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T-cell antigen receptor (TCR) signaling is essential for activation,
proliferation, and effector function of T cells. Modulation of both
intensity and duration of TCR signaling can regulate these events.
However, it remains unclear how individual T cells integrate such
signals over time to make critical cell-fate decisions. We have
previously developed an engineered mutant allele of the critical
T-cell kinase zeta-chain-associated protein kinase 70 kDa (Zap70)
that is catalytically inhibited by a small molecule inhibitor, thereby
blocking TCR signaling specifically and efficiently. We have also
characterized a fluorescent reporter Nur77–eGFP transgenic mouse
line in which T cells up-regulate GFP uniquely in response to TCR
stimulation. The combination of these technologies unmasked
a sharp TCR signaling threshold for commitment to cell division
both in vitro and in vivo. Further, we demonstrate that this thresh-
old is independent of both the magnitude of the TCR stimulus and
Interleukin 2. Similarly, we identify a temporal threshold of TCR
signaling that is required for commitment to proliferation, after
which T cells are able to proliferate in a Zap70 kinase-independent
manner. Taken together, our studies reveal a sharp threshold for
the magnitude and duration of TCR signaling required for commit-
ment of T cells to proliferation. These results have important impli-
cations for understanding T-cell responses to infection and optimizing
strategies for immunomodulatory drug delivery.

Stimulation of the T-cell receptor (TCR) drives the activation,
proliferation, and differentiation of naïve T cells and elicits

effector functions by antigen-experienced T cells. One phe-
nomenon that remains incompletely understood is the disparate
kinetics for TCR-dependent signal transduction versus hallmarks
of naïve CD4+ T-cell activation, such as production of IL-2 and
clonal expansion. Whereas TCR signal transduction is detectable
within seconds of TCR engagement, IL-2 production and cell
division are detectable only several hours later (1–3). These
observations suggest that integration of biochemical signals over
time must occur to drive commitment of naïve T cells to a pro-
liferative response. To this end, much attention has been focused
on determining the minimum signaling requirements for TCR-
driven proliferation. It has been shown that even a single peptide
(p)/MHC ligand can trigger detectable increases in intracellular
Ca2+ concentration and is sufficient to drive IL-2 production (2,
4). However, it has been estimated that a threshold of 400
peptide/MHC ligands, or 8,000 TCRs must be engaged to com-
mit a T cell to proliferate (5, 6). These results imply that a
quantitative threshold for TCR signal magnitude exists for
commitment to the CD4+ T-cell proliferative response. It has
been demonstrated in vitro that CD8+ T cells require as little
as 2 h of TCR stimulation for commitment to clonal expansion
and differentiation, demonstrating the existence of a temporal
threshold for T-cell proliferation as well (7–9). Similarly, naive
CD4+ T cells require TCR stimulation for at least 18–24 h (1, 10,
11) for commitment to multiple rounds of cell division. However,
further in vitro and in vivo studies of both CD4+ and CD8+

T-cell responses to antigenic stimulation have yielded conflicting
data and also suggest that prolonged stimulation beyond this min-
imal temporal threshold is necessary for maximal proliferative

responses (10, 12–22). Whether a bona fide “autopilot” model
truly applies to both CD4+ and CD8+ T-cell proliferation
therefore remains controversial. Resolution of this controversy
has important implications for the design of drug dosing proto-
cols for treatment of T-cell–mediated diseases such as transplant
rejection and autoimmunity. It is therefore of interest to “visu-
alize” the TCR signaling activation threshold for proliferation,
determine whether this threshold is perturbed by modulations
of TCR signal magnitude and duration, and determine whether
ongoing TCR signaling is required or has a role after the threshold
has been reached.
To address these questions, we sought to take advantage of

two recently characterized experimental tools. The orphan nu-
clear hormone receptor Nur77(Nr4a1) is rapidly transcribed in
response to antigen receptor signaling in vitro and during neg-
ative selection of thymocytes in vivo (23, 24). We and others
recently reported two independently generated bacterial artifi-
cial chromosome transgenic (BAC Tg) mice in which eGFP ex-
pression is under the control of Nr4a1 transcriptional regulatory
elements. These Nur77–eGFP transgenes served as faithful
reporters of antigen receptor signal strength in vitro and during
lymphocyte development in vivo (25, 26). Importantly, Nur77–
eGFP reporter expression in thymocytes and peripheral T cells is
dependent on MHC expression (as a TCR ligand) and does not
respond to IL-2 or inflammatory stimuli in vivo (25). Addition-
ally, we have generated a catalytically active zeta-chain-associated
protein kinase 70 kDa (Zap70) mutant that can be selectively
inhibited by an analog of the small molecule kinase inhibitor PP1 in
a dose-dependent, extremely rapid, and reversible manner (27, 28).

Significance

Biochemical signals triggered by the T-cell receptor (TCR) are
required for stimulating T cells and can be initiated within
seconds. However, a hallmark of T-cell activation, cell division,
occurs hours after TCR signaling has begun, implying that
T cells require a minimum duration and/or accumulate TCR sig-
naling events to drive proliferation. To visualize the accumu-
lated signaling experienced by T cells, we used a fluorescent
reporter gene that is activated by TCR stimulation. This tech-
nique showed a threshold between dividing and nondividing
T cells for TCR signaling that does not change with stronger or
weaker TCR signaling or the presence of growth factor. To-
gether these data may have implications for the development
of T-cell–targeted therapies for autoimmunity.
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Proximal TCR signal transduction is absolutely dependent on Zap70
(29). Titration of the catalytic activity of the “analog-sensitive”
Zap70 mutant [hereafter referred to as Zap70(AS)] correspond-
ingly titrates the magnitude of the TCR-induced downstream sig-
nals that contribute to T-cell activation and proliferation. We
therefore reasoned that combining the Zap70(AS) inhibitor system
with the Nur77–GFP reporter would enable us to precisely ma-
nipulate and sensitively detect TCR signal strength, respectively.
In this study, we took advantage of our Nur77–GFP reporter

to unmask a sharp TCR signaling threshold for commitment to
proliferation. Further, we demonstrate that this threshold is
unperturbed by titration of TCR stimulus, Zap70 kinase activity,
or by IL-2. Similarly, we identify a temporal threshold of TCR
signaling that is required for commitment to proliferation, after
which T cells are able to proliferate in a Zap70 kinase-independent
manner. Taken together, our studies reveal a sharp threshold for
the magnitude and duration of TCR signaling required for
commitment of T cells to proliferation.

Results
A System for Titration and Integration of TCR Signaling. To create
T cells in which Zap70 kinase activity was rapidly titratable and
in which integrated TCR signaling could be detected and
quantified by a fluorescent reporter, we generated mice har-
boring a Nur77–eGFP BAC transgenic construct and a Zap70
(AS) allele on a Zap70-null genetic background, each previously
described independently (26, 27, 30). We anticipated that
treating T cells harvested from these so-called “Zap70(AS)–
GFP” mice with analog inhibitor would block TCR signaling at
a proximal node, resulting in reduced GFP expression. Impor-
tantly, we reasoned that the Nur77–GFP reporter would reflect
not only strength of signaling, but integrated signaling over time
because the half-life of reporter eGFP protein is estimated to be
as long as 20–24 h, in contrast to endogenous Nur77 (25, 31). To
validate this chemical-genetic tool, we stimulated CD4+ and
CD8+ Zap70(AS)–GFP T cells ex vivo with varying doses of
plate-bound anti-CD3, or with a single high concentration of
anti-CD3, and treated with varying doses of HXJ42 (32), a spe-
cific PP1 analog small molecule inhibitor of Zap70(AS), for 16 h
(33). Anti-CD3 stimulation resulted in a robust enhancement of
GFP fluorescence intensity (Fig. 1A and Fig. S1A). Titration of
the anti-CD3 stimulus diminished the percentage of responding
cells, but did not markedly affect the GFP fluorescence intensity
of the responding cells. In contrast, titration of HXJ42 in cells
stimulated with a high concentration of anti-CD3 had less effect
on the frequency of responding cells, particularly of the CD4+ T
cells, but did alter GFP fluorescence intensity of responding cells
in an analog, dose-dependent manner (Fig. 1B and Fig. S1 B
and C). The all-or-none response to titration of anti-CD3 stim-
ulus likely reflects the digital nature of TCR triggering under
limiting TCR ligand conditions (4). In contrast, titration of Zap70
catalytic activity results in modulation of integrated downstream
TCR signal strength in an analog fashion, as reflected by
reporter GFP expression. To determine whether Nur77–GFP
reporter expression was also sensitive to duration of signaling,
Zap70(AS)–GFP T cells were stimulated for varying periods of
time, ranging from 6 to 24 h. GFP expression was sensitive to the
duration of stimulation, varying in a manner that appears to
integrate intensity of TCR signal strength over time (Fig. 1C and
Fig. S1D). Importantly, GFP expression in mice harboring the
wild-type Zap70 allele is unaffected by HXJ42 inhibitor, showing
no off-target effects that might influence reporter expression at
the maximal dose used in this study (Fig. S1E).

A Sharp, Invariant TCR Signaling Threshold for T-Cell Proliferation.
We took advantage of this experimental platform to explore the
relationship between TCR signal integration and commitment
to proliferation. We treated Nur77–GFP reporter T cells with

varying doses of plate-bound anti-CD3 and after 4 d, simulta-
neously assessed GFP expression and proliferation via fluores-
cent dye dilution. This approach enabled us to correlate the
extent of TCR signaling “perceived” by individual T cells un-
dergoing distinct rounds of cell division. As expected, increases
in anti-CD3 dose resulted in more proliferating cells and greater
numbers of cell divisions. (Fig. 2A). To our surprise, although
GFP expression in undivided T cells varied with stimulus as
expected, GFP fluorescence in dividing cells was high and largely
independent of anti-CD3 dose in both CD4+ and CD8+ T cells
(Fig. 2B and Fig. S2B). Importantly, similar results were obtained
in Zap70(AS)–GFPT cells treated with a fixed high concentration
TCR stimulus and varying doses of the HXJ42 (Fig. 2C and Fig.
S2C). Interestingly, CD4+ T-cell samples treated with a weak
stimulus that was barely sufficient to drive proliferation exhibited
a subtly lower but still very elevated GFP mean fluorescence in-
tensity (MFI) relative to unstimulated cells (Fig. 2A). These
results suggest that a distinct quantitative threshold of TCR sig-
naling is required for T cells to proliferate. Titrating strength
of stimulus alters the fraction of cells that cross this threshold,
but does not substantially affect the integrated TCR signal per-
ceived by individual proliferating cells (GFP expression) (Fig. 2D
and Fig. S2D).
We sought to determine whether our Nur77–GFP reporter

faithfully reflected activity of endogenous Nur77 protein in vitro.
To do so, we costained stimulated Nur77–GFP T cells for in-
tracellular Nur77 protein and assessed both GFP fluorescence
and dye dilution. We observed that, similar to GFP fluorescence,
endogenous Nur77 protein varied in a dose-dependent manner
among CD4+ T cells that had not undergone proliferation, but
among proliferating T cells, endogenous Nur77 protein levels
were invariant with respect to stimulus (Fig. S3 A and B).
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Fig. 1. A system for titration and detection of TCR signaling. CD4+ T cells
from Zap-deficient mice harboring the Zap70(AS) allele and the Nur77–GFP
reporter (Zap70(AS)–GFP mice) were stimulated overnight with (A) the in-
dicated concentrations of plate-bound anti-CD3 or with (B) a fixed dose of
anti-CD3 (6.4 μg/mL) and the indicated concentrations of analog inhibitor,
HXJ42. (C) Zap70(AS) CD4+ cells were stimulated with 6.4 μg/mL anti-CD3
and a high concentration (1 μM) of HXJ42 or vehicle alone was added at 0 h
for flow cytometric analysis of GFP expression at 6 h, or cells were stimulated
for 18 h, and vehicle or HXJ42 was added for 6 h before analysis of GFP
expression at 24 h. Data are representative of at least three independent
experiments.
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To determine whether these observations could be recapitulated
in the context of bona fide antigen presenting cell (APC)–T-cell

interactions, we generated Nur77–GFP reporter mice harboring
the ovalbumin (OVA)323–339 peptide-specific/MHC-II–restricted
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Fig. 2. Nur77–GFP reporter reveals a dose-independent TCR signaling threshold for T-cell proliferation in vitro. (A) CD4+ T cells from Nur77–GFP reporter
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TCR transgene (referred to as “OT2–GFP” mice) (34). OT2–GFP
T cells were cultured in vitro with splenocytes and varying doses of
OVA peptide for a similar analysis of proliferation. Again, the
frequency of the cells that entered the proliferative response was
sensitive to OVA peptide dose, but GFP fluorescence in pro-
liferating T cells reflected a relatively invariant threshold that was
independent of OVA dose (Fig. S4 A and B).
We determined whether this TCR signaling threshold was also

enforced in the context of T-cell activation in vivo. OT2–GFP T
cells, loaded with a fluorescent dye, were adoptively transferred
into congenic hosts, which were subsequently immunized in the
footpad with 10-fold different doses of OVA protein in complete
Freund’s adjuvant. Both draining and nondraining lymph nodes
were harvested after 3 d to assess GFP fluorescence and pro-
liferation via dye dilution in transferred T cells. This revealed
robust OT2 T-cell proliferation in the draining lymph node in an
OVA dose-dependent manner, but GFP fluorescence of pro-
liferating cells that was independent of OVA dose (Fig. 3A).
To determine whether an analogous threshold for TCR sig-

naling is relevant in the context of a physiologic host response
to infection, we took advantage of SMARTA TCR transgenic
CD4+ T cells bearing the Nur77–GFP reporter transgene (re-
ferred to as “SMARTA–GFP”) (35). SMARTA T cells recog-
nize the lymphocytic choriomeningitis virus (LCMV)-derived
peptide glycoprotein61–80. SMARTA–GFP T cells loaded with
a fluorescent dye were adoptively transferred into wild-type
congenic host mice, which were subsequently infected with two
different infectious doses of LCMV. We harvested splenocytes
after 3 d to assess GFP fluorescence and proliferation via dye
dilution of transferred T cells. For reference, we simulta-
neously harvested splenocytes from a host mouse subjected to

adoptive transfer but not infection. We were able to appreciate a
marked difference in the proliferative response of transferred
SMARTA–GFP T cells depending on viral infectious dose.
Nevertheless, we observed an invariant high level of GFP fluo-
rescence in transferred SMARTA T cells across specific cell
divisions, irrespective of viral dose (Fig. 3B). Taken together,
these data suggest that T cells in vivo receive a discrete amount
of TCR stimulation and then proceed to divide independently of
ongoing TCR signaling.
To determine how reporter activity tracked with endogenous

Nur77 expression in vivo, we costained OT2–GFP lymphocytes
harvested after OVA immunization (as in Fig. 3A) for in-
tracellular endogenous Nur77 protein. In contrast to the longer
half-life of reporter eGFP protein (estimated to be 20–24 h),
endogenous Nur77 protein has a significantly shorter half-life
(25, 31). We observed that endogenous Nur77 strongly corre-
lated with reporter GFP expression but only among undivided
lymph node T cells (Fig. 4 A and B). Both proliferating and
nonproliferating cells that have migrated to contralateral lymph
nodes (which lack antigen drainage) also fail to express endog-
enous Nur77 but retain GFP expression. Among dividing T cells
in the draining lymph node, endogenous Nur77 expression is no
longer detectable, presumably because TCR signaling has ceased
in these cells. Consistent with this finding, eGFP expression is
detectable, but exhibits a progressive decline with each addi-
tional division, presumably due to dilution and degradation
without new compensatory protein synthesis as a result of ces-
sation of TCR signaling. This suggests that daughter cells of
T cells initially stimulated by peptide APC may not continue to
integrate TCR signals due to loss of APC contact by competition
with other T-cell clones for peptide/MHC or migration away
from APCs. By contrast, in our in vitro studies, eGFP and en-
dogenous Nur77 expression remain stably elevated in pro-
liferating T cells plated on anti–CD3-coated wells where TCR
stimulation is continuous (Fig. 2 and Figs. S2 and S3).

TCR Signaling Threshold Is Not Enforced by IL-2. T cells normally
become activated to up-regulate CD25, the IL-2 receptor alpha
chain (IL-2Rα), and also secrete IL-2 several hours after TCR
stimulation is initiated. IL-2 in turn further acts in an autocrine
or paracrine fashion to promote expression of its high-affinity
receptor by driving up-regulation of CD25, which also promotes
proliferation. We hypothesized that the sharp TCR signaling
threshold we observed in proliferating T cells might in turn be
enforced by the requirement to produce IL-2 and up-regulate
CD25. To test this hypothesis, we treated stimulated WT Nur77–
GFP T cells with exogenous IL-2 in excess or, alternatively, with
anti–IL-2 neutralizing antibody, and assessed GFP fluorescence
and proliferation in response to plate-bound anti-CD3. We
reasoned that by supplying excess IL-2 or depleting it entirely, we
would perturb the TCR signaling threshold for proliferation as
marked by reduced or increased GFP fluorescence in pro-
liferating T cells. Importantly, GFP expression in these reporter
cells is not directly up-regulated by IL-2 signaling (25). As
expected, anti–IL-2 treatment reduced the proliferative response
of T cells across varying doses of TCR stimulation (Fig. 5A). As
a further validation of the bioactivity of this anti–IL-2 reagent,
we observed down-regulation of CD25 in treated cells (Fig. S5 A
and B). However, in contrast to our prediction, GFP expression
in proliferating CD4+ T cells was not affected by IL-2 supply
(Fig. 5B).

Continuous TCR Signaling Is Dispensible After ∼24 h for Commitment
to Proliferation.Here we have shown that CD4+ and CD8+ T cells
exhibit a sharp quantitative TCR signaling threshold for com-
mitment to proliferation. We next wanted to determine whether
T cells exhibit an analogous temporal threshold of TCR signaling
duration to commit to proliferation. We therefore stimulated
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Fig. 3. Nur77–GFP reporter reveals a dose-independent TCR signaling
threshold for T-cell proliferation in vivo. (A) CD4+ T cells from OT2 transgenic
mice harboring the Nur77–GFP reporter (OT2–GFP mice) were loaded with
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Zap70(AS)–GFP T cells in vitro, added a high concentration of
analog inhibitor HXJ42 into culture at various time points after
initial stimulation, and assessed GFP fluorescence and pro-
liferation. We found that Zap70 inhibition within the first 24 h
of stimulation completely prevented proliferation and largely
blocked GFP up-regulation (Fig. 6). However, blocking TCR
signaling with analog inhibitor at subsequent time points did not
block proliferation. Indeed, beyond 43 h, Zap70 inhibition had
no effect on the proliferative response relative to vehicle-treated
cells (Fig. 6). Analogous results were obtained with Zap70(AS)–
GFP CD8+ T cells in which the so-called autopilot model of
T-cell activation and proliferation is widely accepted (Fig. S6A).
By extrapolation, we propose that our data establish autopilot
commitment of CD4+ T cells to proliferation, although the tem-
poral threshold itself differs between CD4+ and CD8+ T cells.
GFP expression in inhibitor-treated proliferating cells remained

invariant and independent of stimulus titration, but was lower than
in DMSO-treated proliferating cells (Fig. 6 and Fig. S6 B and C).
These data suggest that a sharp TCR signaling threshold was
still enforced for entry into cell cycle, but subsequent inhibitor
treatment dampened TCR signaling after this commitment event

occurred. This result suggests that proliferating T cells in this model
system stimulated with plate-bound anti-CD3 continue to integrate
TCR signals, but that these signals are dispensible for proliferation.
Importantly, as shown earlier, adding inhibitor at a range of sub-
maximal doses at the start of culture reduces the proliferative
response of T cells (as titrating stimulus might), but does not
substantially alter GFP fluorescence (Fig. 2B and Fig. S2B), in
contrast with the phenotype of T cells treated with analog in-
hibitor at later time points (Fig. 6 and Fig. S6C).
Taken together, our results suggest that the TCR signaling

threshold for proliferation is invariant on a single-cell level.
Further, these results may provide a link between the quan-
titative and temporal thresholds identified here such that the
quantitative threshold for proliferative responses identified
earlier is enforced before late addition of inhibitor (Fig. 7).

Discussion
The combination of the Zap70(AS) chemical-genetic system and
the Nur77–GFP reporter enables us, for the first time to our
knowledge, to track and modulate TCR signal strength in-
tegrated over time and reveals a sharp threshold of signaling
required for T-cell proliferation. Our GFP signaling reporter
demonstrates that on a single-cell level, individual T cells must
cross an invariant threshold of accumulated TCR signaling to
undergo proliferation. Importantly, titrating TCR signal strength
regulates the number of cells that undergo proliferation but does
not alter this threshold. By assessing this threshold in two distinct
in vivo model systems of CD4+ T-cell activation, OVA immu-
nization and LCMV infection, we also show that this invariant
threshold for T-cell activation is physiologically relevant. Our
data imply that individual T cells must accumulate or integrate
a certain total “amount” of TCR signaling to proliferate and in
turn suggests that commitment to proliferation may be enforced
by a transcriptional program.
Although early biochemical events such as calcium entry can

be triggered by even a single pMHC complex (2), it has been
estimated that many more ligands (400) must be present and
many more TCRs engaged (8,000) to commit a T cell to pro-
liferate (5, 6). This implies that biochemical signaling events
must be integrated to drive T cells into cell cycle. This apparent
threshold of TCR signaling to commit to proliferation is con-
sistent with our observations. Interestingly, other studies have
identified distinct thresholds for inducing different T-cell func-
tions. For instance, higher stimulation is required for pro-
liferation than for cytokine production and more still than for
cytotoxicity (5, 36–38).
It is well-established for CD8+ T cells that increasing strength

of TCR signaling beyond this minimal threshold drives more
T-cell proliferation in an apparently continuous manner (12). It
is surprising that GFP expression among proliferating reporter
T cells in vivo and in vitro in our system remains largely invariant
despite titration of stimulation and associated modulation of the
proliferative response. We suggest that stronger TCR stimula-
tion does not shift the threshold itself, but rather leads to re-
cruitment of additional cells into cell cycle. We suggest a simple
model whereby an invariant threshold is compatible with mod-
ulation of the proliferative response by titration of TCR stimulus
(Fig. 7A). This model is compatible with work by Bevan and
coworkers, who took advantage of a series of OVA-derived al-
tered peptide ligands (APLs) coupled to Listeria to evaluate the
clonal burst size of responder OT-1 T cells in vivo. They
observed that even the lowest affinity agonist peptide could
recruit CD8 T cells to proliferate (e.g., cross the threshold), but
importantly, low-affinity peptides resulted in smaller burst size
and earlier contraction of the OT-1 population, whereas higher
affinity peptides drove greater accumulation of daughter OT-1
T cells. This study is not inconsistent with our model; a truly
subthreshold peptide evaluated in this system might be predicted
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Fig. 4. Endogenous Nur77 expression reveals loss of active TCR signaling in
proliferating T cells in vivo. CD4+ T cells from OT2–GFP mice were loaded
with violet cell trace dye, transferred into congenic CD45.1+ hosts, and
immunized as described in Fig. 3A. On (A) day 3 and (B) day 5 post-
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Top panels represent gating scheme to identify cells that have undergone no
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panels represent endogenous Nur77 and Bottom panels represent GFP
fluorescence in these gates. Data are representative of at least three
biological replicates.
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not to trigger proliferation at all, and further evaluation of sin-
gle-cell dynamics in the Listeria experimental system might be
required to truly reconcile results with our predictive model (39).
Furthermore, our model does not exclude the possibility that
complex in vivo phenotypes such as timing of T-cell contraction
may be independently regulated by peptide affinity as well
as dose.
All-or-none digital responses on a single-cell level that pro-

duce an apparently continuous analog response on a population
level are described in the context of other TCR-dependent bi-
ological processes, most notably positive selection in the thymus.
Titration of signal strength via perturbation of ligand and/or
signaling machinery alters the number of positively selecting
thymocytes (40, 41). Recently, our laboratory has taken advan-
tage of the Nur77–GFP reporter to demonstrate an analogous
invariant threshold for positive selection in the thymus (33); ti-
tration of Zap70 catalytic activity in fetal thymic organ culture or
thymic slice systems alters the number of positively selected
thymocytes, but these selected thymocytes nevertheless exhibit
an invariant GFP MFI. Recent work from Davis and coworkers
supplies another example of this phenomenon: A single pMHC
complex is sufficient to drive IL-2 release in an apparently digital
manner, whereas increasing pMHC number recruits additional
cells to do so (4). In contrast to titration of Zap70 kinase activity,
work from Palmer and coworkers revealed a sharp threshold
effect of peptide affinity on CD8+ selection even at the pop-
ulation level (40). We speculate that below a “threshold” of
peptide affinity, pMHC–TCR complexes are too short lived
to permit accumulation of an unstable signaling intermediate,
whereas graded titration of Zap70 kinase activity is less subject
to this effect and generates more analog output.
Interestingly, the model we propose in Fig. 7A predicts that

even in the setting of an invariant threshold, cell populations
exposed to weak or “borderline” stimuli sufficient to drive rel-
atively few cells across this threshold will exhibit a slightly lower
GFP MFI among proliferating cells relative to stronger stimuli.
Indeed, we observe this to be the case for CD4+ T cells stimu-
lated with anti-CD3 in vitro regardless of whether stimulus or
inhibitor is titrated; levels of stimulation barely sufficient to drive

cells to proliferate that border subthreshold and robust stimuli
(Fig. 2A: 0.4 μg/mL anti-CD3; Fig. 2B: 0.25 μM inhibitor) result
in slightly lower GFP expression among proliferating cells than
occurs with higher levels of stimulation.
Here we identify an invariant threshold for T-cell proliferation

that is independent of strength of TCR stimulation. We also
show using the Zap70(AS) system that inhibiting TCR signaling
after 24 h does not inhibit proliferation of CD4+ T cells appre-
ciably in vitro. Taken together, these observations suggest that
not only do cells need to reach a TCR signaling threshold to
proliferate, but once this has been achieved, further signaling is
dispensable for proliferation (i.e., we suggest that a TCR sig-
naling threshold is both necessary and sufficient for T-cell pro-
liferation) (Fig. 7A).
Schoenberger and coworkers (8), followed by others (7, 9),

initially proposed the CD8+ cell autopilot model using an engi-
neered APC system to demonstrate that as little as 2 h of anti-
genic stimulation by APCs was sufficient to commit responder
CD8+ T cells to proliferation. In the present study, we also
demonstrate TCR-independent CD8+ T-cell proliferation after
addition of Zap70 inhibitor after 48 h. Earlier addition of in-
hibitor in our assays partially or completely blocked CD8+ T-cell
proliferation. We speculate that longer time dependence of our
results may reflect use of plate-bound antibody stimulation
rather than cognate antigen/APC stimulation. This may in turn
relate to unusual dependence of CD8+ T cells upon multiple
costimulatory inputs (42). Subsequently, investigators took in
vivo approaches to modulate antigen exposure and argued that
a somewhat longer duration of stimulation was necessary for
optimal expansion and effector function of CD8+ T cells (12, 21).
Consistent with this autopilot model, in vivo imaging has
revealed a limited duration of T-cell–dendritic cell interactions
in vivo despite persistence of antigen (43).
Despite the clear identification of a minimal amount of TCR

signal duration required to commit CD8+ T cells to proliferation
both in vitro and in vivo, a number of in vivo studies have also
demonstrated that proliferative responses of CD8+ T cells are
titratable by altering not merely peptide affinity/avidity, but also
duration of stimulation beyond the minimal threshold (12, 14,
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16, 18–22, 39). Our in vitro data do not demonstrate this phe-
nomenon, but we speculate that either more prolonged or in vivo
extension of TCR signaling might serve to recruit additional T
cells to cross the quantitative/temporal threshold of signaling
required to commit to proliferation (Fig. 7A). In this manner, an
invariant and sharp threshold interpreted by individual cells may
appear as continuous dependence of proliferation upon magni-
tude and duration of TCR signaling on a population level. In-
dependently controlling the strength and duration of antigenic
stimulus in vivo has been challenging and may also account for
discrepant conclusions in various studies. In vivo, T-cell pop-
ulations contain both naïve and antigen-experienced CD8+ T
cells. The rapid kinetics and altered thresholds of antigen-
experienced T cells differ from those of pure naïve populations
and may also account for discrepant reports from in vivo systems.
Alternatively, a strict autopilot model for commitment to pro-
liferation may require further modification to incorporate
further decision points such as signaling requirements for
activation-induced cell death and persistence in cell cycle.
Although the autopilot model of CD8+ T-cell commitment to

proliferation remains well accepted (7–9, 12, 22), it has never-
theless been unclear whether CD4+ T-cell proliferation is anal-
ogously regulated. Lanzavecchia and coworkers showed that

∼20 h of continuous TCR signaling was required for peptide-
specific transgenic CD4+ T-cell commitment to proliferation (1).
Schrum et al. subsequently identified an 18-h temporal threshold
in vitro for CD4+ T-cell commitment to proliferation, but also
demonstrated that prolonged stimulation leads to greater CD4+

T-cell expansion (10). However, studies from other groups have
yielded conflicting results (11, 13, 15–17).
Mathis and Benoist and coworkers developed an in vivo

strategy to titrate CD4+ and TCR transgenic T-cell exposure to
cognate antigen using a tetracycline (Tet)-inducible promoter
system to regulate antigen expression (13). This genetic strategy
permitted the investigators to induce antigen decay at various
time points relative to adoptive transfer of responder and CD4+

T cells. In this context, the proliferation of CD4+ T cells does
appear to depend upon duration of antigen exposure, in appar-
ent contradiction to a strict autopilot model. They conclude that
persistent antigenic stimulation is necessary for ongoing CD4+

T-cell proliferation. Our data, however, suggest that beyond
∼24 h of TCR signaling, the proliferative response of CD4+

T cells in vitro is insensitive to Zap70 inhibition. We speculate
that the Tet-inducible system used by Mathis and Benoist and
coworkers alters the initial dose as well as duration of antigen
exposure such that both parameters may influence experimental
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outcome. Alternatively, use of essentially naïve and T cells by
Mathis and Benoit and coworkers may prolong the sensitivity to
TCR signal integration required for full commitment to pro-
liferation. Finally, as we speculate earlier, prolonged stimulation
may recruit additional T cells into the response, a phenomenon
that may be obscured in vitro. Indeed, our assessment of both
short half-life endogenous Nur77 and longer half-life eGFP as
markers of TCR signaling in vivo suggests either that pro-
liferating OVA-specific CD4+ T cells are no longer receiving
TCR stimulation at later cell divisions or that endogenous Nur77
expression is subject to negative feedback at later cell divisions.
However, potent inhibition of TCR signals in vitro with the an-
alog inhibitor at late time points suggests that beyond the tem-
poral TCR signaling threshold, ongoing division can occur in the
absence of persistent TCR stimulation.
Interestingly, Mathis and Benoist and coworkers also argue

that titration of CD4+ TCR stimulation modulates not only re-
cruitment of cells into cell cycle, but also the rate of cell cycling
(13). However, assessment of this rate may be confounded by
whether truly synchronized or asynchronous T-cell recruitment
into cell cycle occurs. We find an invariant TCR signaling
threshold in vivo in the context of ovalbumin immunization and
LCMV infection, examples of highly asynchronous and ex-
tremely synchronous T-cell responses, respectively.
Previous studies of T-cell commitment to proliferation have

relied upon inducible genetic expression and/or physical removal
of cells from antigen. Particularly in vivo, residual antigen may be
retained even after active expression is turned off or cells are
adoptively transferred. As a result, such strategies may in-
advertently vary both dose and duration of antigen exposure.
Our in vitro system relies upon a specific inhibitor of proximal
TCR signaling and permits tight and extremely rapid control of
both strength and duration of TCR signaling and allows us to
vary these parameters independently of one another. We there-
fore propose that in a simplified, well-controlled model system,
CD4+ T-cell commitment to proliferation not only exhibits an
invariant TCR signaling threshold, but also conforms to an au-
topilot model. Importantly, we show that these quantitative and
temporal thresholds are imposed at a single-cell level. We suggest
that population-level readouts of proliferation obscure digital all-
or-none responses on a single-cell level. Population-level analysis
has led many investigators to conclude that titration of magnitude
or duration of TCR signaling modulates proliferation in an ap-
parently continuous or analog manner (Fig. 7A). An invariant
threshold at the level of individual T cells is consistent with ap-
parently continuous population responses if more or longer stim-
ulation recruits additional T cells into cell cycle. There is precedent
for such a model; work by Kaech and Ahmed suggests that the
number of CD8+ T cells recruited into the proliferative response
varies with increasing duration of antigen exposure (12). There is
evidence of such an effect in work from Bevan and coworkers with
peptide agonists of varying affinity (39).
We show that, surprisingly, IL-2 fails to modulate the pro-

liferative threshold of CD4+ T cells on a single-cell level as

A

B

C

Fig. 7. A quantitative and temporal threshold model for T-cell pro-
liferation. (A) Integrated TCR signaling among a population of T cells ex-
posed to a uniform stimulus nevertheless exhibits a distribution of GFP
expression. This distribution reflects the strength of TCR stimulation, titrated
by Zap70 kinase inhibition. The cells within a population in which their in-
tegrated TCR signaling (as read out by Nur77–eGFP fluorescence) cross an
invariant threshold enter the proliferating pool. This model is compatible
with both an invariant signaling threshold at the single-cell level and with
a titration of the proliferating cell population by varying TCR signal
strength. Importantly, a weak stimulus that barely drives cells over this
threshold is predicted to result in slightly lower GFP MFI among the pop-
ulation of proliferating T cells. (B) Each curve here represents the mean
perceived TCR signal strength (GFP MFI) of an entire population, including
both proliferating and nonproliferating cells. TCR signaling is integrated
over time and GFP MFI therefore increases with time. Once cells within
a population cross an invariant signaling threshold, further TCR signaling to
commit to proliferation is dispensable, as demonstrated by insensitivity of
proliferating population to Zap70 inhibition beyond this time point. Cells in
population “A” receive subthreshold/suboptimal stimulation and these cells

never cross the invariant signaling threshold and never proliferate. (C) As
depicted in A, a population of stimulated T cells displays a distribution of
GFP fluorescence at any given time point. In this model, each curve repre-
sents the perceived TCR signal strength of individual T cells. Only a fraction
of cells within this population crosses the invariant signaling threshold at
any given time point. There exists a minimum time required for any cells to
do so, beyond which those cells committed to proliferation are not sensitive
to Zap70 inhibition. However, prolonged duration of stimulation is capable
of driving increasing numbers of cells across the threshold. In this manner,
prolonged signal duration can recruit more and more cells into the pro-
liferating pool, consistent with prior observations of a temporal threshold
and a titration effect on clonal burst size.
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marked by GFP expression. How then can this be reconciled with
modulation of the proliferative response of an entire population
by IL-2 supply? We suggest that perturbing IL-2 supply is anal-
ogous to titrating TCR stimulus strength; increasing IL-2 supply
may recruit more cells across the invariant threshold. Chakraborty
and coworkers have suggested that IL-2 secretion by responding
T cells may enforce all-or-none digital immune responses at the
level of a population of cells rather than a single cell (44). An
antigen that recruits few T cells to respond results in little IL-2
production and produces an immune response that is abortive and
decays; conversely, a bona fide infection that recruits a “quorum”

of T cells to respond can push additional T cells across the pro-
liferative threshold. IL-2 may thus enforce a digital response on
a population level, whereas GFP expression instead marks an
IL-2–independent threshold that is enforced at a single-cell level.
Our data identify both a quantitative and a temporal threshold

of TCR signaling for commitment to proliferation, and we sug-
gest that the former determines the latter. It is not clear how this
threshold is imposed upon the cell, but the time scale involved
suggests something other than purely posttranslational “signal-
ing” events may be involved, perhaps changes in gene expression
and/or chromatin remodeling. Indeed, titration of TCR immu-
noreceptor tyrosine-based activation motif (ITAM) multiplicity
reveals an apparently continuous and profound reduction in
proliferation in the face of relatively preserved proximal signal-
ing and Zap70 phosphorylation (36, 37). Interestingly, the sharp
reduction in proliferation with reduced ITAM multiplicity cor-
relates with an abrupt loss of c-Myc expression, and is corre-
spondingly rescued with c-Myc overexpression, suggesting that
regulated gene expression of this and perhaps other targets by
integrated TCR signaling over time may in turn enforce the
sharp signaling threshold we report here (36).
It has previously been proposed that serial T-cell antigen

encounters drive T-cell activation, possibly through accumula-
tion of an unstable signaling intermediate (4, 45–47). An im-
portant implication of our data is that integration of TCR
signaling within a given T cell is continuous over multiple
encounters with pMHC. This model is consistent with recent
studies in which we demonstrate the existence of a temporal
threshold for positive selection of CD4+CD8+ double positive
thymocytes, which correlates with an integration of multiple
transient encounters with positively selecting ligands. We further
show that interruptions in Zap70-dependent signaling decreased
the frequency and duration of these signaling events, impairing
the efficiency of positive selection (33).
Here we propose that inhibiting TCR signaling intermittently

rather than continuously may be sufficient to limit T-cell responses
in the context of autoimmune disease and/or transplant tol-
erance. A pharmaceutical dosing strategy of this kind might in
turn reduce off-target drug toxicity without impairing immu-
nosuppressive potency. What, if any, implications does this
threshold model have for physiologic host defense responses to
infection? Imposing a relatively high TCR signaling threshold for
commitment to proliferation may prevent spurious subthreshold
triggering of the adaptive immune response. Conversely, the
temporal threshold guarantees that, beyond a minimal threshold,
even relatively rapid antigen clearance will not prematurely
curtail evolution of a full adaptive immune response complete
with appropriate memory precursor T-cell expansion.

Materials and Methods
Mice. Mice used in these studies were housed in the specific pathogen-free
facility at the University of California, San Francisco (UCSF), and were treated
according to protocols approved by the Institutional Animal Care and Use
Committee in accordance with National Institutes of Health (NIH) guidelines.

Zap70+/−, Zap70(AS), and Nur77–eGFP mice were described previously (26,
27, 30). The Nur77–eGFP strain was interbred with Zap70(AS), OT2, and
SMARTA strains (34, 35). WT C57BL/6, OT2, and CD45.1 BoyJ mice were from
The Jackson Laboratory.

Antibodies and Reagents. Zap70(AS) inhibitor HXJ42 has been described pre-
viously (33). CD4, CD8, CD25, CD90.2, and CD45.1 antibodies conjugated to PE,
PerCPCy5.5, PECy7, APC, or Qdot 605 (BD Biosciences, eBioscences, Life Tech-
nologies), Nur77 Ab conjugated to PE (eBiosciences; clone 12.14). Antibodies
used for in vitro T-cell stimulation and culture include anti-CD3 (clone 145–2C11;
Harlan), anti-CD28 (clone 37.51; UCSF monoclonal antibody core facility), and
anti–IL-2 (clone JES6-5H4; Biolegend). Recombinant human IL-2 was from the
NIH AIDS Reagent Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases, NIH: Maurice Gately (Hoffmann-La Roche). OT2 TCR trans-
genic T cells were stimulated in vitro with ovalbumin (OVA323–339) peptide (New
England Peptide).

Flow Cytometry. Cells were analyzed on a BD LSR Fortessa flow cytometer and
flow cytometry plots were generated using FlowJo (Tree Star) software.

T-Cell Activation and Proliferation. Lymph node cells in single-cell suspension
were applied at a concentration of 0.5–1 × 106 cells per milliliter to 96-well
plates. For studies of T-cell proliferation, cells were labeled with Cell Trace
Violet according to the manufacturer’s instructions (Life Technologies) be-
fore plating. Nur77–eGFP reporter T cells harboring WT Zap70 (Zap70+/−)
were stimulated by plate-bound anti-CD3 at the concentrations indicated in
the figure legends ± IL-2 or anti–IL-2. Zap70(AS)–GFP T cells were stimulated
by plate-bound anti-CD3 at the concentrations indicated in the figure leg-
ends with anti-CD28 (2 μg/mL). OT2 TCR transgenic cells were stimulated
with APCs and OVA peptide (concentrations indicated in figures/figure
legends). Cells were harvested and stained at various time points to assess
activation and proliferation by flow cytometry.

T-Cell Purification. CD4+ and CD8+ T cells were enriched from suspensions of
spleen and lymph node cells by using the EasySep CD4+ Enrichment kit (Stem
Cell Technologies) according to the manufacturer’s instructions.

Intracellular Staining for Nur77. Live cells were washed and stained with cell
surface markers as indicated. They were then stained with Live Dead Fixable
Stain (Life Technologies) in PBS. After washing, cells were fixed for 20 min
with 4% (vol/vol) fresh paraformaldehyde at room temperature. Cells were
then permeabilized using the Mouse Regulatory T-Cell Staining kit 1 (eBio-
science) per manufacturer’s instruction. After permeabilization, cells were
stained with Nur77-PE.

OVA Immunization. OT2–GFP T cells were loaded with violet cell trace fluo-
rescent dye and adoptively transferred via tail vein injection (1–2 × 106 cells
per mouse) into CD45.1 (BoyJ) recipients, which were subsequently immu-
nized by s.c. footpad injection with an emulsion of complete Freund’s ad-
juvant (Difco) and ovalbumin protein (5 or 50 μg; Sigma). Both draining and
nondraining popliteal lymph nodes were harvested after 3 d to assess GFP
fluorescence and proliferation via dye dilution of transferred T cells.

LCMV Infection. Congenic CD45.1+ SMARTA–GFP T cells were loaded with
violet cell trace fluorescent dye and adoptively transferred via tail vein in-
jection (1–2 × 106 cells per mouse) into B6 hosts, which were infected the
following day with low (2 × 104) or high (2 × 106) pfu LCMV Armstrong virus
via tail vein injection. On day 3 postinfection, spleens were harvested and
collagenase treated after 3 d to assess GFP fluorescence and proliferation via
dye dilution of transferred SMARTA T cells.
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