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Abstract

T helper cells differentiate from a precursor type, ThO, to either the Th1l or Th2 phenotypes. While a number of molecules are
known to participate in this process, it is not completely understood how they regulate each other to ensure differentiation. This
article presents the core regulatory network controlling the differentiation of Th cells, reconstructed from published molecular data.
This network encompasses 17 nodes, namely IFN-y, IL-4, IL-12, IL-18, IFN-3, IFN-yR, IL-4R, IL-12R, IL-18R, IFN-B3R, STAT-1,
STAT-6, STAT-4, IRAK, SOCS-1, GATA-3, and T-bet, as well as their cross-regulatory interactions. The reconstructed network was
modeled as a discrete dynamical system, and analyzed in terms of its constituent feedback loops. The stable steady states of the Th
network model are consistent with the stable molecular patterns of activation observed in wild type and mutant ThO, Th1 and Th2

cells.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The vertebrate immune system encompasses various
cell populations, which include antigen presenting cells,
natural killer cells, and B and T lymphocytes. Among
the latter, CD4" T cells can be further sub-classified as
T helper 1 (Thl) or Th2 cells, which originate from a
common precursor known as ThO (Murphy and Reiner,
2002; Agnello et al., 2003). These cells differ in their pat-
tern of cytokine secretion. Functionally, the molecules
secreted by Th1 cells lead to cell-mediated and inflam-
matory immune responses, while those secreted by Th2
cells intervene in humoral immune responses. Impor-
tantly, cytokines produced by mature Th cells promote
their own differentiation, and at the same time inhibit
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the proliferation of each other (Fig. 1). The result-
ing activatory and inhibitory cross-regulations create
a complex network at the molecular and cellular lev-
els. Many of the molecules that play a key role in this
process are known, but their precise regulatory interac-
tions are not well established (see for example, Figs.
1-3 in Glimcher and Murphy, 2000). Furthermore, it is
not known if the reported molecules and interactions
are sufficient to explain the pattern of differentiation
from one precursor cell type (ThO), into two differen-
tiated types (Th1 and Th2). Understanding the molecu-
lar mechanism of this differentiation process is relevant
because cytokines secreted by Th cells are involved in
diverse pathologies. In general, immune reactions biased
towards Thl responses may result in autoimmune dis-
eases, while enhanced Th2 responses may cause allergic
reactions.

This paper presents a qualitative model for the reg-
ulatory network controlling the Th1/Th2 differentiation
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Fig. 1. Differentiation of Th cells. ThO cells differentiate into Th1 or
Th2 cells, a process that is regulated by the cytokines secreted by the
Th cells themselves.

process. The strategy used is based on a bottom-up
approach, starting with an extensive overview of
published molecular data to reconstruct the underlying
biological network. The behavior of the resulting
network was then studied using the generalized logical
method (Thomas, 1991; Thomas et al., 1995), which
allows a qualitative analysis of the dynamical properties
of the system, while focusing on the feedback loops (or
‘circuits’) present in the network. This approach has
been previously applied to various regulatory networks,
including those involved in organ differentiation control
in the flowers of Arabidopsis thaliana (Mendoza et
al., 1999), and in the initiation of segmentation during
Drosophila melanogaster embryogenesis (Thieffry and
Sanchez, 2002; Sanchez and Thieffry, 2003).

1.1. Molecular basis of the Th network

The following paragraphs summarize published evi-
dence used to recover the interactions in the Th regu-
latory network (Fig. 2). The information comes from
in vitro experiments with mouse or human cells. How-
ever, there are two features of GATA-3 that seem to exist
exclusively in mouse (see ahead); these are clearly spec-
ified in the text. Th1 cells produce IFN-y (Hamalainen et
al., 2001; Murphy and Reiner, 2002), which acts on its
target cells by binding to a multimeric cell-membrane
receptor (IFN-yR) present in the Thl cells themselves
(Novelli et al., 1997; Rigamonti et al., 2000). The trans-
duction of the IFN-y/IFN-yR signal acts via STAT-1
(Kotenko and Pestka, 2000), which can be activated by
a number of ligands besides IFN-v, including IFN-f3 via

IFN-BR (Goodbourn et al., 2000). In contrast, STAT-1
cannot be activated by IL-4 (Moriggl et al., 1998), but
STAT-1 itself plays a role in the modulation of IL-4 sig-
nals, being an intermediate of the negative regulation
exerted by IFN-vy over IL-4 (Elser et al., 2002). Further
down the IFN-v signal transduction pathway is SOCS-
1, a molecule that is highly expressed in Thl cells, but
barely detectable in ThO and Th2 cells (Chen et al., 2000;
Egwuagu et al., 2002). Indeed, IFN-v strongly induces
SOCS-1 via a STAT-1-dependent pathway (Saito et al.,
2000). SOCS-1, in turn, influences both the IFN-vy and
IL-4 pathways. Furthermore, SOCS-1 is a negative reg-
ulator of IFN-vy signaling, blocking the interaction of
IFN-yR and STAT-1 (Diehl et al., 2000). Finally, it is
known that SOCS-1 is able to block the capacity of IL-
4R to generate a signaling in response to IL-4 (Losman
etal., 1999).

T-bet is a transcription factor detected in Thl, but
not in ThO or Th2 cells. Its expression is up-regulated
by IFN-vy, through a STAT-1-dependent mechanism
(Lighvani et al., 2001). In turn, T-bet is an IFN-vy
activator (Szabo et al., 2000), thus creating an indi-
rect positive feedback. Furthermore, it has been shown
that ectopic T-bet is able to induce the transcription of
its own gene (Mullen et al., 2001). This effect occurs
in the absence of a functional IFN-y/IFN-yR signal-
ing pathway, since it is observed even in Th2 cells
(Afkarian et al., 2002), and hence suggests an IFN-vy-
independent positive feedback of T-bet. Finally, T-bet
expression is able to re-differentiate Th2 cells into Thl
cells in an IFN-yR-independent manner (Szabo et al.,
2000). This means that T-bet is able to activate SOCS-1,
either directly or indirectly, via a pathway independent
of IFN-yR/STAT-1.

For their part, Th2 cells express IL-4, which is indeed
a major determinant of the Th2 phenotype (Agnello et
al., 2003). The main signal transduction pathway that
mediates IL-4 signals is well documented (Nelms et al.,
1999), and starts by the binding of IL-4 to its receptor,
IL-4R, which is also preferentially expressed in Th2 cells
(Hamalainen etal.,2001). The IL-4R signal is transduced
by STAT-6, which in turn activates GATA-3 (Murphy
and Reiner, 2002). GATA-3 itself is capable of inducing
IL-4 (Ouyang et al., 2000), thus establishing a positive
feedback loop. The influence of the IL-4 pathway on the
IFN-v pathway seems to be mediated by GATA-3, since
T-bet mRNA is down-regulated by virus-induced GATA-
3 expression (Usui et al., 2003). Conversely, T-bet is
capable of inhibiting GATA-3 (Szabo et al., 2000). The
mutual inhibition between GATA-3 and T-bet ensures
that Th1 and Th2 cells express one or the other molecule
(T-bet in Th1, and GATA-3 in Th2), but not both.
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Fig. 2. The Th regulatory network. The positive (activatory) interactions are represented by pointed arrows, and negative (inhibitory) interactions
by circle-ending arrows. The dotted arrow emphasizes that the self-activation of GATA-3 is considered only in the mouse case. Dashed circles show
the nodes that are modeled as ternary variables, whereas open circles correspond to the nodes modeled as binary variables.

Some studies point to the possible existence of a
GATA-3 auto-activatory loop, based on the expression
of endogenous GATA-3 induced by retroviral GATA-3,
even in the absence of IL-4 and STAT-6 (Ouyang et al.,
2000; Ranganath and Murphy, 2001; Zhou et al., 2001;
Zhou and Ouyang, 2003). Experimental data indeed sup-
ports the existence of a positive circuitinvolving GATA-3
that excludes IL-4 and STAT-6, specifically in mouse
cells (Zhou and Ouyang, 2003). In human cells, how-
ever, the situation is not so clear. Activation of the IL-12
pathway is sufficient to turn T-bet on in a self-sustained
way, with a concomitant inhibition of GATA-3 expres-
sion. But, the reverse is not true; GATA-3 cannot be
transiently activated, leading to a self-sustained GATA-
3 expression and a T-bet inhibition (Smits et al., 2001).
The lack of self-sustained activation argues against the
existence of a direct GATA-3 positive feedback loop, and
rather points towards an indirect positive loop mediated
by T-bet. Since there is no unequivocal evidence to assert
the existence of a GATA-3 auto-activatory loop in human
cells, this paper covers two variants of the Th model:
the first excluding, and the second including a GATA3
auto-activatory loop (dotted arrow in Fig. 2). The sec-
ond variant of the model includes two items apparently
exclusively present in the mouse; first, the possible exis-
tence of an auto-activatory circuit in GATA-3 (Zhou and
Ouyang, 2003); and second the inability to inhibit the

GATA-3 pathway by signals that activate T-bet (Smits et
al., 2001).

Apart from the key pathways involving IFN-y and
IL-4, there are other molecules known to affect the dif-
ferentiation of Th cells. IL-12 is produced by monocytes
and dendritic cells, and promotes the development of
Th1 cells (Trinchieri, 1995). A functional IL-12 receptor
is present in ThO and Thl, but not in Th2 cells (Szabo
et al., 1995), and its signaling is mediated by STAT-4
(Thierfelder et al., 1996). For its part, several observa-
tions support the idea that STAT-4 could directly activate
IFN-v: (i) IL-12 is an important molecule for the dif-
ferentiation towards Thl cells; (ii) the IL-12 signal is
mediated by STAT-4; (iii) Th1 cells produce IFN-vy; and
(iv) over-expression of STAT-4 induces IFN-+y secretion
(Usui et al., 2003). Moreover, the inhibition of IFN-y
by GATA-3 seems to be mediated by STAT-4. The over-
expression of GATA-3 reduces the production of IFN-v,
but the simultaneous over-expression of GATA-3 and
STAT-4 leads to the production of high quantities of INF-
v (Usui et al., 2003).

The IL-12 signaling pathway can be blocked by IL-4
in at least two ways, pointing to an inhibition at multiple
steps of the pathway. First, IL-4 reduces the expression
of one subunit of the IL-12 receptor, namely IL-12Rb2
(Szabo et al., 1997). Since this is a change at the expres-
sion level, the IL-4 effect should be mediated by STAT-6.
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Hence, the inhibition of IL-4 to IL-12R is mediated by
STAT-6. Furthermore, GATA-3 is capable of reducing
the expression of STAT-4 (Usui et al., 2003), pointing
to an indirect inhibition from IL-4, via GATA-3, to the
IL-12 signaling pathway.

Finally, IL-18 is a cytokine produced by many cell
types, promoting IFN-vy production by Th cells (Swain,
2001). IL-18 binds its receptor, IL-18R, which acts
through IRAK (Chang et al., 2000). Interestingly, IL-12
and IL-18 act synergistically to increase IFN-y pro-
duction, but using different pathways (Kanakaraj et al.,
1999; Akira, 2000). As in the case of IL-12, IL-4 is able
to block the IL-18 signaling in a STAT-6-dependent man-
ner, by down-regulating a subunit of the IL-18 receptor
(Smeltz et al., 2001).

1.2. Logical modeling of the Th network

As a first approximation, the nodes of a regula-
tory network can be considered as binary elements;
that is, ‘ON/OFF switches’. This kind of modeling
greatly simplifies the dynamical analysis of the cor-
responding network. Despite their apparent simplicity,
Boolean networks share many qualitative features with
systems modeled using continuous functions. The gen-
eralized logical formalism used in this study extends the
Boolean formalism by allowing the variables to take
multiple discrete values (for an ample description of
the method, see Thomas, 1991; Thomas et al., 1995;
Thomas and Kaufman, 2001). Specifically, a logical vari-
able is associated to each node of the network, with
one specific value assigned to each distinct functional
level.

Quantitative data on the expression of the molecules
represented in the Th regulatory network is currently
lacking. Hence, the model describes the functional lev-
els of the nodes in terms of discrete variables with two or
three different levels (Fig. 2), depending on the qualita-
tive experimental information available in the literature.
Thirteen nodes are limited to two levels of functionality
(‘low’ and ‘high’), whereas four others have three asso-
ciated functional values (‘low’, ‘medium’, and ‘high’).
This notation is equivalent to assigning values of ‘0’ and
‘1’ in the first case, and ‘0’, ‘1’ and ‘2’ in the second. The
specific activity level attainable by an element depends
of the values of the variables acting as input to the node
under consideration. The corresponding transition rules
were derived from the experimental data mentioned in
Section 1.1, completed by considerations discussed in
the following paragraphs.

The choice of naming the levels of activation as
low, medium or high, instead of giving numbers, was

meant to stress the qualitative nature of these levels of
activation. Since the model does not explicitly incor-
porate any specific mechanism of activation or inhibi-
tion, these levels should be interpreted in the broadest
sense possible, that is, either the molecule is present
and functioning at its full capacity (‘high’ state), at an
intermediate value (‘medium’ state), or the molecule is
absent or not functional (‘low’ state). The molecular
mechanisms that render a molecule functional or non-
functional are not explicitly included in the model, and
might thus be multi-factorial. For example, a high level
of IL-12R node means that all the subunits of the recep-
tor are present, correctly assembled, and that IL-12 is
bound in sufficient quantities so as to activate IL-12R,
thus starting a signaling cascade. On the other hand, a
low IL-12R level means that either one or more of its
subunits are absent, or that the complex is not prop-
erly assembled, or that it is inhibited, or even that IL-12
is not functionally bound to the receptor. Any of these
possibilities result in the absence of a signal originating
from IL-12R.

On the basis of published experimental information,
one can assign three, rather than two, levels of activa-
tion to the nodes representing IFN-y, IFN-yR, STAT1
and T-bet. The evidence for these qualitative assign-
ments can be summarized as follows. IL-12 or IL-18
can induce the secretion of IFN-vy in Th1 cells; however,
a simultaneous treatment of IL-12 and IL-18 causes a
significantly larger secretion of IFN-vy than any of the
two cytokines alone (Yang et al., 2001). Hence, two
levels of significant activation are introduced for the
IFN-vy node to reflect the cooperative effect of IL-12
and IL-18 on it. For its part, IFN-yR is made up of two
types of chains, IFN-yR1 and IFN-yR2. Flow cytometry
experiments have shown the ability of both chains to be
expressed at low or high levels (Bernabei et al., 2001),
with the former promoting proliferation and the latter
causing apoptosis. Furthermore, Western blot analysis
reveals that increasing doses of IFN-vy result in cor-
responding increased levels of STAT-1 in the nucleus
(Ohmori and Hamilton, 1997). Therefore, the levels of
activity of STAT-1 in the Th model should reflect those
of IFN-vy and IFN-yR, amounting to three different lev-
els of activation. Finally, T-bet is clearly regulated by
the IFN-vy signaling pathway, and its level is markedly
reduced, but not eliminated in either IFN-y~ or STAT-
17 loss-of-function mutant cells (Lighvani et al., 2001).
This evidence can be easily captured in the Th model
by assigning three levels of functionality to the T-bet
node.

The logical analysis focuses on the role of feedback
loops, also referred to as circuits. Circuits are defined as
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circular chains of interactions, such that each element of
a circuit influences its own future level of activation.
Whenever specific signs can be associated with each
interaction, a given circuit can be classified as either pos-
itive or negative. Positive circuits contain zero or an even
number of negative interactions, while negative circuits
have an odd number of negative interactions. In a posi-
tive circuit, each element exerts a positive effect on itself,
while in a negative circuit element has a negative effect
upon itself. Consequently, positive and negative circuits
have different dynamical properties. A positive feedback
loop can give rise to multistationarity, whereas a nega-
tive loop can generate damped or sustained oscillations.
Depending on the dynamical rules of the system, the
multistationary or oscillatory behavior may be present
in only a restricted region of the phase space, or even
totally absent. Because of this characteristic, if a posi-
tive circuit does generate multiple stable steady states,
even if in a restricted region of the state space, then the
circuit is said to be functional. Similarly, if a negative cir-
cuit does generate an oscillatory behavior, even if only
in a limited region of the state space, then the circuit is
said to be functional.

The functionality of a circuit is analyzed by assessing
the steadiness of its so-called characteristic state. The
characteristic state is defined as the state located at the
activity thresholds of all the elements that participate in
the circuit. For the elements with two states of activa-
tion, the threshold ‘S’ lies between the low (‘') and high
(‘h’) levels. Similarly, for elements with three states of
activation, a first threshold ‘S!” separates the low and
medium (‘m’) levels, whereas a second threshold ‘g2’
separates the levels ‘m’ and ‘h’. Whenever the charac-
teristic state of a circuit is steady, the circuit itself it is
considered to be functional (Thomas, 1991; Thomas et
al., 1995; Thomas and Kaufman, 2001).

2. Results and discussion

The regulatory graph (Fig. 2) presented here consti-
tutes the most extensive attempt to model the regulatory
network controlling the differentiation of Th lympho-
cytes to date. The topology of the network, and the
associated dynamical rules (Table 1), were derived from
published experimental data, summarized in Section 1.1,
after a careful analysis to distinguish direct from indirect
regulatory interactions. A preliminary Boolean model of
the network has been published earlier, without a proper
discussion of the supporting data and model predictions
(Remy et al., in press). The present version of the Th
model is composed of 17 nodes, which represent var-
ious kinds of molecules: secreted cytokines, receptors,

signal transducers and transcription factors. Such molec-
ular heterogeneity implies different types of regulatory
mechanisms, which remain implicit in the model for
the sake of simplicity. The following sections consider
the results of two variants of the model, depending on
the exclusion or inclusion of an auto-activatory loop for
GATA-3, corresponding to the human and mouse situa-
tions, respectively.

2.1. Qualitative dynamical analysis of the Th
network

Excluding the GATA-3 auto-activatory loop, the reg-
ulatory graph of Fig. 2 contains a total of 22 feedback
circuits, 19 positive and 3 negative (see Supplementary
Table 1). The transition rules of Table 1 were used to
study the functionality of these circuits as explained in
Section 1.2, with the result that only eight of the 22 cir-
cuits are functional in at least one region of the state
space. Importantly, only positive loops are functional.
This characteristic of the model is relevant, because func-
tional negative feedback loops would generate damped
or sustained oscillations (Thomas et al., 1995), and their
absence in the dynamics of the model is consistent
with the lack of experimentally observed oscillations
in Th cells. Remember, however, that the Th model
contains a relative low number of molecules, and a
discrete system is only a qualitative simplification of
the biological system. It is entirely possible that fur-
ther refinements of the model may unveil some func-
tional domains for these, or other, negative circuits,
thus unveiling their biological role in the differentiation
process.

As mentioned before, a functional positive circuit
generates multistationarity. In terms of the state space, a
positive circuit creates a separatrix in the region of the
state space in which it is functional. Furthermore, the
absence of oscillations due to a lack of functional feed-
back loops implies that the basins of attraction lead to
fixed-point attractors. These attractors can be found by
enumerating all the possible activation states of the net-
work (a total of 663552), and evaluating which of these
states remain unchanged when the rules of Table 1 are
applied to the system. The Th model has the following
four attractors, respectively, characterized by:

1. Low levels of activation of all network nodes.

2. High levels of IFN-y, SOCS-1 and T-bet, medium
levels of IFN-yR and STAT-1 (all other nodes at low
levels).

3. Medium levels of IFN-vy, IFN-yR, STAT-1 and T-bet;
a high level of SOCS-1 (all other nodes at low levels).
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Table 1
Dynamical rules for the Th model
Node Activation state as a function of the regulatory nodes
IFN-y Kipny =1 KipN-ysTAT4™) =m Kirn-y(sTAT-4" IRAK") =h
Kirn-yarak™ =1 KIFN-y(STAT-4" T-bet™) =m Kirn-y(sTAT-4" IRAK™ T-bet™) =h
KIFN—'y(IRAKh,T—betm) =m KIFN—y(STAT—4h,IRAKh,T—beth) =h
KiEN-y(T-bet™) =m Kipn-ysTAT-4" T-bey =h
Kirn-y(RAK" T-bet™) =h
KIFN—y(T—belh) =h
IL-4 KiL4=1 K 4Gata-3")=h
Ki4star-1™) =1
KiL4star-1™ Gata3") =1
Ki4star-1") =1
Ky 4star-1" arash =1
IL-12 Ki.12=1
1L-18 Kiig=1
IFN-B Kipnp =1
IFN-yR Kirnyr =1 KipNyRAFNA™) =M KiFn-yRapN-y") =h
KirEN-yR(SOCS-1 hy =1 KirNyRIFN—™ sOCS-1") =M
KIFNAR@FN-y ' SOCS-17) =M
IL-4R Ki4r =1 KL 4raL4™ =h

Ki4raL4" socs-1M =1
K 4r(socs-1") =1

IL-12R Kiior =1 K- 12raL-12") =h
KIL-IZR(IL—]Zh,STAT-ﬁh) =1
KL 12r(sTAT-6") =1

IL-18R Ky -1gr =1 KiL-1sraL-18") =h
Ky 1srac-18" state™) =1
KiL-18r(sTAT-6") =1

IFN-BR Kiengr =1 Kipn-grarn-g 1) =h

STAT-1 Kstar1 =1 Kstar-10pN-gr") =m KsTar-10e8-yR") =h
KsTAT-10FNAR™) =M Kstat-10FN-yR " 1EN-grR™) =h
KsTAT-10FN-yR ™ IFN-gR ™) =M

STAT-6 Kstars =1 Kstar-sar-4r") =h

STAT-4 Kstar-a =1 Kstat4ar-128") =h

h ho_
KsraT-40L-12R " GaTA-3 ) =1

ho_
Ksrar-4GaTa-3") =1

IRAK Kirak =1 KirakaL-1sr"y =h

SOCS-1 Ksocs-1 =1 Ksocs-1¢stat-1™) =h
Ksocs-1(sTat-1" T-bet™) =h
Ksocs-1STaT-1™ T-bety =h
Ksocs-i(star-1")=h
Ksocs-1sTaT-1" T-be™) =h
Ksocs-1STaT-1" T-bec™y =h
Ksocs-1(T-bet™ =h
Ksocs-1(T-bet”) =h

GATA-3 (without Kgaras =1 KGATa-3sTAT-6") =h
auto-activation) KGATA-3(STAT-6" T-bet™) =1
KGATA-3(STAT-6" T-bet™y =1
Kgata-3(T-vet™) =1
Koata-3-vet™) =1
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Krper(sTar-1™) =m

h ho_
KT bet(STAT-1™ ,GATA-3 " T-bet ) =h

Node Activation state as a function of the regulatory nodes
T-bet (without Krpee =1
auto-activation in KT—bet(STAT—I mAVGATA,_gh) =1
GATA-3) Kr-per(sTaT-1" GATA3") =1
K-ber(STAT-1" GATA-3" Tobet ™) =1
KT bet(sTAT-1" GaTA3" Tobet™) =1
Kt berGara3" =1
KT-betGata-3" Tobet™) =1
Kr-perGata-3" ety =1
GATA-3 (with Kgata-3 =1
auto-activation) KGATA-3(STAT»6h,T-betm) =1
KGATA-3(STAT-6" T-bet ) =1

=

KGAta-3(STAT-6
KGATA-3(STAT-6
KGATA-3(GATA3 T-bet ™) =1
Kgata-36ata3" bty =1
Kgata-3(T-vec™) =1
KaaTa-3(T-bet) =1

GATA-3" T-per™) =1
GATA3" Tobed) =1

= =,

T-bet (with Krpe =1
auto-activation in KT bet(STAT-1™ GATA-3 h) =1
GATA-3) KT bet(STAT-1™ GATA-3" Tobet™) =1

KTber(STAT-1™ GATA-3" Tobet™y =1
KT bet(STAT-1",GATA-3 ) =1
KTbey(STAT-1",GATA-3 " T-bet ™) =1
KT bet(sTAT-1" GaTA3" Tobet™) =1
KroberGata-z ™y =1
KTbeyGata-3" T-vet™) =1

KT bet(GATA-3" T-bet) =1

= B

=

h
h
h

=, =

E=

h
KT bey(STAT-1™ ,GATA-3 " T-bet ™) =M
K _bet(STAT-1" T-bet ™) =M
KTpet(T-vec™) =m

m
Kber(STAT-1™ T-bet™y =h
Kr.beysTat-1" =h
Krber(STAT-1" T-bet™) =h
KT be(sTAT-1" T-bet™) =h
Krobe(T-ber"y =h

Koata-3sTAT-6") =h
Kgarascaras™y =h
KGATA-3(STAT-6" GATA-3") =h

_ h _
_bet(STAT-1™) =m Krobet(sTAT- 1™ T-bet ) =h
KT be(STAT-1
h
KT bey(STAT-1" T-bet™) =M Kropeystar-1")=h
_ h _
KTpet(T-bet™) =m Kr.bet(STAT-1"T-bet ™) =h
b h
KT bet(STAT-1",T-bet ) =h

KT ber(T-ber™y =h

The logical rule defining the level of activity of each node is a function of the levels of its regulators and is specified in terms of logical parameters
(K’s). The subindex following the K refers to the name of the node, whereas the current operating regulators (inputs) are written inside the parentheses.
Finally, superindices make explicit the corresponding regulatory level of a given input. For example, Ky 4 stands for is the response of IL-4 when
no activations and no inhibitions act upon it. Similarly, KIL_4(5TAT_1") represents the response of IL-4 when STAT-1 is in its “high” level; while
Ki 4staT-1" G ATA,gh) is the response of IL-4 to the simultaneous presence of STAT-1 at its “medium” level and GATA-3 at its “high” level. GATA-3
and T-bet have two alternative sets of values, which correspond to the two variants of the model, depending on the presence or the absence of the

GATA-3 auto-activation.

4. High levels of IL-4, IL-4R, STAT-6 and GATA-3 (all
other nodes at low levels).

Each attractor can be reached from other states, thus
forming a basin of attraction. These basins are the four
regions of the state space divided by the separatrices,
which are created by the eight functional positive loops.
Given the high dimensionality of the model, it is impos-
sible to represent graphically its entire state space. Nev-
ertheless, for illustration purposes Fig. 3 schematically
represents a subregion of the state space to show the role
of three functional circuits in creating the four basins
of attraction, and the fixed-point attractors inside them.
These four attractors have a clear biological interpre-
tation. The first corresponds to the state observed in
ThO cells, which do not produce any of the cytokines
included in the network. The second and third attractors
are closely related, and represent different subpopula-

tions of Thl cells. The difference between them lies in
the levels of activation of IFN-y and T-bet, leading to
different levels of IFN-vy secretion. The patterns of activ-
ity in these attractors are qualitatively consistent with
the experimental data for Thl cells (Tau et al., 2000;
Egwuagu et al., 2002). Finally, the fourth attractor, where
only IL-4, IL-4R, STAT-6 and GATA-3 are active, rep-
resents the state of Th2 cells (Cousins et al., 2002; Seki
et al., 2002).

As mentioned above, the Th model analysis pre-
dicts the existence of two Thl attractors, differing in
the level of IFN-v activity. However, in both cases, the
activation of IFN-yR is at its medium level. There is
experimental evidence for this moderate activity of the
IFN-v receptor. Th1 cells respond to IFN-vy via IFN-yR,
but high level of expression of this receptor can lead
to cell death in human T lymphocytes. However, they
avoid IFN-y-induced apoptosis by diminishing, without
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Fig. 3. The state space of the Th model contains four basins of attraction. This figure represents the subdomain of the state space where the following
eight variables are in their ‘low’ state: IL-12, IL-18, IFN-(, IL-12R, IL-18R, IFN-BR, STAT-4, and IRAK. In this subdomain of the state space, it
is possible to depict the separatrices (dotted lines) generated by three functional circuits, and the four basins of attraction present in the Th model.

totally eliminating, the number of IFN-yR molecules at
the cell surface (Novelli et al., 1997; Rigamonti et al.,
2000; Skrenta et al., 2000), thereby reducing the strength
of the IFN-vy signal. The Th model reflects this signal
attenuation; when the network is in either of the two
Th1 attractors, the activation of the IFN-yR node reaches
only a medium level of activation, even when the IFN-y
signal is at its activation peak.

In the model presented here, the attractors correspond
to the ThO, Th1 and Th2 cell types. Consequently, the
differentiation process itself can be represented by the
transition of the system from one attractor to another.
For this effect to take place, it is sufficient to give the
network a stimulus that displaces the system from one
basin of attraction to another. Once the system is in a
new basin of attraction, it will spontaneously reach the
corresponding attractor. However, the dynamical rules
in Table 1 are insufficient to specify unique dynamical
trajectories. For example, if IL-12 and IL-18 are active
in the model, time delays need to be considered to deter-
mine whether IL-12R becomes active before, after, or at
the same time as IL-18R. Nonetheless, it is instructive
to explore if the dynamical rules permit the existence
of a handful of trajectories that are biologically mean-
ingful. Generally speaking, a typical signaling cascade
starts with the activation of a membrane receptor, due to
the binding of its agonist, promoting the activation of a
series of transduction molecules, which eventually affect
the expression of a set of transcription factors. Fig. 4
represents trajectories that are consistent with the exper-
imental knowledge, as well as with the dynamical rules
shown in Table 1. Starting from the ThO attractor, it is
possible to simulate a stimulation of the system by IFN-

v, IL-4, or a mixture of IL-12 and IL-18. Experimentally,
such treatments result in differentiations towards Thl,
Th2, and Thl with high levels of IFN-vy, respectively
(Kanakaraj et al., 1999; Murphy and Reiner, 2002).

Previously published models incorporate a GATA-
3 auto-activatory feedback loop to ensure bistablility
(Yates et al., 2004; Mariani et al., 2004). By contrast,
the present variant of the Th model does not incorporate
such feedback loop; and yet GATA-3 presents bista-
bility. The reason is that GATA-3 is involved in three
functional positive circuits (numbers 7, 16, and 18 in
Supplementary Table 1). Of these three, the circuit IL-
4 — IL-4R — STAT6 — GATA-3— plays the same role
as a direct self-activation of GATA-3 in the studies men-
tioned above. This is not surprising given that the logical
analysis shows that the dynamical behavior of a circuit
depends on its sign, not on its length. The previous four-
element positive feedback loop considered here can be
viewed as a refinement of the GATA-3 auto-activation
presented in previously published models.

2.2. Mutant simulations

Further insight into the Th regulatory network can
be obtained from the simulation of single or multiple
null mutations, over-activations, or any combination
thereof. Since the number of possible modifications is
very high, the attractors obtained for only a handful
of representative mutants are presented in Table 2, and
further discussed in the following paragraphs. Addi-
tionally, Supplementary Table 2 contains the attractors
of all possible single positive and negative mutants.
The biological interpretation of these variants of the Th
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Fig. 4. Some possible transitions of the Th model, consistent with the differentiation of Th cells. The model contains only four attractors (dotted
squares); hence any other activation state is transitory and will eventually lead to one of the attractors. There are three trajectories with a clear
biological counterpart. Starting from the ThO state, the activation of the IL-4R node, which simulates the effect of adding IL-4 to the extracellular
medium, leads to the Th2 attractor. In a similar way, the activation of IFN-yR simulates the effect of adding IFN-vy to ThO cells, thus creating a
signal that leads the system to one of the Thl attractors. Finally, the simulation of addition of IL-12 and IL-18 simultaneously, is mimicked by
the activation of IL-12R and IL-18R, which leads the system to the Thl attractor with high IFN-y and T-bet levels. White, gray and black circles
represent nodes with low, medium and high levels of functionality, respectively.

model representing mutants may vary depending on the
experimental set-up. For example, the T-bet* variant
represents the expression of T-bet under the control of
a constitutive promoter inside the Th cells. In contrast,
IL-12*, IL-18* and IFN-B* represent Th cells cultured
in media containing high levels of IL-12, IL-18 or
IFN-f3, since Th cells do not produce these molecules.
IL-12 has been widely recognized as a key cytokine
in the activation of the IFN-vy pathway, and therefore in
the development of Th1 cells. However, there is evidence
(Szabo et al., 2003) that the IL-12 pathway may not be
required to initiate a Th1 response in vivo, leading even
to the proposition that the human IL-12 signaling path-
way is entirely redundant (Fieschi and Casanova, 2003).
The Th model captures these apparently contradicting
features. In the IL-12* mutant, the ThO attractor is lost

(Table 2), meaning that high levels of IL-12 function as
a differentiation signal in the model, because it pushes
the system out of the basal state. However, in the case
of IL-127, IL-12R™, and IL-127/IL-12R™ single and
double mutants, the systems keeps exactly the same four
attractors as in the wild-type case (see Supplementary
Table 2), implying that the IL-12 pathway is dispensable
in the differentiation process.

Continuing with the IL-12* case, note that the ThO
attractor disappears, but the Th2 attractor remains. This
might seem wrong with regard to the known importance
of IL-12 in the polarization of cells towards the Thl
phenotype. But there is experimental evidence to support
this prediction. Normally, Th2 cells lack the 32 subunit
of the IL-12R, which make them unresponsive to an IL-
12 treatment. However, cells have been transfected with
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the missing molecule, and then incubated with IL-12
(Heat et al., 2000), thus rendering IL-12R continuously
active. Interestingly, under such treatment, committed
Th2 cells do not produce IFN-vy or reduce the production
of IL-4, thus matching the Th2 attractor. Hence, once the
system is in the Th2 basin of attraction, even high levels
of IL-12, IL-12R and STAT-4 are not sufficient to take
the system into another basin of attraction.

The Th model also brings some insight into the origin
of the unexpected phenotypes of IFN-y~ and IFN-yR™
loss-of-function mutants. IFN-y and IFN-yR belong to
the same positive feedback loop, so one might expect
that eliminating one or the other would result in the
same phenotype. But, as shown in Table 2, the attrac-
tors of these mutants differ in the level of activation of
IFN-v. This difference has also been observed experi-
mentally; IFN-y~ mutants do not produce IFN-vy (Tang
et al., 1998) as expected. But IFN-yR™ mutants do pro-
duce IFN-vy (Diehl et al., 2000); and at first sight it is
not obvious why. Just by looking at the topology of the
network, it is clear that the elimination of either IFN-vy
or IFN-yR breaks the IFN-y — IFN-yR — STAT1 — T-
bet — circuit. However, as the T-bet— circuit remains
functional (see Supplementary Table 1), any transient
signal capable of activating T-bet (via STAT-1, for exam-
ple) will result in a self-sustained stable activation of
T-bet, which in turn will activate IFN-v if it is intact,
even in the absence of IFN-yR.

Besides mutations, the inclusion of some nodes with
more than two states of activation allows to account
for the phenomenon of potentiation. Specifically, IL-18
is a very poor inductor of IFN-y on its own, but is a
potent inductor in combination with IL-12 (Kanakaraj
et al., 1999). In Table 1, KIFN—'y(IRAKh)=1 means that
if IRAK is at its high level (due to the presence of
IL-18), the IFN-y node will remain in its low level.
Then, KIFN-y(STAT-4h) =m indicates that IFN-vy will turn
to its medium level in response to an activation from
STAT-4, which is part of the IL-12 pathway. Finally,
KIFN—y(IRAKh,STAT—4h)=h means that the IFN-y node
reaches its high level when both STAT-4 and IRAK are
present. These logical rules result in the generation of
alternative attractors for the different mutants. In the
case of IL-18*, the system can reach four attractors,
similar to those of the wild-type, but with the extra acti-
vation of IL-18, IL-18R, and IRAK (Table 2). Thus, the
over-expression of the IL-18 pathway does not force the
system to behave differently from the wild-type. This
situation contrasts with the loss of the ThO attractor in
IL-12* cells. Finally, a combined IL-12*/IL-18* over-
activation also leads to the loss the ThO attractor, but
IFN-v is then highly expressed. Therefore, according to

the Th model, the simultaneous action of IL-12 and IL-18
forces IFN-vy to reach its activation peak.

The previous paragraphs provide some examples for
the interpretation of the number and nature of the attrac-
tors for different perturbations. The Th model can be
used to simulate many other situations, by fixing the
level of activation of one node, or of a combination of
nodes, at some specific level(s). Supplementary Table 2
includes the attractors found for 35 variants of the Th
model, namely: the wild-type case, 17 single-node inac-
tivations, and 17 single-node constitutive activations. In
total, all these variants encompass 110 attractors. Many
of these attractors represent predictions of the model,
as the corresponding situations have not yet been thor-
oughly characterized.

2.3. Special case: the mouse

As mentioned previously, this study is based on exper-
imental data originating from both human and mouse.
However, it is instructive to explicitly consider the situ-
ation in the mouse, which presents two unique features:
first, the possible existence of a GATA-3 auto-activatory
circuit (Zhou and Ouyang, 2003); and second, the inabil-
ity of GATA-3 to sustain its expression when T-bet is
present (Smits et al., 2001). These two characteristics
can be included in the Th model by using an alterna-
tive set of logical rules for GATA-3 and T-bet (last two
rows of Table 1). Specifically, KGATA-3(GATA-3h) =hindi-
cates that GATA-3 is able to activate itself, implying the
existence of a feedback loop. And since STAT-6 acts
positively on GATA-3, then a combination of GATA-3
and STAT-6 should also activate GATA-3; represented by
KGATA»3(STAT—6h,GATA—3h) =h. For its part, T-bet exerts a
strong inhibition GATA-3 thus making all other parame-
ters of Kgara-3 equal to ‘low’. Finally, since GATA-3 is
not strong enough to inhibit T-bet, any Kr.pe; parameter
containing GATA-3 is set to ‘low’.

The resulting attractors are identical to those obtained
in the human case; that is, four attractors representing the
ThO, Th2 and two Thl patterns of activation. The dif-
ferences just appear in the domains of functionality for
some of the circuits in the model. Specifically, the alter-
native rules generate one new functional circuit (number
23 in Supplementary Table 3), cause the loss of func-
tionality of one circuit (number 7), render four circuits
functional (numbers 8, 12, 15, and 17), and affect the
functionality domains of four other circuits (numbers 9,
11, 18, and 19). Despite these changes, it is important to
stress that, as in the case of the human variant, the logical
analysis reveals that none of the negative feedback loops
are functional. Hence, the asymptotic dynamical behav-
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ior of the Th model is not significantly modified by the
alternative rules used to best represent the information
observed in mouse cells.

3. Conclusions

The differentiation process of T lymphocytes offers
multiple advantages from the modeling point of view:
it is a system that has been amply studied experimen-
tally, many of the key molecular players are known, and
their responses to many signals have been evaluated. As
aresult, models for different aspects of the physiology of
T lymphocytes have been published, which address pro-
cesses involved in the activation (Kaufman et al., 1999;
Sarkar and Franza, 2004), or the determination of cellu-
lar fate (Bergmann and van Hemmen, 2001; Bergmann
et al., 2002). Such studies, however, do not incorporate
the intracellular molecular network enabling the cells
to acquire different physiological states or fates, except
for the inclusion of a small number of key transcription
factors. Despite the lack of comprehensive molecular
data, previous models provide information on the kind
of minimal model that might still capture the essence
of Th cell differentiation. Specifically, a model with two
mutually inhibitory nodes, each with a positive feedback
loop, suffices to create a system with three steady stable
states representing the main differentiated T helper cell
types (Kaufman et al., 1985; Yates et al., 2004; Mariani
et al., 2004). Since T-bet and GATA-3 inhibit each other
and are involved in direct and indirect positive feedback
loops, these two molecules constitute the central fea-
ture of models of T helper differentiation. The present
study is aimed at complementing such minimal models,
by providing more comprehensive data on the nature of
the intracellular regulatory network of Th cells. In this
aspect, the present regulatory network is an extension,
or a refinement of the minimal models, as explained for
the case of GATA-3 positive feedback. However, there
is valuable information that can be gained by increasing
the molecular detail incorporated to the network. Par-
ticularly, a more biologically complete network permits
the delineation of the effect of single and multiple null-
and/or constitutive-expression mutants on the differen-
tiation of Th cells, as shown in Supplementary Table 2.

This study introduced a network model for the control
of the differentiation process of T helper cells, whose
topology was deduced from published molecular data.
The network was modeled as a discrete system, and its
asymptotic behavior was studied with the aid of the gen-
eralized logical formalism. The analysis permitted the
identification of all the stable states of the system. The
Th model has only four attractors, which clearly corre-

spond to the patterns of activation observed in wild-type
Th cells. Moreover, the model can be modified so as
to describe the asymptotic patterns of expression of null
mutants, as well as constitutive-expression variants. This
capacity of the model to simulate mutants helps to inter-
pret some apparently contradictory phenotypes. Specifi-
cally, an explanation has been provided for the apparent
redundancy of the IL-12 pathway, despite its recognized
importance in the differentiation of ThO into Th1 cells.
It also helps in understanding why the phenotypes of
null mutations in IFN-y and IFN-yR are different. This
capacity of describing mutants is an important feature of
the model. Although many genetically modified Th cells
have been studied experimentally, the molecular charac-
terization of these cells is usually restricted to only a few
molecules of interest, typically IFN-vy, IL-4, GATA-3 and
T-bet. Now, the Th model makes it possible to explore
the effects of multiple null mutations, or combinations
of mutations and over-expressions.

The present version of the Th network contains 17
nodes. Clearly, many more molecules are involved in
the differentiation of T helper cells. For example, the T
cell receptor (TCR) and IL-10 pathways are known to
bias the system towards the Thl or Th2 cellular fate.
The incorporation of these molecules should result in
a more accurate description of the differentiation pro-
cess. Despite its limited number of nodes, the present Th
model is able to reproduce the basic wild type cellular
states (ThO, Th1, and Th2), and a large number of mutant
phenotypes.

The logical approach that was used for this study
made it possible to find all the attractors in the different
variants of the Th model. However, to represent the selec-
tion a specific trajectory, it is necessary to incorporate
time delays into the model, so as to determine the precise
order of response for each node in the network. As infor-
mation about such delays is not yet available, they were
omitted so as to keep the number of suppositions to amin-
imum. In any case, the resulting focus on stable states has
the advantage to provide an easy way for experimental
verification. Indeed, experimental studies rely heavily on
cell cultures and measurements of secreted or internally
expressed molecules after long periods of incubation.
Such experimental conditions (see, for example, Fig. 7
in Cousins et al., 2002) can be directly associated with
the stable patterns of expression as represented by an
attractor.

The prospects for the growth of the Th model involve
addressing three main areas of simplification used for its
elaboration. First, the model does not explicitly incorpo-
rate molecular mechanisms. Cells carry out activations
and inhibitions in many different ways, e.g. through
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chromatin remodeling, protein degradation, phospho-
rylation, transcriptional regulation, etc. The eventual
inclusion of such mechanisms into the model may help
to understand the relative importance, temporality, and
reversibility of the different regulatory interactions. Sec-
ondly, the logical model presented here could be trans-
posed into a continuous formalism (using ODESs) in order
to generate quantitative predictions, which could be used
make a more accurate comparison with experimental
data. Finally, the model does not deal with cell popula-
tions. In vivo and in vitro experiments involve multiple
cells and usually also multiple cell types, and cellular
communication is definitely a key to maintain pools of
differentiated and undifferentiated cells, as well as mem-
ory cells. Hence, it is clearly necessary to expand the Th
model, or to integrate it with other models, so as to be
able to describe cell populations to make a more realistic
description of the differentiation of T lymphocytes.
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