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CD4+ T cell differentiation

scheme of CD4 T cell differentiation (phenotypic change) 
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Differentiation may be fixed via epigenetic change.

Differentiation is not irreversible but can be reversible.
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cf. SaibouKougaku vol.28 No.11 (2009)

T-bet

GATA3

RORγt

Foxp-3

Bcl6

Cytokine as a (local) environment



Several maturation processes (i-state equation)

¢ Aging

¢ body-size growth

Mathematical formulation:

e.g., von Bertalanffy growth curve 

Hyperbolic partial differentia equations

Delay equations (Renewal equation and delay differential equation)

Individual Based Model (can be stochastic process)



The theory of physiologically structured population models

C.f., Metz and Diekmann (1986) etc...
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Purpose and outline

Modelling of immune cell division/differentiation

In terms of physiologically structured population models

¢ Development of integrated mathematical model

In terms of individual based model and delay equations



Cell population growth

(i) Birth-death (stochastic) process

Birth = cell division (two daughters reproduction)

Death = apoptosis etc.

Heterogeneity in cell division and death among individuals



Basic equation for cell division and death

¢ Renewal equation

survival probability

probability of division per unit of time (division rate)

population birth rate of n-th generation

age at the n-th generation

Cf. de Boer et al, BMB (2006)



Finite population Smith-Martin model (1/6)

survival probability

G1 G2

S

M

probability of division 

per unit of time

A-phase

fixed stage duration

B-phase

average stage duration



Finite population Smith-Martin model (2/6)

Renewal equation

Corresponding rate equations (e.g., Smith and Martin, 1973)



Finite population Smith-Martin model (4/6)

Modified Smith-Martin model (Ganusov et al, 2007, J. Immunol.)

recruitment of cells

Scheme of recruitment

stimulation

Activated!

(enter to S-phase)death

or

no division

1st generation



Finite population Smith-Martin model (5/6)

Data fit to in vitro experimental 

data of CD4 positive T cell

division and cell death

(Deenick et al, 2003, JI)

Cell number measurement: CFSE

Initially 30000 naive cells/ml

IL-2: 50U/ml

Time to first division:

log-normal distribution

cell death rate 

(from Fig. 2 of Deenick et al)

Modified Smith-Martin model (Ganusov et al, 2007, J. Immunol.)

total number of recruited cells = 5833 



Finite population Smith-Martin model (6/6)

Modified Smith-Martin model (Ganusov et al, 2007, J. Immunol.)

0th- to 6th-generations

Average of 10 sample paths

Parameter values: not shown

(very similar to ones estimated 

in Ganusov et al.)

Computational time:

one path: 8.6 seconds

(Xeon 3.3GHz, intel compiler)
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in vitro experimental data of CD4 positive T cell division and cell death

(Deenick et al, 2003, JI)



Cell division and differentiation of CD4+ T cells

¢ Th1/Th2 differentiation

TCR/CD28 & 
growth factor

stimulation

IFN-γ

IL-4

IFN-γ IFN-γ

IFN-γ

IL-4

IL-4

interaction

Th1 complete

polarization

Th2  complete polarization

population dynamics and phenotypic change of cells.

In vitro T cell activation

Integration of quantitative studies for cell division and proliferation



Th1 differentiation

¢ Th1 type cytokine:

¢ T-bet as a master regulator for Th1 differentiation

IFN-γ& IL-12

The expression of T-bet is controlled by IFN-γ

signaling in synergy with TCR stimuli and T-bet 

in turn can activate IFN-γ expression.

Two positive feedback loops, 

TCR-INF-γ-Stat1-T-bet & IL-

12-Stat4-T-bet signaling, are 

important for Th1 polarization

IL-12 stimulation, mediated 

by Stat4, enhances IFN-γ

production in naive Th cells.

In naive T cells, T-bet occurs in low concentration

Positive feedback loop (IFN-g & IL-12)

Inhibition of GATA-3 expression

Schulz, E.G. et.al. Immunity 2009, Vol. 

30(5), pp. 673-683



Th2 differentiation

¢ Th2 type cytokine

¢ GATA3 as a master regulator for Th2 differentiation

IL-4, IL-5 & IL-13

Positive feedback loop (IL-4)

Inhibition of T-bet expression

GATA3 gene is upregulated by transcription factors 

induced by TCR signaling and costimulation such as 

NFκB and NFAT

Enhancing either of Stat5 or GATA3 can induce IL-4 

production

GATA3 gene is also upregulated by specific cytokine 

signals, via IL-4 receptor and Stat6

The inhibition of Th1 responses by GATA3 is 

presumably through inhibiting the expression of T-bet

In naive T cells, GATA3 occurs in low concentration

Zhu, J. et al, Cell Res, 2006, Vol. 16(1), pp. 3-10

Höfer, T., et.al. PNAS,  2002, Vol. 99(14), 
pp. 9364-9368
van den Ham, H.-J et al. Int Immunol, 2008, 

Vol. 20(10), pp. 1269-1277



T-bet/GATA 3 interaction

¢ Mathematical studies

T-bet

GATA3

T-bet & GATA3 (and RORγt & Foxp3)

T-bet

GATA3

Callard, R.E.,  Immunol Cell Biol, Immunobiology  2007, Vol. 85(4), pp. 300-305

Yates, A., Callard, R. & Stark, J., J Theor Biol, 2004, Vol. 231(2), pp. 181-196

Schulz, E.G. et.al. Immunity 2009, Vol. 30(5), pp. 673-683

Höfer, T., et.al. PNAS,  2002, Vol. 99(14), pp. 9364-9368

van den Ham, H.-J. & de Boer, R.J. Int Immunol, 2008, Vol. 20(10), pp. 1269-1277



Nested model (Yates et al, JTB 2004)

¢ The population level equation

T-bet

GATA3

IL-4

IFN-γ

Cell-to-cell communication (via cytokine)

Initial condition (caricatual)



Cell differentiation model (Yates et al, JTB 2004)

T-bet

GATA3

¢ Within cell dynamics (gene expression)

Multistable system (coexistence only at low level)



Intra/Inter-cellular dynamics (1/2)

¢ Stochastic simulation rule

(1) Initially 10000 cells. Low T-bet/GATA3 expression (same to naive T cells)

(2) the same stochastic model for cell growth (modified birth death process)

(3) Heterogeneity among cells in T-bet/GATA-3 gene expression

(BDP3) Gene expression levels of T-bet/GATA3 is inherited (cell memory).

Initial setting

(DP1) compute T-bet/GATA3 interaction within each cell

Birth death and process

cell differentiation process

(DP2) cell-to-cell interaction mediated by IFN-γ/IL-4 secretion and uptake IL-4

IFN-γ IFN-γ



Intra/Inter-cellular dynamics (2/2)

¢ How to describe heterogeneous gene expression

No experimental data available: random numbers

Beta distribution: B(0.8,1.5)Beta distribution: B(1.5,0.8) Beta distribution: B(4,4)

Three cases in numerical simulations

The expression levels of T-bet/GATA3 are

relatively lowrelatively high intermediate

GATA3

T-bet



Result１１ initially high expression of T-

bet/GATA3 

T-bet/GATA3- expressing cells: frequency distribution

Initial T-bet/GATA3 expression (1.0e+4 cells)

T-bet

GATA-3

Fraction of T-bet or GATA3 expression 

0 (h) 42 (h)

T-bet

GATA3

cell number



Result2 １ initially intermediate expression of T-bet/GATA3 

T-bet/GATA3- expressing cells: frequency distribution

Initial T-bet/GATA3 expression (1.0e+4 cells)

T-bet

GATA-3

Fraction of T-bet or GATA3 expression 

0 (h) 42 (h)

T-bet

GATA3

cell number



Result 3 １ initially low expression of T-bet/GATA-3 

T-bet/GATA3- expressing cells: frequency distribution

Initial T-bet/GATA3 expression (1.0e+4 cells)

T-bet

GATA-3

Fraction of T-bet or GATA3 expression 

0 (h) 42 (h)

T-bet

GATA3

cell number



Interpretation

¢ A coupled system of two-digit elements１

IFN-γ

IL-4

Th1 polarization

Th2 polarization T-bet

GATA-3

Bistable

Single cell level

IL-4

Property of bistability

Stable for small fluctuation

Polarization swith in response
to large fluctuation can occur.

Experimental evidence for polarization switch

Future work

The relevance between Th1/Th2 balance & IFN-γ/IL-4 concentration

Mechanism underlying the establishment of allergic state (Th2-dominant state)

if one is exposured antibiotics in childhood.

Szabo et al., Cell 100 (2000) pp. 655--659.
Szabo et al., Science 295 (2002), pp. 338--342

Kurata et al., Immunity 11 (1999), pp. 677--688

Lee et al., J. Exp. Med. 192 (2000), pp. 105-115



Skipped topics and Future work

¢ Nonlinear system

A general form of a system of delay equations

where

Daphnia model (Diekmann et al, 2010, JMB)
Cytokine consumption model (Ganusov et al, 2007, JI)
(IL-2 as resource for the growth of CD4 positive cells)

consumer (cells)

resource (cytokines)

Example:

: history


