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Abstract

T lymphocytes’ ability to discriminate between structurally related antigens has been attributed to 

the unique signaling properties of the T cell receptor. However, recent studies have suggested that 

the output of this discrimination process is conditioned by environmental cues. Here we 

demonstrate how the IL-2 cytokine, collectively generated by strongly activated T cell clones, can 

induce weaker T cell clones to proliferate. We identify the PI3K pathway as being critical for 

integrating the antigen and cytokine responses and for controlling cell cycle entry. We build a 

hybrid stochastic/deterministic computational model that accounts for such signal-synergism and 

demonstrates quantitatively how T-cells tune their cell cycle entry according to environmental 

cytokine cues. Our findings indicate that antigen discrimination by T-cells is not solely an intrinsic 

cellular property but rather a product of integration of multiple cues, including local cues like 

antigen quality and quantity, to global ones like the extracellular concentration of inflammatory 

cytokines.

Introduction

Self/non-self discrimination by T lymphocytes is a critical function of the adaptive immune 

system for eradicating pathogen-infected tissues while sparing uninfected tissues. Such 

discrimination is also at play when T cells rely on their ability to detect “altered self” and 
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eradicate tumors (Houghton and Guevara-Patino, 2004). Quantitative models of ligand 

discrimination by T cells dwell on the dynamics of signal transduction (Feinerman et al., 

2008a). The premise for these models is the experimental observation that the potency of 

antigen ligands correlates with the lifetime of their complex with the T cell receptor (TCR). 

Minute differences in these complex lifetimes –as documented experimentally (Huppa et al., 

2010; Liu et al., 2014)- are amplified through kinetic proofreading (McKeithan, 1995), 

through mechanical sorting (Liu et al., 2014; Qi et al., 2001), or through differential 

activation of positive/negative feedbacks (Altan-Bonnet and Germain, 2005; François et al., 

2013). Ultimately, models of such dynamic sorting of the quality of the antigen/TCR 

interaction account for the speed, sensitivity, and specificity of T cell activation, with the 

additional insight about the existence of antagonism by sub-threshold ligands (Altan-Bonnet 

and Germain, 2005; François et al., 2013) and the origin of phenotypic diversity because of 

endogenous variability in the abundance of key signaling regulators (Feinerman et al., 

2008b).

Antigen discrimination by T cells has been considered mostly as the intrinsic response of 

individual cells. However, recent studies have demonstrated that the threshold of T cell 

activation can be modulated (Slifka and Whitton, 2001), in particular when environmental 

cues are added (McNally et al., 2011; Pipkin et al., 2010; Richer et al., 2013; Williams et al., 

2006). Hence, antigen discrimination may not be cell-intrinsic per se but rather collectively 

tunable by cytokines and chemokines produced by neighboring cells (Richer et al., 2013). 

Such insight would open avenues to manipulate the repertoire of T cell clones responding to 

an infection or to tumors. A specific example is a study where ablation of the regulatory T 

cell compartment led to the enlargement of the repertoire of responding cells, recruiting 

additional clones of weaker affinity for the antigen to the adaptive immune response against 

infection (Pace et al., 2012). Hence, rather than a set threshold of activation for each T cell 

(Au-Yeung et al., 2014), integration of environmental cues may lead to fine-tuning the 

response to antigens, raising the possibility that co-responding T cells could modulate each 

others responses, either negatively through competition for limited cytokines or chemokines 

(Busse et al., 2010; Feinerman et al., 2010; Pace et al., 2012) or positively through synergy 

between antigen and chemokine/cytokine signaling (Pace et al., 2012; Richer et al., 2013)

Here we explore how the strong antigen response of CD8+ T cells impact the activation of 

neighboring weaker clones (a process akin to co-optation in decision making). We 

demonstrate a critical role for IL-2 as a cytokine whose accumulation and sensing by T cells 

add to the signaling response of the TCR, enabling full and complete activation despite a 

sub-threshold response to antigen. Strong activation of few T cell clones generates sufficient 

IL-2 to co-opt a fraction of weaker clones into activation. We identify cummulative PI3K 

activation as the dominant molecular mechanism controling cell cycle entry through 

integration of TCR and IL-2 receptor (IL-2R) signals.

To understand quantitatively how IL-2 modulates cell cycle entry for weakly stimulated 

cells, we developed an experimentally parametrized computational model of the integration 

of TCR and IL-2R signals. Such modeling approach has recently provided valuable insights 

about different functions of the immune system, with theoretical efforts addressing how the 

TCR signaling machinery achieves ligand discrimination (François et al., 2013; Stepanek et 
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al., 2014), how T cells regulate their differentiation and cell lineage commitment (Buchholz 

et al., 2013; Gerlach et al., 2013; Schulz et al., 2009), how populations of T cells respond 

collectively to antigens and cytokines (Hart et al., 2014; Tkach et al., 2014) etc. 

Computational models of the immune response serve three purposes: 1) testing the 

sufficiency of our biological understanding; 2) tackling the combinatorial and dynamic 

complexity of immune regulations; 3) designing new perturbations for immunotherapeutic 

manipulations. The strength of these recent modeling effort resides in their experimental 

parametrization, enhancing the biological relevance of their results and leading to explicit 

predictions that can be tested experimentally. Here, using our model of integration of local 

TCR and global IL-2R signals, we demonstrate that non-linear signal transduction coupled 

to the inherent stochasticity of the processes regulating gene expression accounts for the 

observed heterogeneity of first division times in response to IL-2. We also predict and 

confirm experimentally how entry into cell cycle is modulated by IL-2 signals and is 

strongly dependent on antigen affinity and availability. Extending our model to the context 

of duoclonal populations of T cells, we further predict and experimentally confirm how co-

optation of weaker clones depends on cell density and antigen availibility. Finally, we 

investigate how regulatory T cells (Treg) can regulate the the co-optation of weaker clones 

based on their consumption of IL-2 and discuss potential applications for clinical 

immunotherapies.

Results

Inter-clonal co-optation among CD8+ T cells depends on TCR signal strength

To investigate the possible interdependencies within a polyclonal population of T cells, we 

used two well-characterized CD8+ TCR transgenic T cells, namely the OT-1 and P14 cell 

clones. Each T cell clone expresses a TCR with high affinity for a specific agonist ligand, a 

peptide (SIINFEKL, denoted as N4 for OT-1 cells; KAVYNFATM, denoted as GP33-41 for 

P14 cells) presented by a particular subset of MHC-I molecule (H-2Kb for N4 and H-2Db 

for GP33-41) on the surface of antigen presenting cells (APCs). We isolated TCR-transgenic 

T cells from the spleen of naïve OT-1 and P14 mice and co-cultured these two T cell 

populations in the same wells. To ensure that antigen presentation was minimally affected 

by the presence of the other cell type, we used distinct sets of APCs to present the ligands 

specific for each cell type (Fig.1-A). We monitored the proliferation of each cell type 

simultaneously by monitoring with single-cell resolution the dilution of an amine reactive 

dye (CTV for OT-1 cells and CFSE for P14 cells). This proliferation assay allows one to 

track the number of divisions a given cell has undergone until the time of observation (Fig.

1-B). Specifically we tested a set of altered peptide ligands for OT-1 T cells (Zehn et al., 

2009) with varying capacities to stimulate. We observed that, although most of the OT-1 

cells (>96%) proliferated when stimulated by the agonist antigen (H-2Kb / N4), only 25% of 

OT-1 cells divided when they were stimulated by equivalent quantities of the H-2Kb / G4 

variant (Fig.1-C,D). Surprisingly, the percentage of OT-1 cells to proliferate under G4 

stimulation increased (to more than 60%) when co-cultured P14 cells were simultaneously 

activated in the same culture milieu. In contrast, OT-1 cells stimulated by the agonist N4 

were largely indifferent to the activation status of the co-cultured P14 cells, with close to 

98% of OT-1 cells entering the cell cycle (Fig.1-C,D). Hence, the vicinity of activated P14 

Voisinne et al. Page 3

Cell Rep. Author manuscript; available in PMC 2016 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells could co-opt weakly activated neighboring T cells that would otherwise fail to enter the 

cell cycle and proliferate.

IL-2 mediates the inter-clonal co-optation of weakly stimulated CD8+ T cells

To investigate the signaling mechanism co-opting weakly stimulated T cells, we repeated 

the experiments described in Fig 1-B and further inhibited JAK kinases (whose activation is 

critical for the response to extracellular cytokines): we found that JAK inhibition entirely 

abrogated the co-optation from P14 cells (Fig.1-C,D). This strongly suggested that soluble 

factors (i.e. cytokines activating the JAK/STAT pathway) play a major role in this inter-

clonal co-optation. We therefore tested directly the impact of different cytokines including 

IL-2, IL-4, IL-6, IL-7, IL-9, IL-15, IL-21 and IFN-γ on the activation of OT-1 T cells 

stimulated with the weak agonist G4. We found that, amongst all the cytokines tested, only 

IL-2 and IL-4 were able to substantially co-opt weakly stimulated CD8+ T cells and increase 

the fraction of OT-1 precursor cells that entered cell cycle (Fig.1-E). It is important to note 

here that other cytokines, such as IL-7, maintained cell viability as well as IL-2 and IL-4 but 

they could not trigger entry into the cell cycle on their own (see Fig.S1). Titrations of IL-2 

and IL-4 revealed slightly different effects of these cytokines on cycle entry and survival: 

while IL-2 was found to be more efficient in triggering cell cycle entry, IL-4 could sustain 

cell viability better than IL-2 (see Fig.S1).

We next tested whether the candidate cytokines IL-2 or IL-4 could be responsible for the co-

optation of weak T cell clones in co-culture settings. We used antibody blockade to 

specifically inhibit the effects of IL-2 or IL-4 in the co-culture. We found that, whereas the 

cooptation of weakly activated OT-1 was unaltered when IL-4 was blocked, IL-2 blockade 

abrogated this co-optation almost entirely (Fig.1-F). We confirmed the importance of IL-2 

signaling as a key mediator of the inter-clonal co-optation using a blocking antibody against 

IL-2Rα, the α subunit of the IL-2 receptor (also named CD25). Other studies suggested that 

CCL3/4/5 chemokines were possible mediators of the activation of low affinity clones in 

vivo (Pace et al., 2012), however, in our experimental in vitro settings, we found that the 

initial addition of these chemokines could not trigger proliferation of weakly stimulated 

clones (Fig.S1). Moreover, blocking CCL3/4/5 chemokines did not abrogate the co-optation 

of weakly stimulated clones when co-cultured with strongly stimulated neighboring P14 

cells (Fig.S1). Therefore, in our experimental in vitro settings, the inter-clonal boost to 

entrain weak T cell clones into proliferation is mediated by soluble IL-2 secreted by 

neighboring cells.

We further investigated when IL-2 can synergize with TCR signals to drive cell cycle entry 

for T cell responding to weak antigen stimulation. We delayed the addition of IL-2 after the 

initial stimulation by weak agonists, and found that IL-2 is needed in the first 20 to 30h 

following antigen stimulation (Fig.S1). Using IL-7 as a factor promoting survival without 

triggering cell cycle entry (see Fig.1-E and Fig.S1), we demonstrated that the early 

requirement for IL-2 for cell proliferation was independent of cell death (Fig.S1).

To confirm the activation status of weakly stimulated CD8+ T cells in presence of IL-2, we 

measured the expression of surface activation markers CD44 and CD69, transcription 

factors Tbet and Eomes as well as production of IL-2 and IFN-[.gamma] and found them 
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comparable to that of strongly stimulated cells proliferating without external IL-2 (Fig.S2). 

Thus, co-optation of weakly stimulated T cells in presence of IL-2 leads to a full and 

complete activation similar to that of strongly activated cells, albeit at lower frequency. Our 

results therefore demonstrate that sensing of IL-2 in the first hours following antigen 

encounter can trigger the complete activation of a fraction of weakly stimulated T cells.

IL-2 signaling contributes to cell cycle entry through PI3K activation

We next sought to identify the molecular mechanisms by which IL-2 signaling contributes to 

cell cycle entry for weakly activated CD8+ T cells. We first combined the use of small 

molecule inhibitors to target several signaling pathways, namely the JAK-STAT, MAPK 

and PI3K-AKT-mTOR pathways, downstream of the TCR and IL-2R and measurements of 

the abundance of phosphorylated species implicated in the activation of these pathways (Fig.

2-A). Phosphorylation of STAT5 was used as a control for IL-2R stimulation. MEK1/2 and 

PI3K inhibition did not affect STAT5 phosphorylation following IL-2R engagement 

whereas, as expected, it was entirely abrogated by JAK inhibition (Fig.2-B,C). As 

previously reported (Brennan et al., 1999; Cho et al., 2013), we observed that both S6 

ribosomal protein (denoted as S6) and ERK1/2 (noted ERK) were phosphorylated after IL-2 

stimulation. Although S6 is reported as a target for activated ERK (Wang et al., 2001), 

MEK1/2 inhibition did not abrogate IL-2 mediated phosphorylation of S6. Instead, PI3K 

inhibition efficiently prevented S6 phosphorylation without affecting ERK phosphorylation 

after IL-2 stimulation (Fig. 2B). In line with previous results demonstrating the importance 

of S6 activation by PI3K in the control of cell cycle progression (Brennan et al., 1999), our 

signaling results suggested a critical role for PI3K activation in mediating IL-2 impact on 

cell cycle progression in the context of weak TCR stimuli.

To confirm this at the functional level, we used the proliferation assay presented above. We 

stimulated OT-1 T cells with antigens of different affinities for the TCR (H-2Kb expressing 

cells, loaded with N4, T4 and G4 peptides, in descending order of antigenicity) in the 

presence or absence of IL-2 and inhibition of the pathways under consideration (Fig. 2A). 

CD8+ T cells activated by a TCR agonist produce endogenous IL-2. To ensure a uniform 

amount of IL-2 across the different conditions, we took advantage of the fact that IL-2 from 

human origin is as potent a ligand for murine IL-2 receptor as the endogenous IL-2 (Deenick 

et al., 2003). We could therefore control the amount of total IL-2 in the culture by using an 

antibody that blocked specifically secreted murine and not human IL-2 and by dispensing a 

fixed concentration of human IL-2.

As anticipated from the previous observation that OT-1 cells receiving strong TCR stimuli 

(Kb/N4) were insensitive to any co-optation from co-cultured P14 T cells, the addition of 

external IL-2 or inhibition of JAK had little impact on their proliferation (Fig. 2D). In 

contrast, inhibition of MAPK and PI3K both affected the percentage of cells that divided 

after stimulation with Kb/N4. Addition of external IL-2 could only rescue the proliferation 

of cells treated with a MEK1/2 inhibitor and not with a PI3K inhibitor (Fig.2D).

In comparison to these strong TCR stimuli, intermediate TCR stimuli (Kb/T4) induced a 

lower percentage of cells to divide in the absence of IL-2 and the addition of external IL-2 
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was found to increase this percentage. Similarly to the Kb/N4 case, the impact of MEK1/2 

and not of PI3K inhibition could be rescued with the addition of IL-2.

In the case of weak TCR stimuli (Kb/G4), proliferation was only observed in the presence of 

IL-2 (Fig. 2-C,D). In line with our results with short term signaling assays (Fig.2-B), 

inhibition of JAK and PI3K abrogated the effect of IL-2 while inhibition of MEK1/2 was 

insignificant in terms of cell cycle entry. We also measured the up-regulation of the IL-2Rα 

receptor subunit in the presence of IL-2 under PI3K inhibition (at an inhibitor dose for 

which entry into cell cycle was blocked - Fig.S3) but not under JAK inhibition: this 

demonstrated that IL-2R up-regulation was mediated by the JAK-STAT pathway, and was 

largely independent of PI3K activity. Our experiments thus delineated the overlapping 

signaling responses downstream of TCR and IL-2R: initial TCR signals are critical to drive 

IL-2Rα expression, which in turns enable IL-2 responsiveness and further PI3K activation. 

Such PI3K activation then acts as the integration point between the TCR and IL-2 pathways 

controlling the entry into cell cycle for weakly stimulated CD8+ T cells in the presence of 

IL-2.

A hybrid stochastic/deterministic model recapitulates the distribution of first division 
times and its modulation by IL-2

Our previous results indicate that IL-2 can modulate cells’ decision to enter cell cycle 

through the activation of the PI3K-AKT-mTOR pathway. We found that this decision to 

enter the cell cycle was highly heterogeneous, even within isogenic populations of cells: 

after three days in the presence of IL-2, a fraction of weakly stimulated cells underwent up 

to five cell divisions (>20%) while others had not started to divide (Fig.2D).

To understand the origin of this divergence of cell fates -between entering the cell cycle or 

not (Au-Yeung et al., 2014)- and the tuning role of IL-2, we developed a quantitative model 

that bridges the different time scales of the events occurring during the first days following 

antigen encounter (Fig.3-A, see Document S1 and Fig.S4 for a complete definition of the 

model). We modeled the activation of T lymphocytes at the individual cell level by 

modeling the signaling responses downstream of the engagement of the antigen and IL-2 

receptors. These in turn activate transcription factors that regulate the expression of 

cytokine, cytokine receptors and CyclinD (a critical regulator of cell cycle entry).

To account for the observed phenotypic variability in cell cycle entry, we implemented a 

mixed deterministic / stochastic modeling framework. We reasoned that signaling responses 

occur on fast timescales (min) using large number of proteins (e.g. 30,000 receptors for the 

antigen): these could be modeled with steady-state approximations or deterministic ordinary 

differential equations. As far as transcriptional responses are concerned, their slow dynamics 

and the low copy number of mRNA (e.g. for IL-2Rα and CyclinD) necessitate a stochastic 

treatment. Such stochasticity generates cell-to-cell variability that may account for 

heterogeneity in cell cycle entry within isogenic population of cells.

From our theoretical point of view, the modulation of cell cycle entry by IL-2 can be best 

understood by considering the two “extreme” regimes: 1) In the absence of IL-2, the 

constant presence of a strong agonist antigen (characterized by a long half-life of binding 
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with the TCR, τ=10s) leads to an equilibrium distribution for IL-2Rα peaked at a finite 

value close to its mean value set to 103 copies per cell (Fig.3-B and Fig.S2). For a weaker 

agonist (τ=1s), this equilibrium distribution is shifted towards smaller values. Importantly, 

even though its mode corresponds to null expression of IL-2Rα, indicating that the most 

probable number of IL-2Rα molecules per cell at any given time is zero, the tail of this 

distribution is long and a fraction of cells also express amounts of IL-2Rα similar to those 

obtained with a strong agonist (see experiments in Fig.S2).

2) Conversely, in the absence of antigen and in the condition where the level of IL-2 is 

maintained constant, the mean value of IL-2Rα reached at equilibrium depends on the 

constant amount of IL-2 provided. Without IL-2, the basal rate of transcription of the il-2rα 

gene provides a unique stable equilibrium point with only a few IL-2Rα molecules per cell 

(Fig.3-B). In the presence of a sufficient amount of IL-2, another stable equilibrium point 

exists with a large number of IL-2Rα molecules per cell. Given the dependency of IL-2 

signaling on IL-2Rα abundance (Cotari et al., 2013), as illustrated in Fig.S5, these two 

stable equilibrium points can coexist for an intermediate dose of IL-2 and are separated by 

an unstable equilibrium point for intermediate abundances (IL-2Rα* ~ 300 for 

[IL-2]=10pM). Accordingly, in this particular case, a cell with an abundance of IL-2Rα 

greater (resp. smaller) than IL-2Rα* will eventually reach the high IL-2Rα (resp. low 

IL-2Rα) stable equilibrium point.

We used our model to probe the more realistic regime when both the availability of antigen 

and IL-2 are dynamically regulated: at any given time, the quantity of IL-2Rα expressed by 

a cell and the amount of available IL-2 set a tendency to evolve towards one or the other 

equilibrium state. In the high equilibrium state, signal transmitted through the IL-2R are at a 

maximum and PI3K is efficiently activated. In the case of stimulation with a weak agonist 

(τ=1s), the occasional bifurcations towards the high equilibrium point in the presence of 

IL-2 allow enough PI3K activation to efficiently accumulate CyclinD molecules and to 

eventually cross the threshold for cell cycle entry (Fig.3-C-D) as observed experimentally 

(Fig.S2).

The proposed model reproduced accurately the experimental distribution of first division 

times for strong and weak agonists in the presence or absence of IL-2 (Fig.4-A). For strong 

agonists (τ =10s), PI3K activation is initially dominated by signals generated by the TCR 

and CyclinD is efficiently accumulated without any need for additional inputs from the 

IL-2R (Fig.3-D). For weak agonists (τ =1s), initial TCR signals fail to generate enough 

CyclinD on their own and crossing of the CyclinD accumulation threshold necessitates PI3K 

activation through IL-2 signals. Our model for TCR signaling (François et al., 2013) 

indicates that low presentation of strong agonists results in proximal TCR signals 

comparable in strength to those obtained with a large quantity of weak agonists. As such, 

our global model for the integration of TCR and IL-2R signals predicted that IL-2 should 

also modulate cell cycle entry for cells stimulated with low quantities of strong agonists, and 

more generally with weak TCR signals. Such quantitative predictions were accurately 

verified experimentally by titrating the presentation of a number of peptide variants with 

different affinities for the OT-1 TCR, namely E1, G4, V4, T4, Q4 and N4 in ascending 

order, in the presence or absence of exogenous IL-2 (Fig.4-B). All together, our 
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computational model accounts for the impact of local (antigen-based) and global (IL-2-

derived) cues that T cells must integrate to decide whether to enter cell cycle or not.

Inter-clonal co-optation within a population of T lymphocytes is modulated by cell density, 
antigen availability and presence of Treg cells

We then derived quantitative predictions from our computational model to test how variable 

cooptation of weakly stimulated T cells is. Experimentally, we observed that co-optation of 

weakly stimulated T cells depended not only on the total quantity of IL-2 (Fig.S1) available 

but also on the timing of IL-2 presence (Fig.S1). Our model for global IL-2 accumulation 

predicted that the duration of IL-2 availability above a certain concentration and the amount 

of accumulated IL-2 depended on many parameters, including the number of initial 

precursors, antigen availability and the introduction of IL-2 competitors consuming the 

shared resource (Fig.S5). To test this prediction experimentally, we investigated how the 

density of ‘co-opting’ P14 cells and the presence of IL-2-consuming cells (e.g. CD4+CD25+ 

regulatory T cells a.k.a. Tregs) impacted the inter-clonal co-optation of weakly stimulated T 

cells. We isolated Tregs from wild-type splenocytes and included them in our in vitro co-

culture system (Fig.5-A). As detailed above, we tracked the number of cell division 

experienced by both the ‘co-opting’ P14 cells and the weakly activated OT-1 cells (Fig.5-B). 

As expected, we observed that the co-optation of weakly activated OT-1 cells depended on 

the density of strongly activated P14 cells. At low cell density, we found that Tregs 

suppressed the co-optation of weakly activated OT-1 T cells as efficiently as a direct 

blockade of IL-2. In contrast, the suppressive action of Tregs was mostly lost at higher 

densities of co-opting cells (Fig.5-C). Titrating the presentation of the strong antigen for P14 

cells along with the number of P14 cells revealed that this dependency on the density of co-

opting cells was not absolute. Indeed, we observed that Tregs could suppress the inter-clonal 

co-optation even at high density of co-opting cells, when these cells were stimulated with 

less antigen (Fig.5-D,E). These different observations were found to be in good agreement 

with model predictions (Fig.5-E).

Together, our theoretical and experimental results suggest an alternative role for IL-2 

consumption by Tregs: in addition to acting on the survival and differentiation of 

proliferating CD8+ T cells (Kastenmuller et al., 2011; Pandiyan et al., 2007), our data 

suggest that competition for IL-2 is a suppressive mechanism that may also act on the initial 

cell cycle entry for weakly activated CD8+ T cells. In addition to modulating the recruitment 

to APC (Pace et al., 2012), IL-2 deprivation could therefore constitute an alternative 

mechanism by which Treg cells shape the repertoire of T cell clones and restrain the 

activation of low affinity T cells..

Discussion

Our study investigated how IL-2 provided by strongly activated T cells can synergize with 

the T cell-intrinsic response to antigen to fine-tune overall T cell activation. Weak (e.g. self) 

antigens are usually insufficient to trigger the full activation of cells through their sole 

engagement of the TCR. However, the overlay of multiple pathways into canonical 

signaling responses (e.g. ERK, PI3K phosphorylation or NFkB activation) creates the 
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possibility for a crosstalk between signaling responses, and the cooperative tuning of T cell 

activation through external stimuli.

Here we demonstrated that a mixed population of two clones of T cells indeed synergizes to 

drive the activation of the sub-optimal clones through sharing of IL-2. Mapping 

experimentally how cell decision to divide is made led us to identify PI3K activation as the 

key signaling response integrating TCR and IL-2R signals (Fig. 2). Conventional 

understanding of T cell activation would dictate that IL-2 acts as a differentiating/mitogenic 

signal at intermediate or late timescales, after T cells are already fully committed to the 

activated states and ready to “read” cytokine cues to drive differentiation (Pipkin et al., 

2010), to accelerate cell proliferation or to abrogate apoptosis (Hart et al., 2014). Our 

experiments demonstrate that blocking CD25 in the first hours of antigen activation does 

abrogate the synergetic effect of IL-2 even at times when key surface proteins associated 

with activation (e.g. CD69, CD25) have not yet been fully up-regulated (Fig. 1F & 2E). 

Hence one surprising result of our quantitative study is that IL-2 can act during the first 

hours of T cell activation and alter the threshold of antigen discrimination (Fig. 3F)

We confirmed the activation status of weakly stimulated CD8+ T cells proliferating in 

presence of IL-2 by comparing their expression of surface markers CD44 and CD69, 

transcription factors Tbet and Eomes as well as production of IL-2 and IFN-[.gamma] to that 

of strongly stimulated cells proliferating without external IL-2 (Fig.S2). While the induction 

of Tbet and IFN-γ were found comparable, CD44 and CD69 where less abundant and 

expression of the transcription factor Eomes was increased indicating a bias towards the 

memory phenotype for T cells activated with weak antigens (Intlekofer et al., 2005). In 

agreement with observations by other groups (Catron et al., 2006; Williams et al., 2006), our 

results support a role for IL-2 in mediating the generation of a T cell memory pool 

originating from weakly stimulated T cells.

Our study highlights the relevance of quantitative models in immunology in validating the 

sufficiency of identified molecular mechanism to account for observed phenotypes. We built 

a hybrid stochastic/deterministic model integrating TCR and IL-2R signals at the level of 

PI3K activation to control cell cycle entry. First, we established our model for individual 

lymphocyte responding to cell-centered antigens and collectively shared cytokines (Fig. 3). 

Non linearity in signal transduction coupled to stochastic gene expression allowed to 

understand the source of divergence and the tuning role of IL-2 between the decisions to 

enter cell cycle or not. We then used our model to test how a polyclonal population of cells 

responds collectively, under varied stimulatory conditions such as varied precursor 

frequencies, varied amounts of antigen, presence or absence of regulatory T cells (Fig. 4). 

Such back-and-forth between biochemically explicit model and experimental validation is 

expanding our quantitative understanding of the immune system (Hart et al., 2014; Tkach et 

al., 2014). Future research will need to include spatio-temporal heterogeneities that are the 

hallmark of cytokine communication in vivo (while this study focused on establishing a 

well-mixed model that matches our experimental settings in vitro).

Through the mechanism we have put forward here, weakly self-reactive clones could be 

triggered into clonal expansion as a bystander effect in other immune reactions. Our results 
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therefore highlight the importance of mechanisms regulating the concentration of 

inflammatory cues, for instance via consumption by Treg cells, to prevent the development 

of autoimmune diseases and maintain self-tolerance.

In this study, we demonstrate how heterogeneous gene expression (in our case of IL-2Rα) 

can lead, albeit under the same environmental circumstances, to different cell fates. In the 

case of the immune system, such divergence of cell fates could help maintain the diversity 

of the T cell repertoire in order to cope with future unpredictable challenges. Similar 

behaviors exist in other systems, such as bacterial populations, where heterogeneous 

virulence gene expression can promote the survival of a fraction of the population against 

exposure to antibiotics through a bet-edging mechanism (Deris et al., 2013). These results 

suggest that bistability in the response to environmental cues could serve as a general 

strategy employed by biological systems to cope with changing, uncertain environments.

The long-term practical impact of our study will be in the field of immunotherapy where 

expansion of the pool of T cells involved in an immune response may be a useful tool to 

boost immune responses. Based on our study, we posit that appropriately timed and dosed 

delivery of IL-2 may constitute a valuable approach to co-opt weak T cell clones into 

contributing to the immune response (e.g. against weakly antigenic tumors). Other 

manipulation of the inflammatory milieu –such as delivery of IFN-γ (Richer et al., 2013) 

and boosting/blocking of the regulatory T cell compartment (Boyman et al., 2006)- will need 

to be further explored to expand or limit the repertoire of T cell clones acquiring effector 

function.

Overall, our study highlights how antigen discrimination by T lymphocytes is not uniquely a 

cell-intrinsic property of the signaling cascades but should be considered as the integration 

of multiple cues, from the local with the quality and quantity of antigens, to the global, with 

the dynamics of accumulation and response of inflammatory cytokines.

Materials and Methods

Mice, antibodies and reagents

Mice: C57BL/6N (Taconic Farms, Hudson, NY, USA), OT-1 TCR transgenic (NIAID 

model number 4175, Taconic Farms) on a Rag1-/- background and LCMV-P14 TCR 

transgenic mice (NIAID model number 4138, Taconic Farms) were used to prepare culture 

of primary lymphocytes. All mice were bred and maintained in accordance with the protocol 

(MSKCC#05-12-031) approved by the institutional animal care and use committee 

(IACUC) of Memorial Sloan Kettering Cancer Center.

Antigen peptides: The LCMV-P14 TCR agonist peptide KAVYNFATM (GP33-41) and the 

OT-1 TCR agonist ovalbumin peptide SIINFEKL (N4), along with its variants EIINFEKL 

(E1), SIIGFEKL (G4), SIIVFEKL (V4), SIITFEKL (T4) and SIIQFEKL (Q4), were 

obtained from Genscript (Piscataway, NJ, USA).

Antibodies: Antibodies against surface molecules CD8α (clone 53-6.7) and CD25 (IL-2Rα, 

clone PC61) were purchased from BioLegend (San Diego, CA, USA). Antibodies against 
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CD44 (clone IM7), CD69 (clone H1-2F3) were from BDBiosciences. Neutralizing 

antibodies against Mouse IL-2 (clone JES6-1A12), Mouse IL-4 (clone 11B11) and CD25 

(clone PC61.5) were purchased from eBioscience (San Diego, CA, USA) and BioXCell 

(West Lebanon, NH). Primary antibodies against phospho species Phospho-p42/p44 MAPK 

(pp-ERK, Thr202/Tyr204, clone E10), Phospho-S6 ribosomal protein (p-S6, Ser235/236, 

clone D57.2.2E) and Phospho-STAT5 (p-STAT5, Tyr694, clone C11C5) were purchased 

from Cell Signaling Technology (Beverly, MA, USA). Secondary Rat antibody against 

Mouse IgG-APC was purchased from Jackson ImmunoResearch Laboratories (West Grove, 

PA, USA). Secondary Goat antibody against Rabbit IgG F(ab’)2-PeCy7 was purchased from 

Santa Cruz Biotechnology (Dallas, TX, USA).

Small molecule inhibitors : Chemical inhibitors targeting JAK (JAKi, AZD1480), MEK1/2 

(MEKi, PD 0325901) and PI3K (PI3Ki, LY294002) were purchased from Selleckchem 

(Houston, TX, USA).

Other reagents: The viability dye (Live/Dead Fixable Yellow) and amine reactive dyes 

CFSE (5(6)-Carboxyfluorescein diacetate N-succinimidyl ester) and CTV (Cell Trace 

Violet) were purchased from Life Technologies (Carlsbad, CA, USA). Recombinant human 

IL-2 and mouse IL-2, IL-4, IL-6, IL-7, IL-9, IL-15, IL-21 and IFN-γ were obtained from 

eBioscience (San Diego, CA, USA). All cell cultures were prepared in complete RPMI 

prepared by the MSKCC core media preparation facility (this medium contained 

RPMI-1640 augmented with 10% fetal bovine serum, 10 μ g/mL penicillin/strep, 2mM 

glutamine, 10mM HEPES (pH 7.0), 1mM sodium pyruvate, 0.1mM non-essential amino 

acids and 50μM β-mercaptoethanol). For flow cytometry analysis, FACS buffer consisted of 

10% fetal bovine serum (MSKCC tissue culture core facility) and 0.1% sodium azide in 

PBS.

Cell cultures

For signaling assays, OT-1 T cell cultures were prepared as follows. Irradiated (3000 RAD) 

C57BL/6N (B6) splenocytes were pulsed for 2hr with SIINFEKL (N4) peptide, washed once 

and used as antigen presenting cells. OT-1 cells were harvested from spleen and mixed with 

N4-pulsed B6 splenocytes in complete RPMI. After two days, cells were expanded by 2-fold 

dilution into complete medium with 1nM IL-2. After four days, the cells were again 

expanded by 2-fold dilution into complete medium with IL-2. After one more day of culture, 

cells were harvested and spun through a 1.09 density Ficoll-Paque Plus gradient (GE 

Healthcare) to remove dead cells. Live cells were recovered, washed twice in complete 

medium and resuspended at 1 million/mL in complete medium with 1nM IL-2. Cells were 

used for experiments between 6 and 8 days after primary stimulation.

Cytokine signaling assay

Live cells were purified from collected cells by separation on a Ficoll gradient. In order to 

strip surface receptors from bound cytokines, cells were resuspended in a glycine buffer 

(0.1M, pH=4.0) for 1min on ice, washed twice in complete RPMI and allowed to rest for at 

least 30min at 37°C. Cells were pre-incubated with small molecu le inhibitors for 15 min 

before stimulation. Inhibitor concentrations were maintained at the same level during 
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stimulation. Cells were stimulated with 1nM recombinant Mouse IL-2 in complete RPMI 

and placed on a water bath at 37°C for 15min. Cells were then directly fixed for 10 min on 

ice in 2% paraformaldehyde followed by permeabilization on ice in 90% methanol for at 

least 10 min. Cells were then washed twice in FACS buffer and stained with antibodies 

specific for different phosphorylated species, followed by incubation with labeled secondary 

antibody and conjugated antibodies specific for surface markers (CD8α and IL-2Rα).

Proliferation assays

For proliferation assays, irradiated (3000 RAD) C57BL/6 splenocytes were used as antigen 

presenting cells (APCs). APCs were pulsed for 2h with a given peptide before being washed 

extensively in complete RPMI. Responder OT-1 and P14 cells were harvested from spleen 

and stained with 2.5 M of CTV and CFSE respectively. CD8α + P14 cells were then isolated 

using antibody coupled magnetic beads (Miltenyi Biotec, San Diego, CA, USA) and the 

percentage of CD8α + OT-1 and P14 cells was measured on a LSRII instrument (BD 

Bioscience, San Diego, CA, USA). Unless otherwise indicated, for a given responder cell 

type, 105 CD8α + responder cells were stimulated with 2.5×105 APCs pulsed with 1 M of 

the corresponding peptide per well of a 96 V-bottom plate (Thermo Scientific). In the case 

where Tregs are present, 105 CD4+CD25+ cells isolated from C57BL/6N splenocytes using 

magnetic beads (Miltenyi Biotec) were added. Indicated cytokines (1nM unless otherwise 

indicated), blocking antibodies (4 g/mL) and chemical inhibitors were then added to reach a 

final volume of 200 L per well. Contacts between T cells and APCs were synchronized 

using a quick centrifugal spin (10s at 450g) before incubation at 37°C. After the indicated 

incubation period, cells were washed in PBS and stained with a viability dye (Live/Dead 

Yellow). Cells were then resuspended in FACS buffer and stained for surface markers. 

Fluorescence was then acquired on a LSRII instrument (BD Bioscience, San Diego, CA, 

USA).

Quantification of precursor cell number

P14 and OT-1 cells were identified amongst live CD8α+ cells based on the GMFI of CFSE 

and CTV using the FlowJo software (Ashland, OR, USA). The number of cell divisions 

experienced by a cell of a given type was obtained from the dilution profile of the 

corresponding dye. The number of cells having experienced k divisions until the time of 

observation tobs, denoted Nk, was obtained using gates defined around identified peaks in the 

distribution of the corresponding dye. Assuming a uniform and constant doubling period T, 

the number of precursor cells that divided k times was estimated as NPk = Nk / 2k. The 

corresponding time of first division was then computed as tstart = tobs – k*T. At the time of 

observation tobs, the percentage of cells that divided at least once is given by (Σk>0 NPk)/(Σk 

NPk).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1. The inter-clonal co-optation of weakly activated CD8+ T cells is dependent on IL-2
(A) Two different TCR transgenic CD8+ T cell populations (P14 and OT-1) were labeled 

with different amine reactive dyes (CFSE and CTV respectively) and stimulated in vitro 

with specific antigens presented by distinct APCs.

(B) Tracking of the proliferation of the two different T cell populations by flow cytometry 

using the dilution of a fluorescent amine reactive dye (CFSE for P14 cells and CTV for 

OT-1 cells). Representative dot plot of CFSE and CTV MFI for live CD8+ cells after 3 days 

of co-culture. At each cell division, the amount of the amine reactive dye per cell is divided 
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uniformly by a factor 2 amongst daughter cells, which allows one to track the number of 

divisions experienced by a given cell until the time of observation and to estimate the 

number of divisions performed by precursor cell.

(C and D) Activated P14 cells co-opt only weakly stimulated OT-1 cells and this is 

conditioned upon JAK signaling. (C) Distributions of the number of cell divisions per OT-1 

precursor cells after 3 days in the in vitro co-culture system presented in (A) and (B). OT-1 

cells were stimulated with Kb MHC loaded with either a strong (N4, peptide sequence : 

SIINFEKL) or a weak agonist (G4, peptide sequence : SIIGFEKL). For each condition of 

stimulation for the OT-1 cells, the co-cultured P14 cells were either not stimulated (‘no co-

optation’ condition), or stimulated with their cognate antigen GP33-41 (‘with co-

optation‘ condition) in the presence or absence of a JAK inhibitor (AZD1480, 1uM). (D) 

Representation of the percentage of OT-1 precursor cells that divided for the experiment 

shown in (C). Error bars represent mean +/− SD for three replicates; the results are 

representative of n≥3 independent experiments.

(E) Effect of the addition of different cytokines on the proliferation of OT-1 cells stimulated 

with the weak agonist Kb/G4 in the absence of ‘co-opting’ P14 cells. A given dose of 

cytokine (1nM) was added at time t=0 and the number of OT-1 precursors that divided was 

estimated after 3 days. Error bars represent mean +/− SD for three replicates; the results are 

representative of n≥3 independent experiments. Amongst the cytokines tested, IL-2 and IL-4 

were found to be the only ones to allow a significant fraction of weakly stimulated OT-1 

cells to proliferate.

(F) IL-2 and not IL-4 is responsible for the co-optation of OT-1 cells by P14 cells. OT-1 

cells were stimulated with a weak agonist (Kb/G4) in the presence of P14 cells left either 

unstimulated (‘no co-optation‘) or stimulated by their cognate antigen Db/GP33-41 (‘with co-

optation‘). Blocking antibodies against Mouse IL-2 (clone JES6-1A12) and IL-4 (clone 

11B11) were added at time t=0 to identify the cytokines mediating the co-optation of OT-1 

cells. The effect of IL-2 blockade was confirmed using a blocking antibody against the alpha 

subunit of the IL-2 receptors (CD25, clone PC61.5). Error bars represent mean +/− SD for 

three replicates; the results are representative of n≥3 independent experiments.
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Fig. 2. IL-2 modulation of cell cycle entry relies on PI3K activation and is independent of MAPK 
activity
(A) Schematic representation of the signaling pathways downstream of the TCR and the 

IL-2R. The different phospho-species measured are indicated by black stars. Inhibitors used 

here are represented next to their target.

(B) Effect of small molecule inhibitors on IL-2 signaling. Representation of the GMFI of the 

phospho signals indicated in OT-1 T cell blasts left unstimulated or stimulated with 1nM 

IL-2 at 37°C for 15min in the presence of different inhibit ors (MEKi, 1 M; JAKi, 1 M; 
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PI3Ki, 3 M). Error bars represent mean +/− SD for three replicates; the results are 

representative of n≥3 independent experiments.

(C and D) Effect of IL-2 and small molecule inhibitors on the proliferation of OT-1 CD8+ T 

cells stimulated with antigens of varied strength (N4 > T4 > G4). Cells were cultured for 3 

days in the presence of a blocking antibody against the endogenous mouse IL-2 (clone 

JES6-1A12) either alone (‘No Cyt’) or with the addition of an initial dose (1nM) of human 

IL-2 and different inhibitors (MEKi, 1 M; JAKi, 1 M; PI3Ki, 10 M). (D) Representative 

histogram of the CTV GMFI. (E) Representation of the percentage of OT-1 precursor cells 

that divided for the experiment shown in (D). Note that, for reasons of readability, 

histograms corresponding to stimulations in absence of IL-2 and in the presence of inhibitors 

are not shown in (D). Error bars represent mean +/− SD for three replicates; the results are 

representative of n≥3 independent experiments.
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Fig. 3. A hybrid computational model for the regulation of cell cycle entry through the 
integration of TCR and IL-2R signals exhibits a bistable behavior
(A) Schematic representation of the hybrid quantitative model for the interplay between 

TCR and IL-2 signaling in the regulation of cell cycle entry. Events occurring on short time 

scales, such as phosphorylations, are treated as deterministic and we assume quasi-

equilibrium for the corresponding variables. Events occurring on long time scales, such as 

gene transcription and mRNA translation, are treated as stochastic (green arrows). For 

weakly TCR stimulated cells, variability in the expression of the IL-2 receptor (IL-2Rα) 

ensures that only a fraction of them express a sufficient amount of the receptor to efficiently 
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trigger the (IL-2Rα+IL-2)>(pSTAT5)>(IL-2Rα) positive feedback loop (highlighted in red) 

leading to a (IL-2Rα)-high state, and further activating PI3K and allowing the subsequent 

entry into the cell cycle.

(B) IL-2Rα production and degradation rate as a function of IL-2Rα in the absence of 

antigen (upper panel). In the presence of a constant dose of IL-2, the (IL-2Rα

+IL-2)>(pSTAT5)>(IL-2Rα) positive feedback loop (highlighted in red in (A)) leads to the 

co-existence of two stable equilibrium points (high and low represented as solid black 

circles) separated by an intermediate unstable point (represented as a solid red circle). A cell 

expressing more (resp. less) IL-2Rα than this intermediate level (represented by the vertical 

gray line) will eventually reach the high (resp. low) stable state. Equilibrium distributions of 

IL-2Rα levels in absence of IL-2 for constant levels of two antigens with different affinities 

for the TCR (a weak agonist, τ=1s, and a strong agonist, τ=10s). Dots are results of the 

stochastic simulation and solid lines are theoretical distributions obtained as described in 

(Friedman et al., 2006). In the case of the weak agonist in the presence of a given dose of 

IL-2 and at a given time, only a fraction of cells are above the intermediate unstable IL-2Rα 

level (vertical gray line).

(C) Time evolution of the number of CyclinD molecules for 5 different cells in the case of a 

stimulation by a weak agonist (τ=1s) at time t=0, without IL-2 or in the presence of an initial 

dose of IL-2 (1nM). Cell cycle entry happens when the number of CyclinD molecules 

accumulated in the cell overcomes a fixed threshold (represented by the black dashed line). 

Time of the first division is denoted as “tstart”.

(D) Simplified representation of the model behavior under different stimulatory conditions 

(with low/high affinity antigen in the presence or absence of IL-2). Weakly stimulated cells 

rely on the presence of IL-2 to activate PI3K and subsequently enter cell cycle. The presence 

of a bistable module ensures that only a fraction of weakly stimulated cells (those reaching 

the high stable state) enter cell cycle. For cells stimulated through their TCR with a strong 

agonist, PI3K is efficiently activated downstream of the TCR. Hence, additional inputs from 

engaged IL-2 receptors have little impact on the overall PI3K activity and on the subsequent 

entry into cell cycle.
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Fig. 4. The model for CD8+ T cell activation recapitulates IL-2 modulation of cell cycle entry
(A) Comparison between the experimental and theoretical distributions of first division 

times tstart . Experiments: OT-1 T cells were stimulated with antigens of varied strength 

(Kb/N4 and Kb/G4) and cultured for 3 days in the presence of a blocking antibody against 

the endogenous Mouse IL-2 (clone JES6-1A12) either alone or with the addition of an initial 

dose (1nM) of human IL-2. The cumulative distribution of first division times was computed 

from the GMFI of the amine reactive dye CTV assuming a constant doubling period of 10 

hours. Model: For each condition, we simulated independently 103 different cells stimulated 
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by a weak or a strong antigen (τ=1s or τ=10s) at time t=0, without IL-2 or in the presence of 

an initial dose of IL-2 (1nM).

(B) Representation of the percentage of OT-1 precursor cells that divided as a function of 

antigen quality and antigen quantity. Experiments: OT-1 T cells were stimulated with APCs 

pulsed with antigens of varied strength (from E1 to N4) at various concentrations and 

cultured for 3 days in the presence of a blocking antibody against the endogenous mouse 

IL-2 (clone JES6-1A12) either alone (condition (1) : “no IL-2”, left) or with the addition of 

an initial dose (1nM) of human IL-2 (condition (2) : “+IL-2” condition, center). The 

difference between these two conditions is represented on the pannel on the right. Model: 
For each condition, we simulated independently 103 different cells stimulated by APCs 

presenting 100 to 105 ligands (parameter Ag) of a given affinity for the TCR (parameter τ) at 

time t=0, without IL-2 or in the presence of an initial dose of IL-2 (1nM).
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Fig. 5. Tregs can modulate IL-2 mediated inter-clonal co-optation of weak T cell clones
(A) CD4+CD25+ Tregs cells were added to the in vitro co-culture system introduced in Fig. 

1A.

(B) Representative dot plot of CFSE and CTV MFI for live CD8+ cells after 3 days of co-

culture in absence or presence of Tregs cells (isolated as CD4+CD25+ from B6 

splenocytes). OT-1 cells were stimulated by APCs pulsed with the weak agonist G4 (1uM) 

in the presence of different quantities (condition 1, 103; condition 2, 105) of P14 cells 

stimulated by APCs pulsed with their cognate antigen GP33-41 (10nM). Drawn gates identify 
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P14 and OT-1 populations within live CD8+ cells and their respective frequencies are 

indicated. For each population, the percentage of cells that divided at least once is also 

indicated in parentheses.

(C) Distributions of the number of cell divisions per OT-1 precursor cells after 3 days in the 

in vitro co-culture system for the co-culture conditions 1 and 2 presented in (B) in the 

presence or absence of Tregs or IL-2 blockade. At low density of ‘co-opting’ P14 cells, 

Tregs cells suppress the co-optation of weakly stimulated OT-1 cells as efficiently as a 

direct block of IL-2 and this effect vanishes as the density of ‘co-opting’ cells increases.

(D) Representation of the percentage of P14 and OT-1 precursors cells that divided, in the 

presence or absence of Tregs cells, as a function of the density of ‘co-opting’ P14 cells and 

the concentration of their cognate antigen GP33-41 used to pulse the corresponding APCs. 

The conditions 1 and 2 referenced in (B) and (C) are indicated.

(E) The hybrid model correctly predicts the dependency of the suppression of the inter-

clonal co-optation by Tregs as a function of the co-opting cell density. Representation of the 

percentage of OT-1 precursor cells that divided as a function of the density of co-opting P14 

cells for different quantities of their cognate antigen GP33-41 and in the presence or absence 

of Tregs and IL-2 blockade. Model: OT-1, P14 and Tregs cells were simulated 

simultaneously using replicates of the model presented in Fig.3. OT-1 cells were stimulated 

by a weak agonist (τ=1s). In the case of P14 cells, the cognate antigen was taken as a strong 

agonist with parameter τ=10s. For Tregs, no specific antigen was introduced but we 

considered a high basal transcription rate of the IL-2Rα gene to generate the high abundance 

(set here to 103 copies per cell in the basal state) of IL-2Rα characteristic of this population. 

Simulation results shown were obtained with 104 Tregs per condition. For each condition, 

the percentage of cells that divided was estimated from 103 independent simulations. 

Experiments: cells were co-cultured for 3 days as in (B-D). Error bars represent mean +/− 

SD for two replicates; the results are representative of n≥3 independent experiments.
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