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Coupled IL-2–Dependent Extracellular Feedbacks Govern
Two Distinct Consecutive Phases of CD4 T Cell Activation
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N

aive CD4 T cell activation is controlled by Ag binding to
the TCR in concert with a host of additional inputs from
the APC and the microenvironment. These nonspecific
inputs can be further classified as signals that are restricted to an
individual cell–cell interaction (e.g., costimulatory interactions at
the immunological synapse) and those which can be shared between several neighboring cells, such as those mediated by secreted cytokines. We denote the former as private signals and the
latter as public. Of note, many of these cytokines can be secreted
by activated T cells themselves, resulting in multiple intercellular
autocrine and paracrine feedbacks. These feedback loops interact
in a variety of complex nonlinear ways. Of particular interest is to
establish the interplay between the private and public inputs. The
system also operates in several different timescales (1–3); signaling events proximal to receptor binding are typically rapid
[seconds to minutes (4)], but cytokine production takes hours, and
proliferation requires days. The delay in output is likely to be
important to allow different signals to integrate, hence, facilitating
more complex decision processes to be implemented. The ways by
which T cells dynamically integrate information from different
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signaling pathways at different timescales during activation are
still poorly understood.
One of the most extensively studied aspects of T cell activation
has been the role of IL-2 and the IL-2R complex. IL-2 was
originally described as a cytokine responsible for driving effector
and memory T cell proliferation (5). Paradoxically, however, IL-2–
deficient mice were found to develop autoimmune syndromes (6),
a phenomenon later attributed to the role of IL-2 in the generation,
expansion, and maintenance of regulatory T (Treg) cells (7, 8). IL2 is secreted by T cells upon TCR activation and exerts its major
physiological roles via the IL-2R, a complex of three chains, a, b,
and g, which together form the high-affinity receptor unit (9).
Recently, a quantitative understanding of the relationship between
the concentrations of IL-2 and its receptor’s subunits, and the level
of downstream signaling was gained (10, 11). IL-2 also drives two
extracellular feedback loops that play a key role in the process of
T cell activation: a positive feedback loop that enhances IL-2RA
expression (12, 13) and a negative feedback loop in which IL-2
signaling inhibits subsequent IL-2 expression (14).
Although IL-2 and TCR signaling have been studied separately
at the molecular level, their integration during the process of naive
T cell activation is yet to be elucidated. In particular, questions
remain regarding the temporal segregation of the two signals, their
eventual integration over the longer timeframe and their relative
contribution to proliferation. To answer these questions, we used
a systems immunology approach to explore the kinetic relationship
between the TCR-dependent and IL-2R–dependent events in the
process of T cell activation. We used a robotic system to sample
cultures of T cells during their activation by APCs at a high
temporal resolution of 3 h for up to 4 d. We characterized cell state
and proliferation by multiparameter flow cytometry and quantitative real time PCR (RT-qPCR) to analyze the detailed dynamics
of T cell response following activation. This high temporal resolution data of mRNA and protein levels in response to different Ag
doses and perturbations of TCR and IL-2 signaling allowed us to
quantitatively evaluate kinetic parameters of the system and to
dissect its dependence on these two signals and their temporal
segregation.
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T cells integrate cell-specific Ag receptor signaling with shared signals mediated by secreted cytokines, which often involve regulatory feedback loops. IL-2 signaling, for example, reduces the synthesis of IL-2 and increases the synthesis of IL-2Ra-chain,
whereas both genes require TCR signaling for their activation. The ways by which T cells dynamically integrate these private and
public signals during activation are not well understood. We combined robotics, multiparameter flow cytometry, and real-time
quantitative PCR to analyze T cell activation at high temporal resolution over several days. Two distinct temporal phases of T cell
activation were evident. First, Ag-dependent signals activated low IL-2Ra and high IL-2 production, independent of IL-2
signaling. Subsequently, secreted IL-2 acted as a shared resource driving high IL-2Ra expression, reduced IL-2 synthesis, and
cell proliferation. This transition was independent of continued TCR signaling. Our data allowed the determination of the
parameters of the IL-2–mediated extracellular positive and negative feedback circuits and demonstrated that the two loops
are coupled and become activated at a similar level of IL-2 signaling. We propose that temporal separation of private and shared
signals allows T cells to first integrate Ag-specific responses and subsequently share information leading to collective decision
making. The Journal of Immunology, 2013, 191: 5822–5830.
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Materials and Methods
Mice and cell culture

A robotic system for cell culture and sampling
For high temporal resolution sampling, we used a robotic system for cell
culture and sampling (Freedom EVO; Tecan, Männedorf, Switzerland). The
system includes a compatible cell incubator, a robotic centrifuge, temperature controlled plate holders, and automated liquid handling. Cell
cultures (peptide loaded DCs and T cells, as described above) were grown
in 96-well plates in the robotic incubator. Every 3 h, a plate was removed
from the incubator, and cells from one well (out of several identical replicate cultures that were started at the same time) were sampled into another plate. Half of the cells were stored at 4˚C for further manual Ab
staining and analysis as described below. Half of the cells were used for
mRNA extraction by the robotic system, followed by RT-qPCR analysis.

Staining and FACS
Cells were harvested at different times post incubation, and stained with
allophycocyanin anti–CD25 (PC61; BioLegend, San Diego, CA), PE-antiCD122 (5H4, TMbeta; BioLegend), and LIVE/DEAD Fixable Blue Dead
Cell Stain Kit for UV excitation (Invitrogen, Carlsbad, CA). Cells were
read with LSR-II FACS machine (BD Biosciences, Franklin Lakes, NJ)
using FACSDiva software and analyzed using MATLAB (MathWorks,
Natick, MA).

ImageStreamX
Cells were harvested and stained as for FACS and prepared for reading,
according to the manufacturer’s instructions. Data were analyzed using
IDEAS software (Amnis, Seattle, WA), provided by the manufacturer. To
calculate the distribution of CD25 on cells, the built-in D Centroid XY
function was used, which is the root of the sum of squares of each d
centroid. Forward light scatter (FSC) and CD25 fluorescence channels
were used as masks. Cell area was calculated using the Area feature of the
IDEAS software.

ELISA
Medium was collected from the wells immediately prior to harvesting, and
ELISA was performed using anti–IL-2 Ab clones: JES6-1A12, JES6-5H4
(BioLegend). Standard curves were prepared with the same protein batch
used for cell incubation.

mRNA
For RT-qPCR analysis, RNA was extracted using RNeasy Mini Kit (Qiagen,
Hilden, Germany), according to the manufacturer’s recommendations, and
cDNA was prepared using Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI), according to the manufacturer’s recommendations for oligo(dT)15. Gene-specific relative expression levels
were quantified by real-time PCR using the AB 7300 Real Time System
(Applied Biosystems, Foster City, CA). Amplification was carried out in
a total volume of 20 ml using platinum SYBR Green (Invitrogen). Samples
were run in triplicate, and their relative expression was determined by
normalizing expression of each time point to its cell number and then
comparing this normalized value to the normalized t = 0. Primers used
were the following: IL-2, 59-CGGCATGTTCTGGATTT-39 (forward) and
5-AGGTACATAGTTATTGAGGGC-39 (reverse); and IL-2RΑ, 59-TGTG-

CTCACAATGGAGTATAAGG-39 (forward) and 59-CTCAGGAGGAGGATGCTGAT-39 (reverse).

Extracting the response functions of IL-2 and IL-2RA from high
temporal resolution data
To extract the response functions of the two feedback loops governing IL2RA and IL-2 expression, we used the following set of differential equations
that describe the system:
dIL-2mRNA
¼ KIL-2 þ f1 ðIL-2P  IL-2RAP Þ 2 aIL-2
dt

mRNA

 IL-2mRNA

dIL-2RAmRNA
¼ KIL-2RA þ f2 ðIL-2P  IL-2RAP Þ 2 aIL-2RA
dt
 IL-2RAmRNA

ð1Þ
mRNA

ð2Þ
where IL-2mRNA and IL-2RAmRNA are the mRNA levels of IL-2 and IL2RA, respectively; KIL-2 and KIL-2RA are the IL-2–independent rates of IL-2
and IL-2RA mRNA production, respectively; f1 and f2 are the IL-2–dependent rates of IL-2 and IL-2RA mRNA production, respectively; IL-2p
and IL-2RAP are the measured protein levels of IL-2 in the cell growth
medium and surface IL-2Ra, respectively; and a denotes the degradation
rate of each mRNA species (see below the parameter values that were used
in the analysis). KIL-2 + f1(IL-2P 3 IL-2RAP) and KIL-2RA + f2(IL-2P 3 IL2RAP) are the response functions of the two feedback loops, which we
would like to extract. From equations 1 and 2, the response functions equal
the sum of the time derivative at the left side and the degradation term on
the right side. As we measured both mRNA species at high temporal resolution, it is possible to evaluate from data both mRNA level and its time
derivative and obtain the shape of the response functions. mRNA levels of IL2 and IL-2RA are normalized by the levels of a housekeeping gene (hypoxanthine phosphoribosyltransferase), hence, are less sensitive to changes in
the number of cells during the experiment due to cell proliferation.
To relate the IL-2–dependent production terms (f1, f2) to the level of bound
IL-2R, we estimate the latter as IL-2P 3 IL-2RAP, that is, the level of IL-2 in
the medium times the level of total IL-2Ra protein expressed by the cells.
This is an approximation to the exact expression: IL-2Rbound = C 3 IL-2free 3
IL-12RAfree. We measured IL-2free using ELISA. However, we cannot
measure the level of free IL-2Ra because the available Abs do not distinguish between free and IL-2 bound receptors. Nevertheless, the approximation is reasonable for the IL-2R system. In particular, because the
dissociation of IL-2 from IL-2Ra is fast, most IL-2Ra molecules are either
free or bound in complexes containing the IL-2Rb,g subunits and IL-2 (10).
Upon T cell activation, the number of IL-2Ra molecules per cell is much
higher than that of the IL-2Rb or g subunits, and hence, most IL-2Ra is free,
at least for CD25H cells. At earlier time points, total IL-2Ra might be an
overestimation and levels of free IL-2Ra may actually be lower.
Because of technical constrains of the robotic system, we could not
obtain ELISA measurements on the same cell cultures that were used for
measuring mRNA and CD25 levels. Hence, we performed ELISA measurements on parallel cultures but at a lower time resolution. Because the
changes in IL-2 protein levels in the cell culture medium are slower, we
interpolated this data to estimate IL-2 levels at intermediate time points
corresponding to the time resolution of the robotic measurements. We note
that the main result of our model, regarding the relative levels of the
thresholds of the two feedback loops, is robust to errors in the ELISA
measurements and their interpolation—because these scale both response
functions in a similar way.
Next, we fitted the data of Fig. 5 with Hill functions, to determine the
parameters of the feedback response. We fitted IL-2RA production with
a rising Hill function and IL-2 production with a declining Hill function:
axc/(xc + bc) + d, using MATLAB. For a rising Hill, c . 0; for a declining
Hill, c , 0. The resulting fits are displayed in Fig. 5. Fit has R2 = 0.98 (0.79)
for IL-2RA (IL-2). Fit parameters are given in Supplemental Table 1.
For the fit of the feedback on IL-2 production, we omitted the first four
data points, which represent a delayed response in IL-2 mRNA levels
following TCR activation. This delay may reflect the time needed for
accumulation of IL-2 transcripts, which requires both TCR activation and
stabilization of the IL-2 message mediated by CD28 costimulation.
mRNA degradation rates used for this calculation were 1.12 h21 for IL-2
(15) and 0.4 h21 for IL-2RA (16). In another study, a degradation rate for
IL-2 mRNA was reported that differs by a factor of 2, using a different
experimental system (17). Sensitivity analysis was performed on these
rates resulting in no significant alteration of results for a 4-fold change.
Specifically, the threshold value (value at half saturation) of the feedbacks,
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5C.C7 TCR transgenic mice and IL2GFPki mice used in this study were bred
and maintained at the Weizmann Institute of Science Animal Facility under
specific pathogen-free conditions in accordance with institutional guidelines.
IL2GFPki mice (5C.C7-IL2KO) were provided by H. Gu (Columbia University, New York, NY). C3H/HeSnJ mice were purchased from Harlan Industries
(Indianapolis, IN). Splenocytes were extracted from 5C.C7 TCR transgenic
mice and IL2GFPki mice and meshed into single-cell suspension and enriched
for naive CD4 T cells using CD4+CD62L+ T Cell Isolation Kit II (Miltenyi
Biotec, Bergisch Gladbach, Germany). Splenocytes also were extracted from
C3H/HeSnJ mice and treated with collagenase and DNAse (0.1 mg/ml) and
then enriched for dendritic cells (DCs) using CD11c MicroBeads (Miltenyi
Biotec). T cells were stained with 1.5 mM CFSE, and 105 T cells were incubated with 2 3 104 DC and moth cytochrome c (MCC) peptide (ANERADLIAYLKQATK) at different concentrations in standard growing medium
(RPMI 1640 medium supplemented with 10% FBS, L-glutamine, sodium
pyruvate, nonessential amino acids, penicillin/streptomycin, kanamycin, and
b-mercaptoethanol). In some experiments IL-2 was added to the media at
a concentration of 100 ng/ml. In other experiments, cyclosporin A (CsA)
(Sandimmune, Novartis, NJ) was added to the medium at a concentration of
100 ng/ml either at the start of culture or at 19 h, as indicated.
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b, changed by ,20% over a 4-fold change in the values of mRNA degradation rates.
The Hill coefficient for the negative feedback on IL-2 cannot be constrained accurately with our data, because of the low number of data points
at the transition region. The results are indicative of a sharp transition, but
the exact value cannot be determined.

Results
IL-2Ra expression occurs in two discrete temporal phases

The transition from naive to CD25L cells is Ag dependent and
IL-2 independent and leads to rapid IL-2 secretion
Because the existence of two distinct phases of IL-2Ra expression
has not been previously analyzed systematically, we investigated
the characteristics of CD25L and CD25H cells in more detail. To
attain high temporal resolution of the dynamics of the process, we

used a robotic system in which cells were cultured and sampled
for analysis at intervals of ∼3 h, over 3–4 d (see Materials and
Methods). The level of CD25 expression began to increase by 6 h
and then rose steadily (Fig. 2A). The rate of increase of CD25
(i.e., the slope of the mean fluorescence intensity (MFI) versus
time) was Ag dose dependent. The proportion of cells within the
CD25L gate (Fig. 2B) also began to increase from 6 h, with a rate
that was dependent on Ag dose. At higher Ag concentrations, the
maximum number of cells within the CD25L gate was reached by
12 h. Both these observations suggest that the rate of entry of cells
from naive into the CD25L population increased with Ag dose.
The level of IL-2RA mRNA rose rapidly at 6 h but then remained
constant until the end of the first day of culture (Fig. 2C). The
constant levels of IL-2RA mRNA (Fig 2C) and the constant rate of
increase of surface IL-2Ra over this period (Fig. 2A) are consistent with a model in which IL-2Ra levels of CD25L cells are
regulated mainly at the transcriptional level.
Production of IL-2 mRNA could be detected rapidly (Fig. 2D),
peaking ∼10–15 h after activation, and then gradually declining.
The transcriptional activity of the IL-2 gene was further followed at
the single cell level using CD4 T cells from a homozygous IL2-GFP
knockin 5C.C7 transgenic strain (21). These cells do not produce
IL-2, but express GFP as a reporter for IL-2 promoter activity.
During the first day of culture, GFP expression was found only in
cells also expressing IL-2Ra (CD25L cells; Fig. 2E). At higher Ag
concentrations (Fig. 2E, left panel), a greater proportion of cells
entered CD25L, and a greater proportion expressed GFP, indicating
activation of IL-2 transcription. Not all IL-2Ra–positive cells
expressed GFP, consistent with previous reports (22). IL-2 levels in
the cell growth medium, measured by ELISA, rose rapidly within
the first day in an Ag-dependent way, reached a plateau and then
remained constant or, at lower Ag concentrations, declined (Supplemental Fig. 1C).
Because IL-2Ra expression is known to be positively regulated
via the IL-2R itself, we investigated whether IL-2Ra expression on
CD25L cells was regulated by signaling via the IL-2R. We observed, however, that transition from naive to CD25L (shown by the
proportion of cells within the CD25L gate) was not altered when
using T cells from the IL-2 knockout (KO) (IL2-GFP knockin) mice
(compare Fig. 2F, first and second panels), in which IL-2 secretion
is absent. Adding back exogenous IL-2 to the IL-2 KO cultures at
0 h also did not alter the proportion of CD25L cells (Fig. 2F, fourth
panel) or the amount of surface IL-2Ra per cell. Furthermore,
a mixture of blocking Abs to IL-2, IL-2Ra, IL-2Rb (CD122), and
IL-15 strongly inhibited subsequent proliferation (Supplemental
Fig. 2A) but did not influence either the rate of appearance of
CD25L cells (Fig. 2F, third panel) or their IL-2Ra levels (Supplemental Fig. 2B, 2C). Thus, early IL-2Ra production is independent of signaling via the IL-2R.
In summary, CD25L cells are defined as a population of small
T cells that express low levels of IL-2Ra and secrete IL-2. The
transition from naive to CD25L cells is independent of IL-2 signaling but requires TCR signaling and its rate is a function of Ag dose.
The transition from CD25L to CD25H is dependent on IL-2 but
not dependent on continued TCR signaling
CD25H cells started to appear at ∼1 d of culture. The levels of IL2Ra per cell rose rapidly from around one day of culture and
continued to rise until at least day 4 (Fig. 3A, left panel). Both the
rate of rise of IL-2Ra and the final levels increased with Ag dose,
although this saturated at the highest Ag dose tested. At the
highest Ag concentration, IL-2Ra levels on CD25H cells are 20to 40-fold higher than on CD25L cells. IL-2Ra mRNA also rose
rapidly after the first day of culture (Supplemental Fig. 3A, 3B).
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We studied the dynamics of the response of primary naive CD4+
T cells from 5C.C7 TCR transgenic mice to a cognate peptide
(MCC 88–103) presented by splenic DCs. The concentrations of
peptide were varied over 4 orders of magnitude, and data were
collected over 4 d. An initial examination of IL-2Ra levels suggested that expression was slow, appearing only at ∼40 h after
addition of Ag, and increasing rapidly to 72 h, as reported previously (Fig. 1A) (10, 11, 18).
However, a careful examination of the expression of IL-2Ra
during the first 24 h of culture revealed a more complex picture.
Expression of IL-2Ra was undetectable on .99% of resting naive
T cells (Fig. 1B, region N). This phenotype was maintained at all
time points in the absence of Ag.
In the presence of Ag, an IL-2Ra positive population (CD25L
cells) could rapidly be detected (Fig. 1B, region CD25L). The
expression of IL-2Ra preceded any change in cell size, both as
measured by FSC (Fig. 1B) and by flow microscopy (Fig. 1C, 1D).
The level of IL-2Ra on CD25L cells was low, and IL-2Ra was
expressed in distinct patches or microdomains on the cell surface
(Fig. 1C, 1D). A patchy distribution is consistent with previous
studies which reported that IL-2Ra was localized within membrane lipid rafts 20 h postactivation (19, 20), although the size of
the patches appears rather large for conventional lipid rafts.
By day 2, IL-2Ra expression was qualitatively and quantitatively different, with cells either remaining small and IL-2Ra
negative (naive) or appearing as larger cells with a significantly
higher and more uniform IL-2Ra expression (CD25H cells, Fig.
1B, region CD25H; see also Fig. 1C, 1D).
Using the regions defined in Fig. 1B, we plotted the percentage
of cells in each population as a function of both time and Ag level
in Fig. 1E. Cells transition from naive to CD25L during the first
day of culture at a rate determined by Ag concentration. Cells
subsequently exit CD25L and enter CD25H. Over a wide range of
Ag doses, the number of CD25H cells at 48 h is proportional to the
number of CD25L at 19 h (Supplemental Fig. 1A), consistent with
the hypothesis that CD25L cells are the precursors for CD25H
cells. The maximum proportion of CD25L cells reached during
the initial activation stage varied somewhat between experiments
but was always ,100%. The rapid fall in the percent of naive cells
at later culture times (.40 h) was attributed to dilution by proliferating CD25H cells, as discussed in more detail below.
We repeated the experiment using other experimental models of
T cell activation, including cells from OVA-specific OT-II transgenic mice (Supplemental Fig. 1B), and also with polyclonal CD4+
T cells activated by anti-CD3 and anti-CD28 Abs. In both experimental setups, we observed cells with similar IL-2Ra expression kinetics and size profile as naive, CD25L, and CD25H,
suggesting that the existence of these phases is a general feature of
T cell activation.

TWO-PHASE CD4 T CELL ACTIVATION
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At the same time, levels of IL2 mRNA fell, continuously declining
toward a very low level at ∼68 h (Fig. 2D, Supplemental Fig. 3A,
3B). CD25H cells are therefore characterized by a large cell
volume (Fig. 1C), very high IL-2Ra levels and rapidly declining
IL-2 secretion.
We examined in more detail the factors that drive each of the
above behaviors. In the absence of IL-2, using cells from the IL-2
KO (GFP-IL2 knockin) mice (Fig. 3A, third panel) or in the
presence of Abs blocking IL-2 signaling (Fig. 3A, second panel),
the upregulation of IL-2Ra (increased IL-2Ra MFI) on CD25H

cells was strongly inhibited. Addition of exogenous IL-2 to the
culture containing IL-2 KO cells restored high IL-2Ra expression
(Fig. 3A, fourth panel). The switch to high IL-2Ra expression is
therefore driven by the IL-2–IL-2R positive feedback loop.
We also noticed that the presence of exogenous IL-2 from the
beginning of the cultures strongly repressed GFP expression in IL2GFP knockin T cells (Fig. 3B). This observation is in agreement
with previous reports describing a negative feedback of IL-2 on its
own expression (14). Interestingly, however, high temporal resolution measurements (Fig. 3C) showed that the downregulation in
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FIGURE 1. T cell activation occurs in two distinct phases. (A) Naive CD4+ T cells were isolated from 5C.C7 TCR transgenic mice and incubated in the
presence of C3H/HeJ DCs and 10 mg/ml (blue), 1 mg/ml (green), 0.1 mg/ml (red), 0.01 mg/ml (cyan), 0.001 mg/ml (magenta), or 0 mg/ml (yellow) MCC
peptide. Cells were sampled over 87 h, and IL-2Ra (CD25) was detected by flow cytometry. IL-2Ra MFI of live CD4+ T cells is plotted as a function of
time. (B) Dot plots showing IL-2Ra and FSC of cells from the 1 mg/ml MCC group sampled at different times postactivation. (C) Cells activated with 1 mg /ml
MCC were stained for IL-2Ra and analyzed using ImagestreamX flow microscopy. The figure shows images of typical cells sampled at either 15 h (upper
panel) or 40 h (lower panel) postactivation. (D) Cell area and IL-2Ra distribution on cell membrane were quantified from flow microscopy images, as
described in Materials and Methods. CD25L cells (left panel) showed smaller median cell area (97 m2), and lower median IL-2Ra uniformity (0.41 au) than
CD25H cells (right panel, 157 m2 and 0.68 au, respectively). (E) The percentage of cells in the naive (left panel), CD25L (middle panel), and CD25H (right
panel) populations as a function of time for the various Ag concentrations as in (A). N, No IL2Ra expression; CD25L, low IL2Ra expression; CD25H, high
IL2Ra expression.
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IL-2 transcriptional activity was only seen after 20 h, whereas at
earlier time points, increased levels of the IL2-GFP reporter were
not affected by external IL-2 (compare red and green lines in Fig.
3C during first 24 h). This observation is again suggestive of the
lack of sensitivity to IL-2 during the first 20 h, when cells are
mostly in CD25L.
Because both TCR and IL-2 signaling contribute to IL-2Ra levels,
we set out to determine the role of Ag-dependent signals in driving
the CD25L to CD25H transition. To dissociate the signal mediated
via TCR signaling from that mediated via IL-2R signaling, we used
CsA. CsA has been shown to have a variety of effects on cell
signaling. However, CsA selectively blocks calceneurin-dependent
signaling pathways, such as the NFAT-dependent TCR signaling
pathway. In contrast, CsA does not block IL-2–mediated signaling,
which does not involve calceneurin. CsA inhibited the rapid rise of
IL-2Ra expression characteristic of CD25H cells if added at the
start of cultures (green line in Fig. 3D) but not if added at 19 h of
culture (red line in Fig. 3D). This result is consistent with a model

in which TCR signaling via a CsA-sensitive pathway is required for
naive to CD25L transition but is not required for the subsequent
CD25L to CD25H transition, where IL-2 signaling is active.
CD25H cells proliferate, and their proliferation onset time and
division rate are independent of Ag dose
An important output of the overall activation process is cell proliferation, which plays a key role in determining the number of
effector and memory cells produced. We therefore investigated the
relationship between proliferation (measured by dilution of CFSE)
and the two phases of T cell activation that we described above.
No proliferation of CD25L cells was observed during our experiments (Fig. 4A, Supplemental Fig. 3C), although we cannot exclude
that some late CD25L cells proliferated and differentiated into
CD25H cells simultaneously. Therefore, although they expressed IL2Ra at low levels and IL-2 is present in the culture medium, CD25L
cells do not contribute significantly to the proliferation we observe. In
contrast, proliferation of CD25H cells was seen, as demonstrated by
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FIGURE 2. High temporal resolution analysis of the transition of naive cells to the CD25L phase demonstrates dependency on Ag but not IL-2. Naive
CD4+ T cells from 5C.C7 TCR transgenic mice were incubated in the presence of DCs and different levels of MCC peptide, as indicated. Cultures were
sampled robotically every 3 h as described in Materials and Methods. IL-2Ra levels were measured by flow cytometry, using fluorescently labeled Abs.
MFI of the total cell population (A) and the percentage of cells within the CD25L population (B) are shown as a function of time at different Ag concentrations. (C) RT-qPCR analysis of IL-2RA mRNA levels over the first 30 h of culture. Ag dose = 1 mg/ml MCC. Error bars represent SE of triplicates. (D)
RT-qPCR analysis of IL-2 mRNA levels. Ag dose as in (C). (E) Naive CD4+ T cells were isolated from 5C.C7 TCR transgenic mice, which express GFP from
the IL-2 locus and are IL-2 deficient. Scatter plots of GFP versus IL-2Ra are shown for cells cultured for 19 h in the presence of 10 mg/ml (left panel) or 0.01
mg/ml (right panel) MCC. (F) The percentage of cells within the CD25L population as a function of peptide concentration at 0 h (blue), 11 h (green), 16 h (red),
and 19 h (cyan) after activation. Similar behavior is observed for T cells isolated from 5C.C7 (left panel) and 5C.C7-IL2KO mice (second panel), although the
latter do not express IL-2. Addition of saturating concentrations of blocking Abs against IL-2Ra, IL-2Rb, IL-2, and IL-15 to 5C.C7 cells (third panel), or
addition of 100 ng/ml IL-2 to 5C.C7-IL2KO cells (fourth panel) does not alter the percentage of cells entering the CD25L phase.
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dilution of CFSE staining in the cells with high CD25Ra MFI (Fig.
4A, left panel). Proliferation was first observed at ∼34 h of culture
consistent with previous studies (20). As expected, addition of CsA at
the beginning of the culture blocked proliferation completely (Fig.
4A, middle panel), as did blocking of IL-2R by the Ab mixture
(Supplemental Fig. 2A). However, CsA added after 19 h of culture
had a negligible effect on proliferation (Fig. 4A, compare far left and
far right panels), suggesting that once cells responded to Ag, further
differentiation both in terms of IL-2Ra expression and proliferation
was dependent on IL-2 but does not require sustained TCR signaling.
The number of cells after ∼3 d of culture increased with Ag
concentration (Fig. 4B, black, Supplemental Fig. 3D). Ag levels can
affect eventual cell number by regulating either proliferation onset
time (time to first division), proliferation rate following that first
division, or the number of cells entering proliferation (23). To
evaluate these possibilities, we followed cell numbers around the
time of proliferation onset at high temporal resolution for the various
Ag concentrations. We find that proliferation onset time and
proliferation rate were Ag independent (Fig. 4C). This persisted
even at 66 h, when number of cell divisions remained Ag independent (Fig. 4D). In contrast, the number of CD25H cells at the
time of proliferation onset was dependent on Ag concentration
(Fig. 4B, gray). On the basis of these results, we suggest that the
level of Ag affects eventual cell number (or clone size) through
varying the rate by which cells transfer from naive into the
CD25L phase. At higher Ag levels, the increased transfer rate
translates into a larger number of cells in CD25H at the onset of
proliferation, which eventually results in a larger number of cells
in the culture at later time points. We note that Ag levels may

affect cell number also by changing the rate of cell death, which
we did not address in this current analysis.
Extracting the response functions of IL-2 and IL-2RΑ from
high temporal resolution data reveals coupled feedback loops
Previous studies have identified two feedback loops in the IL-2
system: a positive feedback driving IL-2RA expression (24) and
a negative feedback regulating IL-2 expression (14, 25, 26). These
feedbacks are characterized by their response function, namely the
dependence of the promoter activity on the level of IL-2 signaling.
Quantitative determination of these response functions is important
for the modeling of the IL-2–IL-2R system, because they play
crucial roles in shaping the system’s response. However, the kinetic
constants that characterize the response function of these feedback
loops, such as their effective activation level and steepness, remain
unknown. Estimating these parameters from measurements of protein levels is hampered by the fact that both IL-2 and IL-2R are
consumed as a result of interaction between ligand and receptor.
Estimating the response functions can be facilitated through measurements of mRNA levels, which, as we show below, are easier to
interpret. Our analysis aims to relate the promoter activity of the IL2RA and IL-2 genes to the level of IL-2R signaling. We use the fact
that the promoter activity at any given time interval is equal to the
net change in mRNA level plus the amount of mRNA that was
degraded at this time interval (see Materials and Methods for
details). In contrast, the response function mechanistically depends
on the level of IL-2R signaling, which is a function of the levels
of IL-2Ra on cell surface and IL-2 in the surrounding medium
(Materials and Methods). Thus, our high temporal resolution mea-
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FIGURE 3. Entry into CD25H is regulated by IL-2 but does not require sustained TCR signaling. (A) MFI of IL-2Ra expression on CD25H cells, in the
presence or absence of IL-2, as measured by flow cytometry. Naive CD4+ T cells were isolated from 5C.C7 TCR transgenic mice or 5C.C7-IL2KO mice.
MFI of IL-2Ra of the CD25H population is plotted as a function of time for different peptide concentrations. 5C.C7 cells were incubated with DCs and Ag
as in previous figures, without (left panel) or with (second panel) saturating concentrations of Abs against IL-2Ra, IL-2Rb, IL-2, and IL-15 added at time 0.
5C.C7-IL2KO cells were incubated without (third panel) or with (fourth panel) 100 ng/ml IL-2 added at time 0. (B) GFP expression of cells from 5C.C7IL2KO mice, which express GFP from the IL-2 locus. Cells were cultured in the absence (left panel) or presence (right panel) of IL-2 (100 ng/ml), showing
IL-2–mediated negative feedback on its expression level. (C) High temporal resolution measurement of GFP expression during the first 45 h after activation
reveals that IL-2 negative feedback acts only after ∼20 h, when most cells are in the CD25H phase. MCC concentration: 1 mg/ml. (D) MFI of IL-2Ra
expression on cells incubated with DCs loaded with 1 mg/ml MCC in the presence or absence of 100 ng/ml CsA, added at either time 0 or 19 h postactivation. 5C.C7-IL2KO cells cultured with or without IL-2 (100 ng/ml) are shown for comparison.
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surement of mRNA and protein levels allowed for direct estimation
of the response functions of the two feedbacks.
Using this approach, we estimated the response functions by
plotting the promoter activity of IL-2RA and IL-2 against an estimate for the level of IL-2 signaling (Fig. 5). The obtained data
(points) were fitted using Hill functions (solid lines, see Materials
and Methods for equations). Optimal fits gave very similar half
saturation values for the two input functions (Supplemental Table
1). This finding indicates that positive feedback on IL-2RA and
negative feedback on IL-2 occurred at similar levels of receptor
occupancy, thus at a similar time point during the activation
process (Fig. 6). The positive feedback on IL-2RA mRNA production is well fitted with a Hill coefficient of ∼2. The negative
feedback on IL-2 mRNA production, however, seems to have
a much sharper response, although its exact slope could not be
accurately determined from our data.

was dependent on TCR signaling but not on IL-2. This is supported by the fact that CsA, which blocks TCR signaling, completely blocked any IL-2Ra expression, whereas the rates of initial
activation (transition into CD25L) and the levels of IL-2Ra expression on these cells were independent of IL-2 or IL-2R signaling. In contrast, the transition into the second phase of rapidly
increasing IL-2Ra expression (CD25H, from ∼24 h onward) was
dependent on IL-2–mediated signaling but did not require continued TCR signaling. In addition, we observe proliferation only
of CD25H cells and not CD25L cells. CsA blocks proliferation if
added at the time of cell activation but fails to block it if added
at 19 h when cells already have moved into CD25H. Thus, our
data support a model of temporal segregation between pri-

Discussion
Our investigation aimed to elucidate how Ag-specific signals combine with IL-2–mediated signals and IL-2–dependent regulatory
feedback circuits to shape the overall process of naive T cell activation. The starting point for our investigation was a detailed
kinetic analysis of IL-2Ra expression and IL-2 production. Robotic sampling at increased temporal resolution over several days
revealed that the overall process could be divided into two distinct
phases that we name CD25L and CD25H.
Several distinct pieces of evidence pointed to qualitative distinct
phases. First, the levels of IL-2Ra during the first day of culture
were much lower than those typically observed on activated
T cells; IL-2Ra distribution in the cell membrane at these early
times was patchy in accord with previous observations (19, 20);
and its expression preceded any increase in cell volume typically
accompanying full T cell activation.
Second, the existence of two discrete processes regulating IL2Ra production also was indicated by their distinct Ag and IL-2
dependency. The appearance of CD25L cells within the first 20 h

FIGURE 5. Extracting the response functions of IL-2 and IL-2RA
feedback loops. The production rate of IL-2RA and IL-2 mRNA were
plotted as function of an estimate for the level of receptor-bound IL-2,
based on the high temporal resolution measurements of mRNA and proteins levels (see text for details). Data were fitted with a Hill function (see
Supplemental Table 1 for fitting parameters). The two response functions
have a similar threshold level (∼1.8 au) but have different sensitivity at
threshold (different slopes).
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FIGURE 4. Characterization of cell proliferation. (A) Cell division is observed only for CD25H cells and does not require continuous TCR signaling. 5C.
C7 T cells were stained with CFSE and incubated with DCs loaded with 1 mg/ml MCC peptide, without (left panel) or with CsA added either at 0 h (middle
panel) or at 19 h (right panel). Shown are typical scatter plots of CD25 versus CFSE, measured 42 h after activation. (B–D) Dependence of final cell number
on Ag concentration reflects differences in the number of cells entering CD25H phase but not in proliferation onset time or rate. 5C.C7 T cells were stained
with CFSE and incubated with DCs loaded with 10, 1, 0.1, or 0.01 mg/ml MCC peptide. Cells were sampled at high temporal resolution around the time of
the first division (30–45 h postactivation) and at an experimental endpoint (66 h). (B) The number of cells in CD25H as a function of peptide concentration
is shown at proliferation onset (32 h, gray) and at 66 h (black). (C) Proliferation index (the population average number of divisions) is shown for different
peptide concentrations for the time window around the first division. Proliferation onset time and proliferation rate are independent of peptide concentration. (D) Proliferation index of cells at 66 h is independent of peptide concentration.
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FIGURE 6. A schematic model describing the observed two-phase behavior and its dependencies. Transition of naive cells into CD25L is driven
by TCR and is independent of IL-2–mediated signaling. CD25L cells secrete IL-2, express low levels of CD25, and do not proliferate. Transition
from CD25L to CD25H depends on sufficient IL-2–mediated signaling but
does not require continued TCR signaling. CD25 expression is augmented,
and IL-2 expression is reduced by their corresponding extracellular positive and negative feedbacks, both driven by IL-2. The cells that are in
CD25H can proliferate.

that the sharp shutoff of IL-2 is reflecting regulation of IL-2 mRNA
via micro-RNA–mediated degradation. It was shown that such regulation can result in sharper transitions than typically offered by
transcription factor regulation (28–30). Recently, miRNA had been
shown to modulate IL-2 production (31). It will be interesting to
check if this regulation can mediate a sharp shutoff of IL-2 in response to IL-2 signaling.
The existence of two opposing coupled feedback loops can explain
the observed two-phase behavior. Naive T cells do not express IL-2
and IL-2Ra at significant levels. Upon Ag stimulations, cells start
making both proteins. However, because both feedback loops depend
on IL-2R signaling, they are not functional at first; even though IL-2
is produced and can accumulate in the cells’ environment, levels
of receptor are low, and cells remain unresponsive to IL-2. Thus,
cells are locked in the CD25L phase in which IL-2 is produced at
a high rate (negative feedback is not active), and IL-2Ra is produced at a low rate (positive feedback is not active). Only when
receptor levels reach a threshold level both feedbacks become
active. This results in transition of the cells into the CD25H phase
in which IL-2 production is turned off (negative feedback is active), whereas IL-2Ra production rate is highly increased (positive feedback is active).
We conclude by speculating briefly on the possible biological
significance of the two-phase model of CD4 T cell activation. We
suggest that CD25L and CD25H cells can be considered as “producers” and “consumers” of IL-2, respectively. CD25L cells produce maximal levels of IL-2 but cannot consume much IL-2
because their receptor level is low. However, as IL-2 and IL-2Ra
both increase, cells switch to consumer status. IL-2 production then
falls (via negative feedback), and at the same, time IL2 consumption grows as IL-2Ra levels rise. The nature of our analysis dictated
an in vitro investigation. However, we suggest that our observation
of two phases of activation in vitro can be related to observations on
the dynamic behavior of T cells within lymph nodes following Agmediated activation. Two photon microscopy studies on intact
lymph nodes have demonstrated that T cells sample DCs for a few
hours, serially engaging their TCR (32). Following this first stage,
clusters of T cells arrest on a DC for several hours, forming long
lasting contacts while secreting IL-2 and potentially other cytokines (33). We suggest that T cell arrest and clustering may serve
not only for communication with the DC but rather to maintain
a microenvironment enriched with cells that already have sensed
a sufficient level of the private signal and are now interacting via
shared signals to reach a communal decision driving further proliferation and differentiation. Intercellular interactions mediated by
IL-2 during this stage can lead to cooperation or competition between effector T cells (34) and to inhibition of effector T cells by
Treg cells (10, 11). The importance of such shared signals within
the microenvironment of an in vivo DC/T cell cluster, where both
Ag-specific T cells and Ag-bearing DCs are rare and where gradients of cytokines are likely to be very sharp, might in fact be
much greater than in the context of the in vitro transgenic model
explored in this study.
Finally, CD25H cells, with high IL-2Ra, little or no IL2
production and increased CTLA-4 levels (Supplemental Fig. 3E),
are reminiscent of Treg cells. Thus, these cells may regulate
ongoing T cell responses by cell–cell contact and also through
IL-2 consumption (10, 11). Proliferation, which rapidly produces large numbers of CD25H cells, further contributes to
the negative regulation. Therefore, we posit that the two-phase
behavior of the IL-2/IL-2RA system during CD4 Ag-driven
activation is self-regulating and can act in concert with Treg
cells to limit the magnitude of the resulting immune response in
time and space.

Downloaded from http://www.jimmunol.org/ at Weizmann Institute of Science on January 18, 2014

vate signals (i.e., Ag and costimulation) and public, shared signals (soluble cytokines) driving T cell activation (Fig. 6). Only
when licensed by the first, private signal do cells become sensitive to the public one.
Third, the pattern of IL-2 production was also distinct in CD25L
and CD25H cells. We tracked IL-2 production by RT-qPCR of
message (Fig. 2D) by the ELISA of secreted protein (Supplemental
Fig. 1C) and by measuring the expression of a GFP reporter transgene integrated into the IL-2 locus (Fig. 3C). The combination of
these three measurements suggested there was rapid IL-2 production
accompanying the initial transition from naive to activated cells,
which continued throughout the CD25L phase. Subsequently, IL-2
transcription and protein production were switched off, consistent
with a negative feedback loop as described previously (14, 25, 26).
We find that the negative feedback of IL-2 signaling on IL-2 production is not active during the first phase, and only becomes effective for CD25H cells. The consequences of these two processes
was that after ∼2 d in culture, because IL-2 production stopped and
IL-2Ra levels rose, net IL-2 concentrations leveled off or fell because of its consumption by the cells.
These findings promoted us to investigate the mechanism that
establishes the two distinct phases, focusing on the IL-2–mediated
positive feedback on IL-2RA and negative feedback on IL-2. We
demonstrate a new method for extracting quantitative parameters of
these feedbacks, using high temporal resolution data of both mRNA
and protein levels. This method can be used to evaluate response
functions of other cytokine-mediated extracellular feedbacks, such
as IL-4 (27). A limitation of our approach is that it uses average
values for expression of the various molecular components, thus
ignoring the heterogeneity and stochastic elements of the system.
Coupling of nonlinear feedback circuits acting between heterogeneous populations of cells might generate interesting and unexpected
outcomes, and further studies, using single-cell measurements of
each component, would therefore be very valuable. For the IL-2
system, we find that the two feedbacks are coupled, namely they
have similar half-saturation values. As a result, the negative and
positive feedback loops become active at similar levels of IL-2R
signaling, hence, at a similar time during the activation process.
This coupling between the feedbacks may be a result of their dependence on the same signal mediated by IL-2–IL-2R, although they
also may be actively coupled through an unknown direct regulatory
mechanism. In contrast, the Hill coefficients of the two feedbacks
(i.e., steepness of feedback response at half-saturation) seem different, implying distinct intracellular mechanisms. Indeed, although
positive feedback on IL-2RA is likely mediated directly via STAT5
binding to the IL-2RA promoter (24), negative feedback on IL-2 is
likely to involve complex interactions between transcription factors
building a repressor complex (26). Another intriguing possibility is
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6. Horak, I., J. Löhler, A. Ma, and K. A. Smith. 1995. Interleukin-2 deficient mice:
a new model to study autoimmunity and self-tolerance. Immunol. Rev. 148: 35–44.
7. Burchill, M. A., J. Yang, C. Vogtenhuber, B. R. Blazar, and M. A. Farrar. 2007.
IL-2 receptor b-dependent STAT5 activation is required for the development of
Foxp3+ regulatory T cells. J. Immunol. 178: 280–290.
8. D’Cruz, L. M., and L. Klein. 2005. Development and function of agonistinduced CD25+Foxp3+ regulatory T cells in the absence of interleukin 2 signaling. Nat. Immunol. 6: 1152–1159.
9. Smith, K. A. 1988. The interleukin 2 receptor. Adv. Immunol. 42: 165–179.
10. Feinerman, O., G. Jentsch, K. E. Tkach, J. W. Coward, M. M. Hathorn,
M. W. Sneddon, T. Emonet, K. A. Smith, and G. Altan-Bonnet. 2010. Single-cell
quantification of IL-2 response by effector and regulatory T cells reveals critical
plasticity in immune response. Mol. Syst. Biol. 6: 437.
11. Busse, D., M. de la Rosa, K. Hobiger, K. Thurley, M. Flossdorf, A. Scheffold,
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