases
•Treatments
•…

Periphery
Blood 
spleen 
LN…

Thymus

Define components, rules, 
granularity… Thomas-Vaslin Immunosuppression Inteck book  2012
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Estimation of cell population 
dynamics
• Input/output in a 

compartment
• Number of cell generation
• Production rates
• Death rate
• Selection rates
• Migration rates
• Time of residence

Estimation of cell division in a population
• Proliferation rate/day (p) = percentage of cells entering division per day
• % of cell in division (at a t time)
• Time between two divisions = intermitotic time = division time = 1/p
• Doubling time: time to double the cell number.
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Provide definitions
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Methodology Molecule Level of 
detection Administration Time Investigation 

level 
Method of 
detection Result

Active labelling 
during cell division Isotopes Pulse Chase Rate of division

3H-thymidine DNA In vitro/ in vivo Hours Hours, 
days Cell population ß counter cpm/time

2D-Glucose DNA In vivo Hours Days Cell population Sprectromass Fraction DNA labeled/time
2H2O DNA In vivo Days Days Cell population Sprectromass Fraction DNA labeled/time

14-Carbone DNA In vivo 1960-
1967 Days Years Cell population Sprectromass Decrease/time

Nucleotide 
analogue

BrDU
EDU DNA In vivo/ in vitro minutes 

to days Days Cell Flow cytometry % cell in division/time
Histology

Passive labeling Fluorescent 
dye (e.g. PI, 
7AAD…)

DNA In vitro instant Cell Flow cytometry % cell in G0/G1 S, G2/ M at 
a time pointDNA content

Passive labeling

Fluorescent 
dye (e.g. CFSE) cytoplasm

In vitro

Days Cell Flow cytometry
% cells that have divided in 
a given time and number 
of cell cycles

Dilution of dye 
with division In vivo

Detection of Cyclin e.g. KI67 Nucleus In vitro instant Cell Flow cytometry % cell in division at a given 
timeHistology

Depletion of 
dividing cells

e.g. Ganciclovir 
in transgenic 
cells expressing 
HSV-1 TK; 
Hydroxyurea

DNA In vivo Days Cell Flow cytometry % cell depletion

Cell division and turnover methods
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Thomas-Vaslin & al (2013). Lymphocyte Dynamics and Repertoires, Biological Methods Encyclopedia of Systems Biology .
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=> Effects of aging, genetics,  immunosuppression
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FROM  POPULATION ODE TO STATE TRANSITION 
DIAGRAMS

Reconstructing lymphocyte proliferation, differentiation, 
selection
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Modeling T cell dynamics & homeostasis in young FVB adult mice
Perturbation: transient depletion of dividing T cells for 7 days

thymus

spleen

Thomas-Vaslin J. Immunol 2008
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Pharmaco-genetic conditional immunosuppression (Thomas-Vaslin Intech 2012)

Mathematical  ODE model
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Deduce parameter values
Biological model

Perturbation: depletion /repletion
Resilience of the system

Thomas-Vaslin & al. JI 2008

ODE Fit exp data

thymus

spleen

Conveyor belt model

Modeling T cell dynamics & homeostasis in young FVB mice
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!quantitative parameter values at steady state
•Cell fluxes 
•Residence times 
•Rates of import, export, proliferation, death 
•Time /space
•Quantification of selection and post-selection 
peripheral expansion

Modeling of T cell population dynamics at steady-state in young FVB mice
Thomas-Vaslin JI 2008
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ODEExcutable Statechart Model (UML) State machine 

Overcoming the limitations of traditional ODE modeling 
using state-transition diagrams

Biologist's schematic

xml

Fit/ simulations
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AGENT BASED MODEL: DISCRETE TIME
Thymocyte differentiation, interactions, migration
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Single cell-based model– Discrete-Stochastic

DP

CD4

CD8

egress

DN

Thymic epithelial  
network

=pattern organization
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1 
Growth 
Exploitation
Ressources
space available

2 
Conservation:
Permanent 
renewal
Steady state 
equilibrium

3 
Rapid collapse
failure CXCL12 gradient

4 
Reorganisation is slow  
different steady state equilibrium, if reached ???
Longer to establish
Amplitude of oscillations is higher

Organization in empty thymus State shift
Permanent alteration followed by slow re-organization

DN

DP

CD4

egress
CD8

Remove CXCL12
= > Stochastic

migration

Perturbations: Oriented versus stochastic T cell migration in thymus 

Oriented migration 
Chemokine

Thomas-Vaslin 2015 , le vivant critique et chaotique, Ed Matériologiques 
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Cell population-based model
Continuous ODE 

Single cell-based model
Discrete/Population 

Modelling T cell dynamics with state transition diagram

Description of 
parralel processes

in thymus
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Bersini, H., D. Klatzmann, A. Six and V. Thomas-Vaslin (2012). “State-Transition Diagrams for Biologists.” PloS one 7 (7), e41165. 

Thomas-Vaslin, V., A. Six, J. G. Ganascia and H. Bersini (2013). “Dynamical and mechanistic reconstructive approaches of T lymphocyte 
dynamics:Using visual modelling languages to bridge the gap between immunologists, theoreticians and programmers.” Frontiers in Immunology

Thomas-Vaslin, V., Altes, H. K., de Boer, R. J., and Klatzmann, D. (2008). Comprehensive assessment and mathematical modeling of T cell 
population dynamics and homeostasis. J Immunol

http://dx.plos.org/10.1371/journal.pone.0041165
http://www.ncbi.nlm.nih.gov/pubmed/18250431?dopt=Citation
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POSITIVE AND NEGATIVE FEEDBACK LOOPS 
CONTROL  TOLERANCE OR IMMUNITY

Immune response in peripheral tissues
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Dynamical system
Development /aging
Response to perturbations

Variabillity, fluctuations, 
Emergence
Resilience, tolerance, memory

System components
Biological multi-level spatial 
organisation

Structure
relationship, interactions, pathways, networks…

Organism

Organ

Tissues

Cell populations

Cells

Molecules

Proteins

RNA

genes 

Populations
Agents

Time
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ODiscrete agent-based model, parralel  processes

O

McEwanICARIS  2011
Bersini  Plos One 2012
Thomas-Vaslin Frontier’s Immunol 2013
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Computer simulation of the immune response:
positive and negative feedback loops to control T cell proliferation

Tolerance
Immune response

Inflammation

Thomas-Vaslin 2015 , le vivant critique et chaotique, Ed Matériologiques Microbe/ self antigen/allergen …

Control of T cell proliferation 
during the immune response
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Tolerance Defective IL-2/Treg 
• Auto-immunity
• Aging
• Lymphopenia induced proliferation 

IL-2 low dose treatment
5 injectionsThomas-Vaslin 2015 , le vivant critique et chaotique, Ed Matériologiques 

Control of T cell proliferation 
by low-dose IL-2

Computer simulation of the immune response:
positive and negative feedback loops to control T cell proliferation
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QUALITATIVE AND QUANTITATIVE DESCRIPTION OF CELL 
POPULATIONS THROUGH TIME

Evolution of lymphocytes in mice with aging, phenotype, repertoire
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Alterations at various levels contribute to immune system aging
• Organism level 

– Increase susceptibilitty to infection, tumors, autoimmunity
– Decrease vaccinale response and protection 

• Organ level
– Involution of primary lymphoid organs (bone marrow, thymus) 
– Desorganisation of thymic architecture
– Alteration of germinal centers

• Cell population level
– Decrease of precursor differentiation
– Decrease of lymphoid repertoire diversity
– Chronic or repeated stimulation of lymphoid cell by pathogen. 
– Accumulation of effector and memory  cells 
– Decrease of naive /memory cell ratio
– Decrease of CD4/ CD8 ratio
– Increase of Treg cell numbers

• Cell level
– Decrease of cell activation (defect of presentation  or migration of APC, TLR Activation, Ag presentation)
– Decrease of Antibody  production 
– Decrease of IL-2 production
– Alteration of stimulation signaling through the TCR
– Decreased proliferation
– Accumulation of non functional senescent T cells

• Molecular level
– Shortening of telomere in lymphoid naive and memory  T cells
– Alteration in lipid raft in lymphoid cells
– Altered gene and protein expression
– Altered apoptosis and proliferation
– Increased SHP-1 expression 

Thomas-Vaslin Immunosuppression Inteck book  2012



V. Thomas-Vaslin

Variation in T cells according to tissues, age, genetics

%CD8

%CD4

%CD4

Thomas-Vaslin Immunosuppression Inteck book  2012

High variability of 
CD4/CD8 ratio

CD8 expansions
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Signatures of strains
in young mice

High CD4/CD8 ratio in FVB 
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Accelerated thymic involution 
in FVB mice

Accumulation of effector/memory  
T cells in FVB mice

Thomas-Vaslin Immunosuppression Inteck book  2012
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Variation in T cells according to tissues, age, genetics

Naive

Eff/memory
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%
Vb

 in
 C

D
4

%Vb in CD8

22-26 mo 2 moAgeA

B

C

2 mo 24 mo

CDR3 lengh

Vß14D

FACS

Decrease of lymphocyte repertoire diversity with aging, in FVB mice 

Thomas-Vaslin, Immunosuppression Inteck book 2012

Cell repertoire -FACS
CDR3 repertoire- Immunoscope

30

Oligoclonal
expansions

clonal 
deletions

Alteration of repertoire diversity landscape with  aging 

CD4 CD8
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Aging increases perturbations and decreases repertoire diversity
in B6, BALB/c and FVB mice 

Diversity indexPerturbation score

Age Age 
Pham  et al. Thomas-Vaslin 2015 , le vivant critique et chaotique, Ed Matériologiques 
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Transient depletion of dividing T cells at 18 months (middle life) accelerates aging,
with oligoclonal CD8 T cell expansions in FVB mice

Thomas-Vaslin Immunosuppression Inteck book  2012

kinetics of depletion/repletion in the spleen

2 mo18 mo 2 mo18 mo

FVBB6

CD4

CD8

Naive

Effector/memory

Eff/memory CD8 
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%
 V

B 
in

 C
D

4

% VB in CD8

T cell repertoire:  % Vb in spleen cells 

Thomas-Vaslin Immunosuppression Inteck book  2012

Immunodepression alter the TCR repertoire diversity  landscape
accelerates immunological aging

expansionsdeletions
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Transient depletion of dividing T cells at middle life accelerates aging,
with oligoclonal  CD8 T cell expansions in FVB mice



V. Thomas-Vaslin

QUANTIFY CELL DIVISION, DEATH 
ESTIMATE PROLIFERATION RATES, CELL CYCLE PHASES DURATION

Heterogeneity and adaptation of cell proliferation/death

34
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Proliferating cell populations and heterogeneity

Cycling cells
– G1 
– S
– G2/M 

Quiescent cells G0
Dead cells
Different cell generations

35

Quiescent 
state

Cycling state

Restriction point

G0

G1

S

G2

Mitosis

Dead state

Cell division

How to identify and quantify these cell states?
Compare the dynamics of heterogeneous proliferating cell populations ?
Compare tissues,  effet of age and genetic origin of the organims ? 

=> estimate rates/day
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Methodology Molecule Level of 
detection Administration Time Investigation 

level 
Method of 
detection Result

Active labelling 
during cell division Isotopes Pulse Chase Rate of division

3H-thymidine DNA In vitro/ in vivo Hours Hours, 
days Cell population ß counter cpm/time

2D-Glucose DNA In vivo Hours Days Cell population Sprectromass Fraction DNA labeled/time
2H2O DNA In vivo Days Days Cell population Sprectromass Fraction DNA labeled/time

14-Carbone DNA In vivo 1960-
1967 Days Years Cell population Sprectromass Decrease/time

Nucleotide 
analogue

BrDU
EDU DNA In vivo/ in vitro minutes 

to days Days Cell Flow cytometry % cell in division/time
Histology

Passive labeling Fluorescent 
dye (e.g. PI, 
7AAD…)

DNA In vitro instant Cell Flow cytometry % cell in G0/G1 S, G2/ M at 
a time pointDNA content

Passive labeling

Fluorescent 
dye (e.g. CFSE) cytoplasm

In vitro

Days Cell Flow cytometry
% cells that have divided in 
a given time and number 
of cell cycles

Dilution of dye 
with division In vivo

Detection of Cyclin e.g. KI67 Nucleus In vitro instant Cell Flow cytometry % cell in division at a given 
timeHistology

Depletion of 
dividing cells

e.g. Ganciclovir 
in transgenic 
cells expressing 
HSV-1 TK; 
Hydroxyurea

DNA In vivo Days Cell Flow cytometry % cell depletion

Cell division and turnover methods
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Thomas-Vaslin & al (2013). Lymphocyte Dynamics and Repertoires, Biological Methods Encyclopedia of Systems Biology .
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DNA

EdU
Time (hours)

Quantification of cell proliferation in vivo  
Nucleotide analog (EdU) pulse chase incorporation in DNA of dividing cells

Single cell multi-parameter analysis
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Single cell multi-parameter flow cytometry  analysis
Thymus of B6 2 months old mouse

Identify manually
60 overlapping populations
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Thymocyte proliferation in mice according to cell differentiation stage, age and genetic 
origin.

Vibert &Thomas-Vaslin 2017
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State Transition model of the cell cycle - EdU labeling through  time

=

40

DNA content

EdU

Vibert &Thomas-Vaslin 2017
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Define parameter model constraints

Vibert &Thomas-Vaslin 2017

Vibert &Thomas-Vaslin 2017
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Multidimension heterogeneity  of proliferation rates of T lymphocytes 

THYMUS

Global thymus
Age

Strains

Local 
populations

Vibert &Thomas-Vaslin 2017
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stages of differentiation
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Proliferation rates and cell cycle phase durations in total thymus and spleen.

THYMUS SPLEEN

Vibert &Thomas-Vaslin 2017
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Multi-dimension heterogeneity  of cycle phase duration and intermitotic time 
• According to differentiation stage of T lymphocytes
• Across aging
• Across genetics origins
• Across their migration though  thymus and spleen

Vibert &Thomas-Vaslin 2017

THYMUS SPLEENAge (months)

45

Differentiation stage
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Quantification of dividing cells during thymocyte differentiation

Vibert &Thomas-Vaslin 2017
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2 months

18 months

N cell cycles (generations)
• 13 in young/old B6
• 9 in old FVB mice 

Time (3-4 weeks)
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Quantification of cell proliferation and death in thymus

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005417

47

N
 c

el
ls

 (M
ill

io
ns

)
%

 o
f c

el
ls

Ed
U

+/
de

ad

Edu+
Dead

Total cells

Differentiation stage

http://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1005417
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Signatures of lymphocyte proliferation according to strains and ages 

Vibert &Thomas-Vaslin 2017
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T reg divide every
5 – 12 days in young/old  B6
83 days in FVB 

DP CD3+divide every 
2,6 days in young B6
14 days in young FVB
=> Accelerated involution

CD8 T cells divide every 
2,2 days in young B6
63 days in young FVB=> export before division

Naive T cells enter quiescence >230-500 days
Eff /memory   T cells divide every 12-37 days



V. Thomas-Vaslin

Conclusions
Modelling the biological heterogeneity, from T cell proliferation up to organisms

System biology methods
• In vivo transient conditional immunosuppression with T cell depletion/reconstitution
• In vivo Pulse chase labelling of DNA, and modeling to reveal the cell cycle transition
• Multi-parameter cell investigation by single cell flow cytometry ->  T cell phenotype, cell cycle, repertoire 
• Maths models using transition diagrams-> estimate cell state transition, as parrallel processes
• Provide cell cycle phase duration, intermitoc time, proliferation/ death rates of various T cell populations

Þ Organisms heterogeneity according to age, genetic origins that influence the T cell proliferation rates/death
• Young mice

• At steady-state display low inter-individual variability, typical signatures, according to strains
• Homeostasis is preserved, when the thymus is productive

• Old mice
• Increased inter-individual variability, loss of strain signature
• Thymic involution associated with decrease of cell division, and increase of death
• In periphery decrease of TCR repertoire diversity, occurrence of CD8 cell oligoclonal expansions/extinctions

Þ Genetic origins influence the proliferation/death of lymphocytes
• FVB mice as compared to  B6, display 

• Accelerated thymic involution &  aging
• Lower proliferative capacities, highest mortality in thymus
• Accumulation of CD8 oligoclonal expansions in periphery
• Accumulation of anergic Treg, lack of feedback control on T cell proliferation
• Low-dose IL-2 or Treg cell  injections prevent aging: preserve the TCR repertoire diversity  and avoid  clonal  

expansions
Þ Immunosuppression, accelerates immunological aging, through loss of TCR diversity and oligoclonal expansions
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