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Abstract

T helper 1 cell fate is induced by overlapping signaling pathways, whose kinetic principles and
regulatory motifs are largely unknown. We identified a simple positive feedback loop in the STAT4
signaling pathway, whereby activation by I1L-12 leads to the increased expression in IL-12 receptor.
A computational analysis shows that this feedback loop synergizes with the one mediated by the
IFN-y secreted by differentiating cells, when the induction of Th1 cell fate is weak. Positive feedback
loops are often utilized to enhance phenotypic differentiation. This effect was confirmed by
experiments showing that stochastic fluctuations in the expression of IL-12 receptor gene were
amplified, leading to two discrete levels of expression in a cell population.
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1. Introduction

Activation of T helper (Th) lymphocytes by antigen presenting cells leads to their
differentiation into Thl or Th2 cell lineages depending on the cytokines present during the
activation process [1]. Th2 cells produce IL-4, which leads to the inhibition of the Th1 cell
lineage. Similarly, IFN-y produced by Th1 cells acts to inhibit the development of Th2 cells

[2].

Positive feedback has been shown to be a driving force in Th2 polarization. GATAS3, a major
transcriptional regulator of Th2 responses, was shown to induce its own expression [3].
Regulation of expression of a transcriptional activator through positive feedback has the
capacity to create two states of expression level that can correspond to expression levels in
undifferentiated and differentiated cells. Furthermore, the mutual inhibition of Th1 and Th2
cell types can lead to a bistable behavior in the form of a toggle switch [4—6] that can efficiently
induce the polarization of T helper cell fates.
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The differentiation of Th1 cells results from the activation of multiple interconnected signaling
pathways. During the early stages of cell differentiation, IFN-y and IL-27 direct commitment
to the Th1 cell lineage [7-9]. IFN-y, upon binding to its receptor, activates signal transducer
and activator of transcription (STAT)1, while IL-27 activates both STAT1 and STAT4 [10].
STAT1 activation leads to the expression of the transcription factor T-bet, and the production
of additional IFN-y [11]. Given the presence of IFN-y receptors on Th1l cells, IFN-y has, in
principle, the potential to contribute to the autoactivation of Thl lymphocytes. STAT1
activation also leads to the transcription of the 32 subunit of the IL-12 receptor. This enables
IL-12, upon binding to its receptor, to activate STAT4 which leads to a further enhancement
of Thl cells in the later stages of the differentiation [12]. Activation through the T-cell receptor
may also initiate the expression of IL-12Rp2 [13].

Despite an appreciation that multiple cytokines contribute to Th1 cell differentiation, what has
remained unclear is the kinetic relationships of the above signaling pathways that enhance
commitment to the Th1 cell fate. Given that positive feedback loops represent a robust,
frequently utilized motif for induction of cell differentiation [14], we focused on distinguishing
such loops inthe STAT4 signaling pathway. For this purpose, we followed a three-step strategy.
First, knockout cells were utilized in a way that signal propagation was confined to a small
module of the differentiation network, which enables the detection of autoacatalytic processes.
Next, we examined under what combination of cytokine concentrations the positive feedback
displayed a discernible effect on the expression levels of IFN-y and IL-12R in wild-type cells
and how it interacted with other regulatory motifs. In the third step, we examined whether the
IL-12 receptor mediated positive feedback, which was identified in the first step, amplified
fluctuations in gene expression to create two cell phenotypes with distinct IL-12 receptor
expression levels in wild-type cells.

2. Materials and methods
2. 1 Th1l/Th2 cell differentiation assay

Naive CD4* T cells (1x108 cells/ml) were primed with plate coated anti-CD3 (2 pg/ml) and
anti-CD28 (1 ug/ml) in the presence of IL-2 (2 ng/ml) in 48-well plates. To induce Th1 cell
differentiation I1L4 antibody (10 png/ml) was added. Concentrations of IL-27, IL-12 and IFN-
v were varied in individual experiments. Th2 cell differentiation was induced in the presence
of anti-IFN-y (10 pg/ml) and IL-4 (10 ng/ml). On day 3, PMA (50 ng/ml), ionomycin (500 ng/
ml) and monensin (2 uM) were added and incubated for 4 hours. After washing, cells were
stained for intracellular IFN-y using APC-conjugated anti-1FN-y.

2. 2 IFNy-capture assay and selection of IFN-y* cells

On the second day of priming of CD4* T cells, PMA (50 ng/ml) and ionomycin (500 ng/ml)
were added for 90 minutes. Cells were washed in cold RPMI medium 1640 and 20 ul IFN-y-
catch reagent was added (Miltenyi Biotech). After addition of 80 ul cold medium, cells were
incubated on ice for 5 minutes. Subsequently, 10 ml 37°C medium was added to each sample
and incubated at 37°C for 60 minutes. After an incubation of 1 minute on ice the cells were
washed and stained with IFN-y-detection antibody — PE conjugate (Miltenyi Biotech) and IFN-
v positive cells were selected by FACS (FACSAria)[15].

2.3 Computational model

A two-variable system of differential equation describes the changes in the concentration of
IL-12RB2 mRNA denoted by x, and IFN-y denoted by y.
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The activation state of STAT1 and STAT4 were assumed to be in steady-state relative to the
changes in the transcriptional responses of IL-12RB2 and IFN-y. Therefore, the activity levels
of STAT1 and STAT4 were denoted by f1(x) and f4(x), respectively. The mRNA and protein
levels for IL-12RB2 and IFN-y were considered to be linearly proportional. by and by are basal
transcription rates that determines the pre-induction level of IFN-y receptor and the non-
specific stimulation of IL-12Rp2 mRNA expression during activation of the T-cell receptor.
Vx4, Vy1, vyl and vy4 are maximal transcription rates induced by STAT4 and STAT1 at the
IL-12RB2 and IFN-y promoters, respectively. my4, my1, my4 and my1 denote the
corresponding dissociation equilibrium constants. yy is the decay rate of IFN-y. IFN-y is
secreted into the extra-cellular space and a fraction of IFN-y remains bound to the cell
membrane[15]. my and m27 are apparent dissociation equilibrium constants of receptor-ligand
interactions for IFN-y and IL-27, respectively. ry_; and r,7.4 are the relative contributions of
IFN-y receptor and the IL-27 receptor to the STAT1 and STAT4 signaling, respectively.

& Discussion

3.1 Synergy between the IL-27 and IL-12 signaling pathways

We activated Th cells in vitro to eliminate the interaction of unidentified cytokines when Thl
cells are activated by antigen-presenting cells. IL-27 elicited a dose dependent increase in the
percentage of IFN-y producing (Th1) cells (Fig. 1). The induction of Th1 cell fate by saturating
concentrations of cytokines (10 ng/ml) revealed that IL-27 elicited a higher proportion of IFN-
v positive cells (40%) than did IFN-y (7%), while IL-12 alone had only a modest but detectable
effect (2%), three days after activation. The response to saturating concentrations of IL-27 was
nearly identical to that seen with limiting concentrations of IL-27 (0.1 ng/ml) when combined
with IL-12 at 10 ng/ml. IL-12 acted synergistically with either IL-27 or IFN-y to promote Thl
cell differentiation (Fig. 1), consistent with the findings that the expression of IL-12Rp2 is
induced by STAT1, which is itself activated by IL-27 or IFN-y.

To further explore the synergistic action of IL-27 and IL-12, IFN-y production was measured
over a broad range of IL-27 concentrations in the presence or absence of IL-12. Nearly maximal
IFN-y production was seen, even at very low concentrations of IL-27, when IL-12 was present
(Fig. 2A). At these same concentrations, IL-27 alone stimulated IFN-y production only weakly.
In these experiments, the response of 1L-12RB2 expression was similar to that of IFN-y
production (Fig. 2B). The above findings can be explained by two different mechanisms. First,
it is possible that the STAT1 activated by IL-27 induces the expression of IL-12Rp2 mRNA
at lower concentrations than what is required for the induction of IFN-y and thus IL-12 bind
to the IL-12R even when IFN-y production is stimulated weakly by IL-27. Alternatively, it is
possible that STAT1 activation alone is insufficient for inducing the expression of 12Rp2
mRNA under these conditions and that some other amplification mechanism within the STAT4
pathway might contribute to the induction of IL-12Rp2 mRNA expression. In order to
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distinguish between the two possibilities, we examined the effect of signaling through STAT4
when the STAT1 signaling pathway is eliminated.

3.2 Positive feedback in IL-12R expression

It has been shown that IL-27 promotes STAT4 phosphorylation [10]. In order, to study the
contribution of STAT4 to Th1l cell commitment and to exclude the potential autoactivation
effect of IFN-y, signal propagation elicited by IL-27 and IL-12 was analyzed in STAT1-
deficient cells. IL-27 increased IFN-y production in a dose dependent manner (Fig. 2C). Next,
we tested the effect of IL-12, which is mediated by STAT4 [12]. Interestingly, addition of
IL-12 multiplied the effect of IL-27 on IFN-y production over the entire range of applied IL-27
concentrations. IL-12RB2 expression responds similarly to the respective conditions but the
dynamic range of expression levels was broader than that of the IFN-y production (Fig. 2D).
Thus, IL-12 induces the expression of IL-12RB2 proportionally to the IL-12RpB2 levels induced
by IL-27. Given that activation by IL-12 leads to enhanced expression of its receptor by
increasing the expression of IL-12R2, a positive feedback loop may be established in the
presence of this cytokine.

IL-27 activates IL-12RB2 expression in wild-type cells at much lower concentrations than in
STAT1-deficient cells (Fig. s 2B and 2D), which suggests that the STAT1 pathway responds
more sensitively to IL-27 than the STAT4 pathway. The synergistic effect of IL-27 and I1L-12
on wild-type cells can be then explained by the following scenario. The IL-12 receptor is not
present on naive T-cells; its expression is first weakly induced by IL-27 through STAT1.
Subsequently, IL-12 activates the STAT4 signaling pathway leading to the further increase in
the expression of IL-12Rp2, creating a positive feedback loop.

Next, we examined if the above experimental observations are consistent with a kinetic model
including a positive feedback loop through the IL-12 receptor. The model comprised all four
possible pair-wise interactions between STAT1 and STAT4, and their target genes, IFN-y and
IL-12RB2 (Fig. 3A). In order, to simulate the behavior of the positive feedback with realistic
parameters, the Kinetic model was fit to experimental data on IL-12RB2 expression using all
described experimental conditions and the genotypes including wild-type, STAT1~ and IFN-
yR17~ (see Methods). The simulation shows that the response of IL-12RB2 mRNA production
to varying the IL-27 concentration shifts linearly upon addition IL-12 over a broad range of
IL-27 concentration when only the STAT4 pathway is stimulated (i.e., in STAT1-deficient
cells) (Fig. 3B). This indicates the presence of a positive feedback loop and that induction by
IL-27 and IL-12 does not lead to a saturation of the STAT4 pathway activity in STAT1-
deficient cells. Conversely, in wild-type cells this synergistic effect of IL-12 diminishes at
higher concentrations of IL-27 (Fig. 3C). The fitted computational model also suggests that
IL-27 elicits a stronger signal through STAT1 than STAT4. Indeed, STAT4 deficiency did not
alter the induction of IFN-y production by IL-27 (Fig. 4D).

3.3 Autoactivation through secretion of IFN-y

Next, we explored whether a mechanism other than the above positive feedback could
contribute to an amplified induction of Th1 cell fate in wild-type cells. IFN-y secreted from
the differentiating Th1l cells may in principle enhance Th1 cell differentiation by activation of
the STAT1-signaling pathway. To test this interaction, we compared wild-type and IFN-yR1-
deficient cells. At higher IL-27 concentrations, IL-12R[32 expression was somewhat lower in
IFN-yR1-deficient cells in comparison to wild-type cells (Fig. 4A). This difference became
large at low IL-27 concentrations. Addition of IL-12 enhanced Th1 cell differentiation, but at
low concentration of 1L-27 IFN-y-R-deficient cells had lower IL-12RB2 mRNA expression
than wild-type cells (Fig. 4B).
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The above experimental data are consistent with a model of positive feedback mediated by
paracrine or autocrine effects IFN-y when initiated by 1L-27 (Fig. 4C). It remains to be
determined at what cellular stage of IFN-y secretion the maximal binding of IFN-y to its
receptor occurs if autoactivation is autocrine. The maximal activation potential of IFN-yR is
smaller than that of IL-27R but the computational simulations show that secreted IFN-y quickly
reaches a level that contributes significantly to the STAT1 signaling in the early stages of Thl
cell differentiation. In comparison, the period to reach half-maximal expression of IL-12Rp is
twice as long as that for IFN-y when these genes are induced constitutively.

T-bet may link STAT1 signaling to IFN-y production to close the feedback loop. Unlike IFN-
v and IL-12Rp2, T-bet, a STAT1 target gene [16], was shown to reach maximal expression a
few days following activation, whereafter its levels decline [17]. Thus, T-bet is involved in the
early steps of Thl cell differentiation [18]. We compared the expression of the above genes in
STAT1-deficient mice.

IL-27 induced expression of T-bet in STAT1-deficient mice in a dose-dependent way (Fig.
4E), suggesting that the STAT4 pathway can induce the expression of T-bet. While IL-12
synergized with 1L-27 to induce the expression of IL-12RpB2 (Fig. 2D), it had essentially no
effect on T-bet expression (Fig. 4E). This can be explained by the responsiveness of T-bet
expression in the early stages of Thl differentiation. During the early stages of induction of
STAT1-defficient cells by IL-12 and IL-27, only IL-27 contributes significantly to STAT-4
signaling and T-bet expression, given the slow induction of IL-12RB2 expression in these cells.
In the later stages, when IL-12R[2 is expressed at sufficient levels in STAT1 deficient cells,
T-bet expression is not responsive to inductive stimuli, and IL-12 does not contribute to
expression of T-bet.

T-bet expression was greatly reduced in IFN-yR1~/~ cells in comparison to wild-type cells
when exposed to IL-27 (Fig. 4F), which is consistent with the involvement of a positive
feedback loop through IFN-y at the early stages of Th1l cell differentiation. IL-12 synergized
with IL-27 to increase the expression of T-bet in IFN-yR1-deficient cells (Fig. 4F), unlike in
STAT1-deficient cells. This can be explained by the stronger induction of IL-12R[2 expression
by IL-12 and IL-27 in IFN-yR1-deficient cells in comparison with STAT1-deficient cells
(compare Figures 2D and 4A). This suggests that the STAT4 pathway can also contribute to
the control of T-bet expression, when sufficient levels of IL-12Rp2 are expressed during the
early stages of Th1 differentiation.

3.4 Contribution of the IL12R feedback loop to signaling in the Th1l network

The IL-12R and IFN-y mediated feedback loops are integrated in the Th1 signaling network.
The contribution of the IL12R feedback loop to the signaling network was calculated by
removing the STAT4 activated expression of IL-12R in the model network. Consequently,
IL-27 did not induce IL-12R2 expression in STAT1-deficient model network (data not
shown). The simulation shows a considerable, approximately 10fold reduction of IL-12R(32
expression in IFN-yR1-deficient network, at low concentrations of 1L-27, when compared with
expression levels predicted with model incorporating the IL12R feedback loop (Fig. 3D). In
comparison, in wild-type network IL-12R2 expression was reduced only 1.6 time (Fig. 3E).
This suggests that the IL-12Rp2 mediated feedback loop is particularly important when the
functioning of other autocatalytic cycles is weakened. The above and similar compensation
mechanisms may have led to the conclusion that fundamentally different pathways orchestrate
Th1 differentiation in mouse and human cells; in particular, that STAT4 activates expression
of IL-12RB2 expression in human cells, while IFN-y induces expression of IL-12Rf2 in mouse
cells [19]. Our analysis indicates that both pathways are active in mice but that the STAT4
pathway, and consequently the IL12R mediated feedback loop exerts its effect in particular
concentrations and combinations of cytokines.
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3.5 Stochastic expression of IL-12RB2 mMRNA

The experimental data and kinetic modeling described thus far suggests that the positive
feedback loop speeds up the kinetics of IL-12RB2 and IFN-y expression.

Positive feedback also has the capability to amplify slow and small fluctuations in gene
expression and to promote differentiation of a cell population by creating two expression levels
[14,20-23]. Fluctuations in eukaryotic gene expression may arise for example due to slow
restructuring of chromatin in a chromosomal region, or due to the sensitivity of regulation of
promoter activity in response to transcription factors activity [24-27]. For example single cell
analysis of gene expression in immune cells has revealed that fluctuations are uncorrelated
between the two alleles of the IL-4 gene within a single cell [28-30], while expression of the
Pax5 gene switches from uncorrelated to correlated allelic expression during lymphoid
development [31].

We examined this effect of positive feedback by analyzing the stochastic behavior of
lymphocytes in two different conditions. We observed that induction of Th1 cell fate by higher
concentration of IL-27 (2 ng/ml) (Fig. 5A) resulted in a percentage of IFN-y positive cells
comparable to that when Th1 cell fate was induced by IL-12 in combination with IL-27 at
lower concentrations (0.4 ng/ml) (Fig. 5B). In both experiments, the proportion of IFN-y
positive cells was similar but the generation of a positive feedback loop was initiated by 1L-12
only in one of the experiments. Cells expressing IFN-y (on-cells) were separated from cells
that do not contain detectable amounts of IFN-y (off-cells). This was achieved by capturing
the secreted IFN-y on the surface of the cells, which was subsequently detected by fluorescent
antibody (see Methods). The IL-12RB2 mRNA level was measured in both cell populations
and inthe ratio of MRNA level in on cells to off cells was calculated. Having similar proportions
of on-cells in the two experimental conditions enables the examination to what extent
fluctuations in the expression level of IL-12Rp2 are amplified by the positive feedback.

The ratio of IL-12R2 mRNA in ON to OFF cells was around 3 when the cells were induced
by high concentration of IL-27 while this ratio increased to 9 when both IL-27 and IL-12 were
present. These results confirm that fluctuations in the expression of IL-12R32 are amplified
when the positive feedback is triggered by IL-12. The amplifying effect of the positive feedback
on small initial fluctuations may also explain that stimulation by IL-12 alone induces IFN-y
production later than IL-27 and IFN-y (see Supplementary Data).

Description of the regulatory motifs in the signaling network and stochastic gene expression
in Th cells is important for understanding the mechanisms that amplify weak signals to generate
responses of sufficient magnitude to deal with rapidly reproducing pathogens and, at the same
time, prevent the overproduction of potentially dangerous cells [32,33]. It is necessary to
maintain a delicate balance between intensity of Thl and Th2 responses, because tipping this
balance is associated with the appearance of overreacting cells giving rise to autoimmunity
and allergic disorders. It has been hypothesized that interlinked slow and fast feedback loops
increase the reliability of cellular fate decisions [14]. The interlinked slower IL12R- and the
stronger IFN-y-mediated feedback loops may provide efficient means to polarize Th in an
adaptive way.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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""""""
CFSE

IFN-y production by wild-type lymphocytes in response to different cytokines. Cells were
labeled with CFSE to detect the number of cell divisions and were stained with APC labeled
anti-IFN-y following activation. All concentration units are given in ng/ml. Under neutral
conditions (in the absence of IL-12 and 1L-27), 1% of the cells are IFN-y positive, which

corresponds to a background production.
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Fig. 2.

Interaction of IL-27 and IL-12 on IFN-y and IL-12RB2 mRNA production in wild-type and
Stat1~/~ cells (A) Proportion of IFN-y positive wild-type cells as a function of IL-27 in the
absence (black empty squares) and presence of 10 ng/ml I1L-12 (black filled squares). The
proportion of IFN-y positive cells corresponds to the sum of relative cell counts in the upper
two quadrants as shown in Fig. 1. (B) IL-12RB2 mRNA levels in wild-type cells as a function
of IL-27 in the absence (black empty squares) and presence of 10 ng/ml IL-12 (black filled
squares). (C) Proportion of IFN-y positive Stat1™~ cells as a function of IL-27 concentration
5 days after induction with IL-27 in the absence (red empty triangles) or presence (red filled
triangles) of 10 ng/ml 1L-12. (D) IL-12RB2 mRNA levels in Stat1~/~ cells as a function of
IL-27 concentration 5 days after induction in the absence (red empty triangles) or presence
(red filled triangles) of 10 ng/ml I1L-12
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Modeling the Th1 cell fate induction pathways (A) Schematic representation of the signaling
network. The dashed line stands for the predicted interaction to close the IL-12R feedback
loop. (B, C) Simulation of IL-12RB2 mRNA levels in Stat1~/~ (B, red lines) and wild-type (C,
black lines) background using fitted parameters (see Methods). Empty and filled lines denote
were obtained using zero and saturating IL-12 concentrations, respectively. (D, E) The
parameter vy4 was set to zero to eliminate the activation of IL-12RB2 by STAT4 in and thereby
the positive feedback loop. IL-12RB2 mRNA levels were simulated in the presence (continuous
line) and absence of the feedback loop (dashed line) in Ifngr1~~ (D, green lines) and wild-type
networks (E, black lines).
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Self-activation of Th1 cells through IFN-y (A) IL-12RB2 mRNA levels in wild-type (black
empty squares) and Ifngrl1~~ (green empty circles) cells as a function of IL-27 concentrations.
(B) IL-12RB2 mRNA levels in wild-type (black filled squares) and Ifngrl =~ (green filled
circles) cells as a function of 1L-27 concentrations when IL-12 is present at 10 ng/ml
concentration. (C) Simulation of IL-12RB2 mRNA levels in Ifngr1 = cells using fitted
parameters (see Methods). Empty and filled green lines denote were obtained using zero and
saturating IL-12 concentrations, respectively. (D) Proportion of IFN-y positive wild-type cells
as a function of 1L-27 in wild-type (BALB background, (black empty squares) and Stat4/~
cells (BALB background, blue empty diamonds). (E) T-bet mRNA levels in Statl ™~ cells, 5
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days after induction with IL-27 in the presence (red filled triangles) or absence (red empty
triangles) of IL-12 (10 ng/ml). (F) T-bet mMRNA levels in wild-type (black empty squares), and
Ifngr1~/ cells in the absence (green empty cicles) or presence of 10 ng/ml IL-12 (green filled
circle) after induction with different concentrations of IL-27.
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Fig. 5.

Stochastic differentiation of Th1 cells. Lymphocytes from 129S6 mice were activated in the
presence of indicated cytokines and 2 days later they were stained using the IFN-y capture
assay. Cells expressing low (off-cells) and high (on-cells) levels of IFN-y were separated, and
RNA was isolated from the sorted cells and the relative IL-12R2 mRNA levels were measured.
(A) 2 ng/ml IL-27 was used for induction of Th1 cell fate. The IL-12RB2 mRNA content of
off and on-cells (77.5% and 13.2% of total population) was 121 and 393, respectively (B) 0.4
ng/ml 1L-27 and 10 ng/ml IL-12 were used for induction of Th1 cell fate. The IL-12R2 mRNA
content of on and off-cells (84.5% and 11.7% of total population) was 49 and 455, respectively.
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