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Highlights
Advances in optogenetic models, single-
cell genomics, and live imaging allow
new levels of precision in testing the
impact of stimulation strength on T cell
activation.

Single cell studies have revealed that
stimulation strength modulates the rate
at which both naïve and effector T cells
initiate fixed activation programs.

Optogenetic experiments have shed
How T lymphocytes tune their responses to different strengths of stimulation is a
fundamental question in immunology. Recent work using new optogenetic,
single-cell genomic, and live-imaging approaches has revealed that stimulation
strength controls the rate of individual cell responses within a population.
Moreover, these responses have been found to use shared molecular programs,
regardless of stimulation strength. However, additional data indicate that stimula-
tion duration or cytokine feedback can impact later gene expression phenotypes
of activated cells. In-depth molecular studies have suggested mechanisms by
which stimulation strength might modulate the probability of T cell activation.
This emerging model allows activating T cells to achieve a wide range of popula-
tion responses through probabilistic control within individual cells.
light on the receptor–ligand binding re-
quirements for T cell activation and ef-
fects of signaling duration on induced
gene expression.

Detailed examination of individual T cell
receptor (TCR)–peptide MHC (pMHC)
binding events suggest that activation-
inducing interactions are rare and require
a single long dwell time or sequential,
spatially correlated binding events.

A rate-limiting step in proximal T cell sig-
naling has been identified in the slow
modification of the LAT residue that re-
cruits PLCy1, suggesting a means for
controlling the probability of activation
based on TCR–pMHC interaction times.
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Fine tuning responses with limited components
How T cells meet the challenge of integrating signals from a seemingly infinite array of pathogens
with only a limited set of intracellular machinery has long puzzled immunologists. T cell receptors
(TCRs) on the cell surface need to sense both the quantity and quality of peptide-MHC (pMHC;
see Glossary) complexes on antigen-presenting cells (APCs), transmitting this information into the
cell. TCR ligation rapidly recruits signaling molecules to trigger a broad and interconnected network
of signaling events, including signaling protein phosphorylation and calcium fluxes [1] (Figure 1),
that initiate a diverse and dynamic range of responses. In naïve T cells, antigen recognition stimu-
lates metabolic shifts, transcription, translation, proliferation, and differentiation into effector and
memory subsets over the course of hours and days; while in effector T cells, TCR ligation induces
rapid responses (seconds or minutes), including cytokine production and, for cytotoxic T lympho-
cytes (CTLs), secretion of cytolytic proteins at the immunological synapse [2–7]. Each of these
activation events occurs within individual cells, with the sum of individual responses creating a
population response. In this review, we highlight new technologies and the insights they have re-
vealed, suggesting how TCR–pMHC interactions in single cells can generate finely tuned activation
responses within a population, focusing on the early hours after TCR ligation in naïve and effector
T cells.

Manipulation of T cell stimulation strength
The stimulation strength that an individual T cell senses can be impacted by both the concentra-
tion of pMHC ligands and their affinity for the TCR [8]. One of the earliest examples of altered
stimulation strength came from characterization of the TCR agonist antibody OKT3, which
demonstrated concentration-dependent effects on human T cell proliferation [9]. Sensitivity of
T cell responses to single amino acid changes in the peptide ligand was first established in exper-
iments stimulating polyclonal T cell populations from inbred mice [10]. TCR gene cloning then
allowed a more detailed investigation of the binding properties and biological effects of subtly al-
tered ligands [11–16]. Although stimulation strength generally correlates with ligand affinity,
observations of high-affinity yet low-potency ligands, alongside single-molecule force measure-
ments, have led to the proposal that potency is determined by the formation of catch- versus
slip-bonds between TCRs and pMHC ligands [17]; however, the existence of these different
structures continues to be debated [18–22]. The resolution achievable using TCR transgenic
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Figure 1. Simplified representation of T cell receptor (TCR) signaling. The cartoon depicts a simplifieddiagramof initial
TCR signaling with events listed in temporal order. (1) TCR interaction with peptide-MHC (pMHC). (2) Recruitment of LCK and
phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) of CD3 leading to recruitment of ZAP70.
(3) Phosphorylation of the LAT signalosome by ZAP70 and (4) activation of multiple downstream signaling pathways. Figure
created using BioRender (BioRender.com). Abbreviations: IP3, inositol 1,4,5-trisphosphate; PI(4,5)P2, phosphatidylinositol
4,5-bisphosphate; PLC, phospholipase C.
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Glossary
Activation event: here, a measurable
molecular change downstream of TCR
stimulation in an individual T cell that
marks its commitment to an activation
program.
Activation rate: here, the number of
T cells undergoing activation events per
unit time.
Altered peptide ligand (APL): MHC-
binding peptide in which individual
amino acid residues of the cognate
peptide are altered, changing the TCR–
pMHC ligand interaction and, hence, the
T cell stimulation strength.
Analog response: response occurs on
a continuum.
Calcium flux: elevation of intracellular
free [Ca2+].
Chimeric antigen receptor (CAR):
artificial receptor designed to target a
specific protein and induce signaling
similar to that downstream of a TCR.
Cytotoxic T lymphocyte (CTL):
activated T cell, secreting cytolytic
components that elicit target cell death.
While most of these are CD8+ effector
T cells, CD4+ CTLs also exist.
Digital response: response is discrete,
either seen or not seen, with no
intermediary.
Dwell time: time that a T cell contacts
an APC, or TCR contacts pMHC.
Effector T cell: differentiated T cell
providing a functional response.
Flow cytometry: measurement of
fluorescence intensity of individual cells,
usually labeled with fluorescently bound
antibodies, constructs, or dyes.
Immunological synapse: specialized
interface formed between immune cells
and their partners (e.g., antigen-presenting
cells) upon antigen recognition.
Kinetic proofreading: mechanism for
increasing ligand discrimination wherein
the addition of reversible biochemical
steps that delay the onset of further
signaling enhances reliance of the
pathway on receptor-ligand dwell
time.
LAT signalosome: multiprotein com-
plex of proteins recruited to phosphory-
lated LAT.
Naïve T cell: A T cell that has yet to
encounter a TCR antigen that it recog-
nizes in the periphery.
Optogenetics: introduction of light-
sensitive proteins into cells tomanipulate
cellular behavior (e.g., the LOV2
photosensor domain from Avena sativa
phototropin 1, or the phytochrome B–
systems is inherently limited by the ability to find an altered peptide ligand (APL) that exhibits
the desired binding behavior, making questions about specific lengths of pMHC engagement
or patterns of binding and rebinding events difficult to answer. To circumvent this issue, several
groups have recently developed optogenetic receptor–ligand systems in which binding kinetics
are controlled by light patterns [23–26] (Box 1). While the synthetic nature of optogenetic systems
must be considered in interpreting results, these methods enable a new level of precision in dis-
secting the temporal binding requirements of T cell activation.

In addition to signaling through the TCR, inputs from a multitude of co-stimulatory and cytokine
receptors can modulate the strength of stimulation that a T cell experiences. Ligation of co-
stimulatory receptors, including CD28, CD27, and CD2, can augment TCR signals and
enhance activation [27–30]. These effects may be particularly important for cells receiving
weak TCR signals, as exemplified by CD27 ligation enhancing expansion of murine CD8+ T
cells stimulated by reduced affinity TCR ligands [27]. Likewise, cytokine signaling can synergize
with TCR-induced signals [31–34]. The ways in which these additional stimuli impact T cell re-
sponses are diverse. For example, TCR and co-stimulatory/cytokine signaling had additive ef-
fects on proliferation potential in experiments using division-tracking dyes during activation of
Trends in Immunology, November 2021, Vol. 42, No. 11 995

Image of Figure 1
http://BioRender.com
CellPress logo


Box 1. Optogenetics

Optogenetic approaches take advantage of naturally light-responsive proteins to create synthetic systems that can be
controlled with light of specific wavelengths. Optogenetics have been used to interrogate the organization of signaling
networks across many biological fields [98]. The past few years have seen a rapid uptake of this technology for manipulating
T cell signaling. For example, optogenetic manipulation of T cell calcium signaling in a spatially controlledmanner was recently
achieved using a light-controlled STIM-1 construct that aggregates in response to two-photon stimulation [99]. Optogenetic
approaches have been particularly informative for addressing questions of how the kinetics of receptor–ligand binding impact
T cell activation responses. Studies using optogenetic receptors in the Jurkat T cell line and stimulating with cell-free ligands
have been used to test the relationship between receptor–ligand binding kinetics and T cell activation [25,26] (see main text).
Other studies have introduced cellular antigen-presenting systems opposite light-responsive CARs to examine the impact of
signal frequency and duration [23,24]. By necessity, these systems use synthetic receptors, which may show differ-
ences from native TCR–pMHC interactions, and this needs to be considered when interpreting results. However,
the development of these methods marks an important new era in the study of T cell stimulation strength, making it
possible to precisely manipulate binding patterns under culture conditions that are otherwise identical. As such, the use
of optogenetic systems has the potential to precisely define what we mean by stimulation strength.
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PhyB interacting factor ligand–receptor
pair from Arabidopsis thaliana).
pMHC: peptide and MHC protein
complex.
Probabilistic model: opposite of a
deterministic model; a mechanism
whereby inputs affect the probability of
an output being generated. For the rate-
based model of stimulation strength
impacting T cell activation, increasing the
strength of stimulation increases the
probability of signals surpassing a
molecular threshold(s) within each indi-
vidual cell. This changes the percentage
of individual T cell–APC interactions that
initiate activation per unit time, altering
the population response.
Pseudotime: statistically inferred
trajectory in which cells are ordered (and
spaced) by the similarity of their molec-
ular characteristics; when applied to
cells undergoing a dynamic process, a
trajectory constructed using a snapshot
of heterogeneous cells at one real time
point can be postulated to correspond
to how a cell might progress through the
process.
Stimulation strength: integrated
amount of activation-inducing signal a
T cell senses through its TCR and other
receptors sensing co-stimulation and
the immune microenvironment.
Supported planar lipid bilayer:
artificial lipid membrane bilayer
supported on a planar surface
(e.g., glass cover slips or chambers) and
comprising the necessary protein
components (e.g., fluorescent ICAM-1)
to mediate cellular interactions subse-
quently visualized via microscopy.
naïve murine CD8+ T cells [29,35]. By contrast, co-stimulatory receptor engagement rescued
cytokine expression in primary human CD8+ T cells under chronic in vitro stimulation [36].
Much remains to be understood about how co-stimulatory and cytokine signals integrate
into T cell activation signaling to control the effective stimulation strength that a T cell
experiences. One highly studied example is the cytokine IL-2, which is expressed in a stimula-
tion strength-dependent manner by both CD4+ and CD8+ T cells and results in both autocrine
and paracrine signaling through IL-2R [34,37,38]. Experiments in naïve murine CD8+ T cells
demonstrated that adding exogenous IL-2 could rescue translation and proliferation
deficiencies seen in cells stimulated with low-dose or low-affinity ligands [31,32]. This is likely
achieved by promoting the expression of the transcription factor MYC, which requires ongoing
protein synthesis due to rapid turnover and controls division potential [31,32,39,40].
Future work examining the integration of other signals can shed light on the regulatory logic
of intracellular T cell signaling.

A plethora of studies have demonstrated that reducing stimulation strength during activation of
naïve or effector CD4+ or CD8+ T cells leads to a reduction in activation phenotypes, including sig-
naling protein phosphorylation, calcium fluxes, transcription factor activation, mRNA expression,
protein expression, proliferation, cytokine secretion, and cytolytic activity, as exemplified by
[41–50]. The strength of T cell stimulation can also dramatically impact thymic selection, which
falls outside the scope of this review [51].

Insights from early single cell measurements
Historically, RNA and protein expression measurements were made on bulk cellular lysates, and
functional tests used pools of T cells. These types of measurements describe the average behav-
ior of a population but cannot discern how individual cells are affected. Thus, a reduction in aver-
age cellular activation in a given condition might be due to a change in the magnitude of activation
within each cell or to a change in the proportion of cells that are activated. Single cell measure-
ments are able to overcome this issue and provide more accurate insights into how individual
cell responses combine to achieve a population response.

One of the original single cell methods, flow cytometry, enables quantitative read-outs of protein
expression or modification in individual cells using fluorescently tagged antibodies, constructs, or
dyes. This approach has revealed that some markers of activation exhibit simple ‘on/off’ behavior,
such that the proportion of ‘on’ cells changes with stimulation strength. This type of response,
termed ‘digital’, is exemplified in primary murine T cell activation by the phosphorylation of extra-
cellular signal-related kinase (ERK) [52,53] and protein kinase D2 (PKD2) [54]. Other markers of
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activation show a graded response, such that increasing stimulation strength shifts the marker
intensity within each individual cell. IRF4 expression is the best characterized of these ‘analog’
responses, with extensive studies in murine CD8+ T cells [55–58]. Recently, a hybrid digital/
analog model has been used to describe certain activation markers that exhibit both “on/off’
behavior and graded modulation of intensity within the ‘on’ population (e.g., expression of
CD69 in CD4+ T cells [59] and MYC in CD8+ T cells [39,40]). For these markers, both the per-
centage of positive cells and the intensity of the positive population are influenced by stimula-
tion strength [39,40,59]. The existence of such hybrid behaviors suggests that the digital/
analog dichotomy is overly simplistic. This is particularly relevant for gene expression changes,
which can accumulate over the course of active signaling [23], as described in detail below.

While flow cytometry has been instrumental in revealing these activation behaviors, its early use
had twomajor drawbacks. First, early flow cytometry methods produced uni- or oligodimensional
measurements, leaving the relationships between activation events within individual cells unclear.
(The number of measurable parameters has gradually increased over time and has recently been
expanded even further through spectral flow cytometry, as described in Box 2.) Second, mea-
surements are static, making it impossible to know whether cells are in transition or steady-
state. For example, increased prevalence of an intermediate phenotype amongweakly stimulated
cells might indicate a stable state of partial activation or might reflect a reduced speed of re-
sponse. Likewise, altered proportions of activated cells might indicate a change in steady-state
proportions or might be caused by a shift in the activation rate (events per unit time) of a re-
sponse. We argue that these distinctions are crucial when testing the impact of stimulation
Box 2. Single cell technologies

The past decade has seen rapid growth in technologies that enable high-dimensional molecular measurements in individ-
ual cells. Commercialization of several platforms has dramatically improved accessibility, increasing use across many
fields, including fundamental T cell immunology.

Single cell RNA sequencing (scRNA-seq) enables genome-wide transcriptome quantification within individual cells [100].
Originally, cells were processed in separate tubes or in multiwell plates for scRNA-seq (e.g., [101,102]). The subsequent
development of droplet-based methods greatly increased the number of cells that could be sequenced per sample
[103,104]. Novel methods and protocol refinements to improve transcript detection or cell throughput continue to be de-
veloped, including those specifically designed for CTLs [105]. Multimodal measurements that quantify different types of
features within individual cells can relate single cell transcriptomes to other types of molecular measurements [106],
including protein expression [107,108] and epigenetic modifications (e.g., [109,110]). These methods open the door to
answering questions about gene expression regulation at the individual cell level.

Advances in cytometry techniques allow profiling of tens of dimensions in thousands or millions of cells.

• Mass cytometry fuses flow cytometry andmass spectrometry to make targeted multidimensional measurements in
individual cells [111–113]. Metal-conjugated antibodies or oligonucleotides allow simultaneous profiling of up to 57
markers of different molecular features, including protein expression, post-translational signaling protein modifica-
tions [114,115], metabolic intermediates [116], and mRNA transcripts [117]. Barcoding different samples with
unique sets of metal isotope tags allows pooled staining and minimizes technical confounding [115]. High-dimen-
sional surface staining can resolve fine-grained cellular subpopulations [114,118], while intracellular staining can
capture complex multinodal signaling events [61,114,115]. An early mass cytometry study demonstrated the utility
of this method for monitoring T cell signaling by comparing activating and inhibitory signals in a tumor-specific CTL
clone stimulated with varied ligand doses [119], while recent work examined the impact of ligand affinity on naïve T
cell activation [61] (see main text). Combiningmolecular modalities within mass cytometry experiments allows com-
prehensive profiling of each cell to decipher regulatory logic at a single cell level.

• Spectral flow cytometry records fluorescence across the spectrum at higher resolution than in conventional flow
cytometry [120]. This allows analytical deconvolution of signals from each fluorescent marker and expands the di-
mensionality to be on par with mass cytometry. To date, this new technology has primarily been used for high-di-
mensional cell surface marker phenotyping (e.g., [121]), with exciting possibilities for RNA-flow cytometry.

By measuring protein epitopes, these new cytometry methods can provide important tools for creating a holistic picture of
how stimulation strength impacts T cell activation events.
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strength on activation phenotypes, because they can lead to different interpretations of how the
underlying intracellular machinery reads TCR signals.

Advances in single cell measurements reveal a rate-based model of T cell
activation
The advent of high-dimensional single cell technologies, including single cell RNA-sequencing
(scRNA-seq) and mass cytometry (Box 2), as well as advances in live cell imaging (Box 3), have
facilitated more comprehensive profiling of T cell activation to uncover the dynamics of individual
cell responses (Figure 2).

In naïve T cells, one of the primary outcomes of TCR stimulation is the induction of gene expres-
sion. A recent scRNA-seq study examined the transcriptional changes downstream of in vitro
naïve CD8+ T cell activation [3] using the OTI TCR-transgenic mouse system [12], in which all T
cells are specific for an ovalbumin peptide and for which APLs of varied affinities have been
well characterized [60]. Using pseudotime analyses to compare the activation progress of
cells stimulated with different APLs, this study demonstrated that transcriptional responses to
strong stimulation were rapid and synchronized, while responses to weak stimulation were
more temporally heterogeneous and, on average, delayed [3]. However, the transcriptional
activation trajectory was largely shared, regardless of stimulation strength, suggesting that this
process is utilized by all activating cells. These results indicated that stimulation strength can
impact the rate with which cells initiate transcriptional activation.

A subsequent mass cytometry study looked upstream of transcriptional activation and asked
how signaling events marked by protein phosphorylation and degradation across multiple T cell
signaling pathways were influenced by ligand affinity in the same OTI T cell activation system
[61]. This approach revealed a set of signaling events that were shared among cells regardless
of stimulation strength, but which were, on average, delayed with weaker stimuli. These results
echoed the transcriptional findings, indicating that stimulation strength can control the rate with
Box 3. Live imaging

Live microscopy acquires spatiotemporal information, allowing a sequence of events to be followed and identifying transient
states that might otherwise be missed. Temporal information about a process we observe is crucial for proper analysis of
staticmeasurementsmade by other approaches (see Figure 2 in themain text). As such, many advances inmicroscopy have
focused on improving temporal resolution while maintaining as high a spatial resolution as possible without damaging the
specimen. This has led many investigations to use total internal reflection fluorescence (TIRF) microscopy, in which only
fluorophores within ~100 nm of the coverslip are illuminated [122], achieving high temporal resolution at the expense of
3Dmeasurements.While this approachprovides an excellent signal-to-noise ratio for experiments such as direct visualization
of binding events [74,123] or measurement of force exerted on the TCR [124,125], the artificial stimulatory surface does not
have the biophysical properties of an antigen-presenting cell and, thus, may perturb the very process being investigated
[126]. To remedy this, newer imaging technologies, including lattice-light sheet microscopy [127], capture multicolor 4D su-
per-resolution images at high speed of interactions between live APCs and T cells [128]. The increased volume of data from
these approaches creates both challenges and opportunities for new analysis methods, including machine learning [129].

One T cell activation event for which live-imaging measurements have proven particularly useful is the calcium flux. Down-
stream of TCR activation, the PI(4,5)P2 hydrolysis product (IP3) triggers calcium release from the endoplasmic reticulum,
opening plasmamembrane calcium channels and resulting in a further influx of calcium [130]. The importance of single cell
measurements to separate the magnitude of the calcium flux from its periodicity was first shown in 1998, when studies
using either uncaging of IP3 or a calcium clamp approach showed that some transcription factors were most responsive
to oscillations in the calcium flux, and others to the amplitude [131–133]. Subsequent methods allowing direct visualization
of the calcium flux demonstrated that as stimulation strength decreases, a larger proportion of cells show oscillatory rather
than sustained calcium fluxes [134,135]. Further imaging advances recently enabled simultaneous measurement of cal-
cium signaling and centrosome movement in effector CTLs, suggesting a shared mechanistic link between the generation
of prolonged calcium fluxes and docking of the centrosome at the immunological synapse [63]. Expansion of such simul-
taneous imaging measurements will be essential for understanding the coordinated program of T cell activation.
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Figure 2. Cell population approaches versus single cell approaches over time. (A) Schematic of a theoretical T ce
activation series of events. In this model, during activation, the T cell first upregulates Green Protein, then Blue Protein. The
expression of Green Protein then oscillates (round arrows) between low and high expression. (B) Model of how expression o
these proteins might look by fixed cell imaging. When T cells are activated in a population, all of the states in (A) may be
represented and vary with time. (C) Model of how expression of these proteins (Green, top; Blue, bottom) might look by
western blot of pooled cell lysates. (D) Model of how expression of these proteins (Green, top; Blue, bottom) in the
population might look by single-parameter flow cytometry. (E) Model of how expression of these proteins (Green, y-axis
Blue, x-axis) in the population might look by multiparameter flow cytometry. (F) Model of how expression of these proteins
(Green, right middle; Blue, right bottom) might look following a high-dimensional data capture technique, such as mass cy-
tometry, or single cell RNA-sequencing (scRNA-seq) with simultaneous protein measurements. Note that the extra parame-
ters allow inference of a pseudotime trajectory (left and right top) that reveals the different expression dynamics of Blue and
Green proteins. However, because it is a pseudotime trajectory constructed from snap-shot measurements, it cannot eluci-
date precise timescales of expression. Only via continuous time-lapse imaging is the full activation behavior readily apparent
(G) To illustrate the benefits of live imaging in individual cells, we show a time-lapse series of a cytotoxic T lymphocyte (CTL

(Figure legend continued at the bottom of the next page.
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which cells initiate a shared activation program. Due to the rapidity and transience of proximal sig-
naling events, this latter study focused on TCR-distal signaling nodes, honing in on the coordina-
tion of ERK, S6, and STAT5 phosphorylation [61]. Thus, future work examining the simultaneous
activation of TCR-proximal signalingmediators will be important to understand the initiation of this
shared downstream signaling program.

Similar conservation of T cell activation processes was observed in flow cytometry experiments
examining markers of metabolic shift and cell cycle entry in OTI TCR-transgenic cells stimulated
with APLs of varied affinities [62]. Likewise, results from these high-dimensional single cell studies
[3,61] are reminiscent of earlier work using division-tracking dyes to monitor the proliferation of
APL-stimulated OTI T cells, which showed that the rate of proliferation entry, but not the speed
of ongoing proliferation, was dependent on stimulation strength [50]. Together, these studies
demonstrate that, under controlled in vitro settings, stimulation strength can regulate the rate of
activation in naïve CD8+ T cells. Comparison with in vivo studies will be important to understand
how such a mechanism plays out in a complex physiological environment.

In effector CTLs, TCR ligation initiates cytokine secretion and targeted killing of the antigen-
presenting cell. To kill a target cell, a CTL undergoes substantial cytoskeletal reorganization to
polarize its centrosome toward the target and deliver cytolytic granules to the immunological syn-
apse [6]. One study used confocal live imaging of in vitro-activated OTI TCR-transgenic CTLs to
monitor the impact of ligand affinity on the dynamics of the CTL–target cell interaction and the in-
tracellular movement of the centrosome and granules [63]. Data showed that TCR stimulation
strength was associated with the proportion of cells exhibiting long dwell times, sustained cal-
cium fluxes, docked centrosomes, and polarized granules. However, within cells that achieved
long dwell times and organelle polarization, the organization and speed of the response was in-
dependent of stimulation strength, suggesting a conserved activation program [63]. These results
suggested that, as in naïve T cells, stimulation strength controls the rate of effector CTL activation.
Such a rate-based model (Figure 3, Key figure) might help explain the fact that even extremely
weak TCR stimulation can induce rare occurrences of activation in naïve, memory, and in vitro-ac-
tivated T cells from humans andmice [16]. It will be interesting to see whether studies in other sys-
tems conform to this rate-based model.

The picture emerging from the single cell studies [3,61,63] described above is that T cells utilize
remarkably fixed intracellular activation programs. Supporting this conclusion, recent experi-
ments using recombinant pMHC ligands to stimulate primary human CD8+ T cell blasts express-
ing an exogenous TCR showed that the antigen dose threshold for the production of multiple
cytokines was always shared, regardless of ligand affinity [28]. The authors of this study further
validated their findings in primary human memory T cells stimulated with peptide-pulsed
monocyte-derived dendritic cells [28]. However, earlier studies that varied ligand affinity and
dose during stimulation of in vitro-maintained human and mouse CD8+ and CD4+ T cell clones
reported dose–response hierarchies instead of a shared stimulation strength threshold among
cytokines [64–66]. The reason for this discrepancy is unclear but may reflect differences in the ex-
perimental systems used.
(red) interacting with an antigen-presenting target cell (blue) captured with a spinning disk confocal microscope. As the CTL
interacts with the target cell, a calcium flux is initiated (shown by the oscillating green intensity proportional to the free intra-
cellular calcium), and the centrosome (white sphere) polarizes toward the immune synapse. While calcium may also be mea-
sured by alternative approaches, oscillatory behavior in an individual cell requires live imaging. Moreover, organelle
movement, such as polarization of the centrosome, can only be measured through visualization. Scale bar: 2 μm, Time
min:s. Figure created using BioRender (BioRender.com).
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Key figure

Model of a rate-based mechanism of T cell activation
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Figure 3. (A) Schematic of a theoretical T cell activation series in which stimulation strength controls the rate of activation
events, showing populations responding to Strong (red) or Weak (blue) stimulation. (B) Bar chart representation of how the
percentage of activated cells at each timepoint might look comparing Strong (red, left) versus Weak (blue, right)
stimulation. (C) Density plots of T cell activation events with Strong (red, left) versus Weak (blue, right) stimulation,
simulated according to the rate-based model. (D) Cumulative distribution curves for simulated data from (C). Figure
created using BioRender (BioRender.com).
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Additional evidence of stimulus-dependent tuning beyond a shared activation program comes
from studies of TCR-induced gene expression changes. In the scRNA-seq study described
above [3], after accounting for the activation status of each cell, a small number of genes
remained differentially expressed at the mRNA level between cells stimulated by strong and
weaker ligands. Likewise, observations of hybrid digital/analog expression of induced proteins
support the idea of tuning beyond a shared response, such that a common program initiates ex-
pression in a digital manner and subsequent stimulus-dependent effects tune this expression in
Trends in Immunology, November 2021, Vol. 42, No. 11 1001
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an analog manner within each cell (e.g., [40,59]). Moreover, extensive work using APLs to stimu-
late naïve CD8+ T cells in multiple murine TCR transgenic systems showed that, starting from ap-
proximately 1 day after activation, T cells express IRF4 in a graded manner, reflecting stimulation
strength [55–58]. As IRF4 can enhance effector differentiation [57,58], this suggests that subtle
tuning of gene expression during the early days of naïve T cell activation might alter differentiation
outcomes, as has been observed in in vivo models for both CD4+ and CD8+ T cells [47,67–72].
Similarly, experiments stimulatingmurine CD4+ T cells with varying antigen doses found that, after
24 h, stimulation strength correlated with the expression of IL-12Rβ2, which facilitates Th1 polar-
ization in response to IL-12 signaling [72]. These results again suggest a means by which stimu-
lation strength can impact differentiation fate. Together, these data indicate that, although shared
activation programs may exist, the strength of T cell stimulation can further tune resulting acti-
vated T cell phenotypes.

This raises an important question: if the rate-based model for activation is accurate, how are re-
sponses tuned beyond a core activation program according to stimulus? One potential explana-
tion is that cells continue to receive stimulation beyond an initial activation event. An elegant
optogenetic study tested the impact of sustained signaling on T cell activation responses [23].
Using an optogenetic chimeric antigen receptor (optoCAR), in which light induced the disso-
ciation of the intracellular signaling moiety from the receptor–ligand complex and its subsequent
inactivation, the authors quantified the persistence of TCR-induced signals including calcium flux,
ERK and FOS phosphorylation, and gene transcription, in the human Jurkat T cell line. Results
showed that, upon proximal signaling disruption, downstream activation events rapidly dissi-
pated, but sustained signaling led to the accumulation of gene expression outputs in the hours
following activation [23]. While studies in primary cells using TCRs will be required to determine
the generalizability of these findings, they nonetheless suggest that stimulation strength can im-
pact mRNA and protein expression phenotypes by altering the effective duration of stimulation
that cells experience.

An alternative, although not mutually exclusive, explanation for stimulation strength-dependent
response tuning is that the T cell microenvironment, and thus the additional signals the cell
receives, changes with stimulation strength. For example, previous work combining in vitro
stimulation of murine TCR-transgenic CD4+ T cells with mathematical modeling found that
the availability of the effector-promoting cytokine IL-2 [73] is carefully regulated according to
antigen dose through multiple feedback loops [38]. (Indeed, for this reason, many studies
aiming to explore cell-intrinsic effects of stimulation strength attempt to overcome IL-2 feedback;
e.g., [3,50,61].) Such differences in the cytokine milieu might mediate strength-dependent cellular
responses, particularly at later time points when stimulation-induced cytokines could feed back
on the activating cells. Thus, further exploration of tuning behaviors and the conditions in which
they are observed will be important to better understand the full impacts of stimulation strength
on T cell activation.

Stimulation strength can control the probability of ‘turning on’ T cell activation
Observations that stimulation strength can control the rate with which T cells initiate a core acti-
vation program suggest a switch-like mechanism at some stage of the TCR-induced signaling
pathway where the decision to signal further downstream is made. Recent live-imaging work
has shed light on the TCR ligation properties that modulate this switch. Specifically, one study
used total internal reflection fluorescence (TIRF) microscopy to image individual TCR–pMHC in-
teractions between murine TCR-transgenic CD4+ T cells specific for a peptide from moth
cytochrome C and pMHC on supported planar lipid bilayers additionally functionalized with
ICAM-1 [74]. The authors found a wide distribution of receptor–ligand dwell times, the mean of
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which corresponded to TCR–pMHC affinity. Moreover, measurements of nuclear translocation of
the transcription factor NFAT (as an activation marker) revealed that successful activation was as-
sociated with either a single long dwell time, or sequential, short, spatially correlated binding
events. In this way, all activated cells received the same total input, regardless of ligand affinity.
The model put forth by this study is that activation events occur in a probabilistic manner, taking
place when sufficiently long dwell times (real or effective) are stochastically achieved. This inter-
pretation provides an intriguing mechanism that might explain how ligand affinity as well as con-
centration can alter the rate of cellular activation.

Theoretically, converting TCR–pMHC binding dwell times into a highly discriminatory activation
switch requires a thresholding mechanism. One of the most popular models for this is kinetic
proofreading, which posits that signaling steps introduce a delay between ligand binding and
subsequent activation cascades, such that weak interactions often dissociate before responses
are triggered [75–77]. Two recent optogenetic studies explicitly tested the concept of kinetic
proofreading in T cells, using light to alter the binding half-lives of synthetic ligand–receptor
pairs in an otherwise uniform environment [25,26]. One study used a LOVTRAP system in
which a CAR expressed on Jurkat cells was bound in a light-controlled manner to LOV2,
presented on a supported lipid bilayer [25]. The second study used a PhyB/PIF system in
which Jurkat cells expressed a construct of PIF6 fused to a TCRβ chain that underwent light-
controlled binding to PhyB tetramers [26]. Both studies found that longer binding half-lives
resulted in greater T cell activation, even when controlling for receptor occupancy [25,26],
which is consistent with the kinetic proofreading model. However, there are many differences
between these synthetic receptor systems and native T cell–APC interactions, which include
co-receptors and adhesion molecules, among other factors. Thus, continued testing of the
model in native systems is necessary.

The stage in the signaling network at which kinetic proofreading might be achieved also remains un-
clear. A recent study combined in vitro experiments andmathematical modeling to calculate the num-
ber of steps required for kinetic proofreading [16]. The authors varied ligand dose and affinity while
stimulating primary human CD8+ T cells expressing an exogenous TCR, and then fitted a model of
a kinetic proofreadingmechanism. This yielded estimated delays from initial TCR binding to activation
of 2.8 s and 2.67 biochemical steps (the fractional number may reflect delayed reversion of one or
more steps upon ligand dissociation). These results suggest that, if amolecular switch exists, it occurs
early in the signaling pathway. Testing whether data from other T cell stimulation systems yield the
same parameter estimates will be important to gauge the generalizability of this conclusion.

Following TCR ligation, phosphorylation of immunoreceptor tyrosine-based activation motifs
(ITAMs) in the intracellular portions of CD3 subunits initiates signaling cascades [78]. Experiments
varying the number of ITAMs on synthetic receptors expressed in Jurkat cells found that increas-
ing the number of ITAMs increased the proportion of cells exhibiting activation phenotypes
(including NFAT reporter expression and ERK phosphorylation) and the synchronicity of activa-
tion [79]. These results appear to be similar to those seen with increasing ligand affinity,
suggesting that the signal strength conferred by ligand affinity impacts the efficiency of TCR
ITAM phosphorylation. Following ITAM phosphorylation, ZAP70 is recruited and activated [78].
Experiments using the LOVTRAP optoCAR described above to measure ZAP70 recruitment
and diacylglycerol (DAG) accumulation in response to varied dwell times and receptor occupancy
levels found no evidence of kinetic proofreading at the level of ZAP70 recruitment but strong
evidence of this mechanism further downstream with DAG accumulation [25]. These data
suggest that the putativemolecular switch lies between these two activation events in the optoCAR
system, providing a hypothesis to be tested in intact T cells.
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Outstanding questions
How are different molecular events co-
regulated during T cell activation?
What can be learned from multimodal
measurements?

Are T cell fates and activities down-
stream of activation also governed by
conserved molecular programs regu-
lated in a probabilistic fashion?

To what extent does stimulation
strength tune T cell responses beyond
conserved activation programs, and
how is this mediated?

What is the molecular switch that turns
on T cell activation?

How do co-stimulatory signals feed
into the intracellular processes of T
cell activation?
Downstream of ZAP70, the LAT signalosome assembles, recruiting and activating multiple sig-
naling intermediates, including phospholipase C gamma 1 (PLCγ1), which cleaves phos-
phatidylinositol 4,5-bisphosphate [PI(4,5)P2] to generate DAG and inositol 1,4,5-trisphosphate
(IP3). Intriguing recent evidence suggests that phosphorylation of LAT Y132 in humans (LAT
Y136 in mice) is responsible for initiating the T cell activation program [80] (reviewed in [81]). Phos-
phorylation of most LAT tyrosines is promoted by neighboring acidic residues [82], but Y132 is an
exception and is phosphorylated at a slower rate [80,83]. The substitution of an acidic residue
next to Y132 was sufficient to enhance its phosphorylation rate, and increase the
phosphorylation, recruitment, and activation of PLCγ1 [80,82]. With this modification, both Jurkat
cells and primary murine CD8+ T cells that had no or poor responses to weak ligand stimulation in
the absence of the acidic residue were now activated [80]. These results suggest that this LAT
phosphorylation event acts as a molecular switch controlling T cell activation. A subsequent
mathematical modeling study confirmed the importance of this phosphorylation step in ligand
discrimination and hypothesized numerically supported mechanisms by which it might either
form a kinetic proofreading step itself or sustain proofreading from an earlier step [84]. This
study also highlighted the necessity of spatial colocalization of proximal signaling mediators to
achieve kinetic proofreading. Together these results raise the possibility that kinetic proofreading
occurs at or upstream of the slow phosphorylation of LAT Y132, focusing the field for future inves-
tigations.

Further evidence that PLCγ1 recruitment to the LAT signalosome may mark a turning point in T cell
activation comes from both its interaction with LAT and its ability to cleave PI(4,5)P2 into DAG and
IP3, which drives the calcium flux. First, experiments monitoring the condensation of LAT on sup-
ported lipid bilayers in the presence of GRB2 and SOS showed that the formation of LAT aggregates
could act as a rate-limiting step in the activation of RAS [85], an event that was further exacerbated
by the addition of PLCγ1 [86]. Second, a confocal live imaging study in murine in vitro-differentiated
CTLs found that the catalytic activity of PLCγ1 at the CTL immunological synapse could drive a pos-
itive feedback mechanism [87]. This study tracked lipid modifications at the immunological synapse
over time and exogenously expressed amodified PIP5K with constitutive synapse localization. Their
results showed that the PLCγ1-induced reduction in negatively charged PI(4,5)P2 caused a loss of
electrostatically bound PIP5K, preventing regeneration of the negative charge and depleting the
actin mesh across the synapse, thus allowing CTL granule secretion to occur [87]. Subsequent
work in the same system showed that reducing stimulation strength reduced not only the area of
the synapse depleted of negative charge and actin, but also the proportion of cells capable of
achieving this depletion [63]; this suggested that the efficiency of this process depends on stimula-
tion strength. Finally, via simultaneous imaging of centrosomemovement and calcium flux, this latter
study revealed that a calcium flux threshold was associated with centrosome docking [63], which,
together with previous reports implicating both DAG and the calcium flux in centrosome polarization
[88–94], suggests a tipping point at, or upstream of, PLCγ1. Thus, although it remains an open
question, there is increasing evidence to suggest that slow modification of LAT and recruitment of
PLCγ1 constitute a gateway to downstream activation programs, converting stimulation strength
into a probability of activation at the single cell level.

Concluding remarks
Recent advances in single cell genomic and imaging technologies, combined with experiments
enabling greater control over T cell stimulation, have enabled researchers to revisit T cell activation
questions from a newly dynamic and granular perspective. This vantagepoint has revealed that
stimulation strength can impact the rate at which cells utilize a common set of activation
programs. These observations can reconcile results from previous studies using bulk, static, or
unidimensional measurements that reported differences in the speed, magnitude, or proportion
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of T cell responses. Such a mechanism is intellectually appealing because it enables a range of T
cell responses at the population level without requiring infinitely diverse responses from each in-
dividual cell. A probabilistic model for initiating a molecular program has been proposed in the
context of in vivo T cell differentiation, in which individual cells exhibit extensive heterogeneity in
their progress along a shared differentiation trajectory, but the combined population response
is highly robust [95]. Moreover, the use of fixed molecular programs has precedent in other bio-
logical systems, such as development, in which there is evidence that integrated signaling net-
works can control activation of a consistent set of differentiation pathways [96,97]. Given that T
cells continue to integrate signals from their TCR and other environment-sensing receptors, it is
likely that further tuning of responses takes place beyond a core activation program, the mecha-
nisms of which are not yet fully understood. It also remains unclear how tunable activation re-
sponses are at the individual cell level. As described in the Outstanding questions, further
dissection through use of these and other emerging technologies will continue to shed light on
the regulatory logic governing T cell responses, which may benefit our understanding of diseases
driven by inappropriate T cell activation as well as inform the rational design of T cell-targeting
therapeutics or vaccines.

Acknowledgments
This research was funded in whole, or in part, by the Wellcome Trust (Grant numbers 217100 and 204017). For the purpose

of open access, the author has applied a CC BY public copyright license to any Author Accepted Manuscript version arising

from this submission. A.C.R. was funded by a Medical Research Council Skills Development Fellowship (MR/P014178) held

jointly between the Griffiths (CIMR) and Marioni (CI-CRUK) laboratories. We thank John Marioni for many helpful discussions

that contributed to ideas discussed in this review.

Declaration of interests
G.M.G. is a paid scientific advisory board member for Biotheus and Adaptate, not related to this work.

References

1. Cantrell, D. (2015) Signaling in lymphocyte activation. Cold

Spring Harb. Perspect. Biol. 7, a018788
2. Howden, A.J.M. et al. (2019) Quantitative analysis of T cell

proteomes and environmental sensors during T cell differentia-
tion. Nat. Immunol. 20, 1542–1554

3. Richard, A.C. et al. (2018) T cell cytolytic capacity is indepen-
dent of initial stimulation strength. Nat. Immunol. 19, 849–858

4. Chang, J.T. et al. (2014) Molecular regulation of effector and
memory T cell differentiation. Nat. Immunol. 15, 1104–1115

5. Spinelli, L. et al. (2021) Phosphoinositide 3-kinase p110 delta
differentially restrains and directs naive versus effector CD8(+)
T cell transcriptional programs. Front. Immunol. 12, 691997

6. Dieckmann, N.M. et al. (2016) The cytotoxic T lymphocyte im-
mune synapse at a glance. J. Cell Sci. 129, 2881–2886

7. Huppa, J.B. and Davis, M.M. (2003) T-cell-antigen recognition
and the immunological synapse. Nat. Rev. Immunol. 3,
973–983

8. Zikherman, J. and Au-Yeung, B. (2015) The role of T cell re-
ceptor signaling thresholds in guiding T cell fate decisions.
Curr. Opin. Immunol. 33, 43–48

9. Van Wauwe, J.P. et al. (1980) OKT3: a monoclonal anti-human
T lymphocyte antibody with potent mitogenic properties.
J. Immunol. 124, 2708–2713

10. Hansburg, D. et al. (1983) The T lymphocyte response to cyto-
chrome c. IV. Distinguishable sites on a peptide antigen which
affect antigenic strength and memory. J. Immunol. 131,
319–324

11. Alam, S.M. et al. (1996) T-cell-receptor affinity and thymocyte
positive selection. Nature 381, 616–620

12. Hogquist, K.A. et al. (1994) T cell receptor antagonist peptides
induce positive selection. Cell 76, 17–27

13. Kaye, J. et al. (1989) Selective development of CD4+ T cells in
transgenic mice expressing a class II MHC-restricted antigen
receptor. Nature 341, 746–749

14. Matsui, K. et al. (1994) Kinetics of T-cell receptor binding to peptide/
I-Ek complexes: correlation of the dissociation rate with T-cell re-
sponsiveness. Proc. Natl. Acad. Sci. U. S. A. 91, 12862–12866

15. Huang, J. et al. (2010) The kinetics of two-dimensional TCR
and pMHC interactions determine T-cell responsiveness.
Nature 464, 932–936

16. Pettmann, J. et al. (2021) The discriminatory power of the T cell
receptor. eLife 10, e67092

17. Sibener, L.V. et al. (2018) Isolation of a structural mechanism
for uncoupling T cell receptor signaling from peptide-MHC
binding. Cell 174, 672–687 e627

18. Das, D.K. et al. (2015) Force-dependent transition in the T-cell
receptor beta-subunit allosterically regulates peptide discrimina-
tion and pMHC bond lifetime. Proc. Natl. Acad. Sci. U. S. A.
112, 1517–1522

19. Limozin, L. et al. (2019) TCR-pMHC kinetics under force in a
cell-free system show no intrinsic catch bond, but a minimal
encounter duration before binding. Proc. Natl. Acad. Sci.
U. S. A. 116, 16943–16948

20. Liu, B. et al. (2014) Accumulation of dynamic catch bonds be-
tween TCR and agonist peptide-MHC triggers T cell signaling.
Cell 157, 357–368

21. Hong, J. et al. (2018) A TCR mechanotransduction signaling
loop induces negative selection in the thymus. Nat. Immunol.
19, 1379–1390

22. Hong, J. et al. (2015) Force-regulated in situ TCR-peptide-
bound MHC Class II kinetics determine functions of CD4+
T cells. J. Immunol. 195, 3557–3564

23. Harris, M.J. et al. (2021) Quantifying persistence in the T-cell
signaling network using an optically controllable antigen recep-
tor. Mol. Syst. Biol. 17, e10091

24. O’Donoghue, G.P. et al. (2021) T cells selectively filter oscilla-
tory signals on the minutes timescale. Proc. Natl. Acad. Sci.
U. S. A. 118, e2019285118
Trends in Immunology, November 2021, Vol. 42, No. 11 1005

http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0005
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0005
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0010
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0010
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0010
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0015
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0015
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0020
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0020
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0025
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0025
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0025
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0030
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0030
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0035
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0035
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0035
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0040
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0040
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0040
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0045
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0045
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0045
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0050
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0050
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0050
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0050
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0055
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0055
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0060
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0060
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0065
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0065
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0065
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0070
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0070
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0070
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0075
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0075
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0075
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0080
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0080
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0085
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0085
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0085
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0090
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0090
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0090
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0090
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0095
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0095
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0095
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0095
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0100
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0100
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0100
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0105
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0105
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0105
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0110
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0110
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0110
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0115
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0115
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0115
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0120
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0120
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0120
CellPress logo


Trends in Immunology
25. Tischer, D.K. and Weiner, O.D. (2019) Light-based tuning of
ligand half-life supports kinetic proofreading model of T cell
signaling. eLife 8, e42498

26. Yousefi, O.S. et al. (2019) Optogenetic control shows that ki-
netic proofreading regulates the activity of the T cell receptor.
eLife 8, e42475

27. van Gisbergen, K.P. et al. (2011) The costimulatory molecule
CD27 maintains clonally diverse CD8(+) T cell responses of
low antigen affinity to protect against viral variants. Immunity
35, 97–108

28. Abu-Shah, E. et al. (2020) Human CD8(+) T cells exhibit a
shared antigen threshold for different effector responses.
J. Immunol. 205, 1503–1512

29. Marchingo, J.M. et al. (2014) T cell signaling. Antigen affinity,
costimulation, and cytokine inputs sum linearly to amplify T
cell expansion. Science 346, 1123–1127

30. Gmunder, H. and Lesslauer, W. (1984) A 45-kDa human T-cell
membrane glycoprotein functions in the regulation of cell prolif-
erative responses. Eur. J. Biochem. 142, 153–160

31. Au-Yeung, B.B. et al. (2017) IL-2 modulates the TCR signaling
threshold for CD8 but not CD4 T cell proliferation on a single-
cell level. J. Immunol. 198, 2445–2456

32. Tan, T.C.J. et al. (2017) Suboptimal T-cell receptor signaling
compromises protein translation, ribosome biogenesis, and
proliferation of mouse CD8 T cells. Proc. Natl. Acad. Sci. U.
S. A. 114, E6117–E6126

33. Verdeil, G. et al. (2006) STAT5-mediated signals sustain a
TCR-initiated gene expression program toward differentiation
of CD8 T cell effectors. J. Immunol. 176, 4834–4842

34. Voisinne, G. et al. (2015) T cells integrate local and global cues
to discriminate between structurally similar antigens. Cell Rep.
11, 1208–1219

35. Marchingo, J.M. et al. (2016) T-cell stimuli independently sum
to regulate an inherited clonal division fate. Nat. Commun. 7,
13540

36. Trendel, N. et al. (2021) Perfect adaptation of CD8+ T cell re-
sponses to constant antigen input over a wide range of affini-
ties is overcome by costimulation. Sci. Signal. 14, eaay9363

37. Ross, S.H. and Cantrell, D.A. (2018) Signaling and function of
interleukin-2 in T lymphocytes. Annu. Rev. Immunol. 36,
411–433

38. Tkach, K.E. et al. (2014) T cells translate individual, quantal ac-
tivation into collective, analog cytokine responses via time-inte-
grated feedbacks. eLife 3, e01944

39. Heinzel, S. et al. (2017) A Myc-dependent division timer com-
plements a cell-death timer to regulate T cell and B cell re-
sponses. Nat. Immunol. 18, 96–103

40. Preston, G.C. et al. (2015) Single cell tuning of Myc expression
by antigen receptor signal strength and interleukin-2 in T lym-
phocytes. EMBO J. 34, 2008–2024

41. Chen, J.L. et al. (2010) Ca2+ release from the endoplasmic re-
ticulum of NY-ESO-1-specific T cells is modulated by the affin-
ity of TCR and by the use of the CD8 coreceptor. J. Immunol.
184, 1829–1839

42. Palmer, E. et al. (2016) Opposing effects of actin signaling and
LFA-1 on establishing the affinity threshold for inducing effector
T-cell responses in mice. Eur. J. Immunol. 46, 1887–1901

43. Rosette, C. et al. (2001) The impact of duration versus extent of
TCR occupancy on T cell activation: a revision of the kinetic
proofreading model. Immunity 15, 59–70

44. Jenkins, M.R. et al. (2009) The strength of T cell receptor signal
controls the polarization of cytotoxic machinery to the immuno-
logical synapse. Immunity 31, 621–631

45. Yachi, P.P. et al. (2006) Altered peptide ligands induce delayed
CD8-T cell receptor interaction–a role for CD8 in distinguishing
antigen quality. Immunity 25, 203–211

46. Denton, A.E. et al. (2011) Affinity thresholds for naive CD8+
CTL activation by peptides and engineered influenza A viruses.
J. Immunol. 187, 5733–5744

47. King, C.G. et al. (2012) T cell affinity regulates asymmetric divi-
sion, effector cell differentiation, and tissue pathology. Immunity
37, 709–720

48. Auphan-Anezin, N. et al. (2003) Distinct thresholds for CD8
T cell activation lead to functional heterogeneity: CD8 T cell

priming can occur independently of cell division. J. Immunol.
170, 2442–2448

49. Zehn, D. et al. (2009) Complete but curtailed T-cell response to
very low-affinity antigen. Nature 458, 211–214

50. Hommel, M. and Hodgkin, P.D. (2007) TCR affinity promotes
CD8+ T cell expansion by regulating survival. J. Immunol.
179, 2250–2260

51. Gascoigne, N.R. et al. (2016) TCR signal strength and T cell
development. Annu. Rev. Cell Dev. Biol. 32, 327–348

52. Altan-Bonnet, G. and Germain, R.N. (2005) Modeling T cell an-
tigen discrimination based on feedback control of digital ERK
responses. PLoS Biol. 3, e356

53. Das, J. et al. (2009) Digital signaling and hysteresis characterize
ras activation in lymphoid cells. Cell 136, 337–351

54. Navarro, M.N. et al. (2014) Protein kinase D2 is a digital ampli-
fier of T cell receptor-stimulated diacylglycerol signaling in naive
CD8(+) T cells. Sci. Signal. 7, ra99

55. Conley, J.M. et al. (2020) Activation of the Tec kinase ITK con-
trols graded IRF4 expression in response to variations in TCR
signal strength. J. Immunol. 205, 335–345

56. Man, K. et al. (2013) The transcription factor IRF4 is essential
for TCR affinity-mediated metabolic programming and clonal
expansion of T cells. Nat. Immunol. 14, 1155–1165

57. Nayar, R. et al. (2014) Graded levels of IRF4 regulate CD8+
T cell differentiation and expansion, but not attrition, in
response to acute virus infection. J. Immunol. 192,
5881–5893

58. Yao, S. et al. (2013) Interferon regulatory factor 4 sustains CD8(+)
T cell expansion and effector differentiation. Immunity 39,
833–845

59. Allison, K.A. et al. (2016) Affinity and dose of TCR engagement
yield proportional enhancer and gene activity in CD4+ T cells.
eLife 5, e10134

60. Daniels, M.A. et al. (2006) Thymic selection threshold defined
by compartmentalization of Ras/MAPK signalling. Nature 444,
724–729

61. Ma, C.Y. et al. (2020) Stimulation strength controls the rate of
initiation but not the molecular organisation of TCR-induced
signalling. eLife 9, e53948

62. Balyan, R. et al. (2017) Modulation of naive CD8 T cell re-
sponse features by ligand density, affinity, and continued sig-
naling via internalized TCRs. J. Immunol. 198, 1823–1837

63. Frazer, G.L. et al. (2021) Signal strength controls the rate of
polarisation within CTLs during killing. J. Cell Biol. 220,
e202104093

64. Hemmer, B. et al. (1998) Relationships among TCR ligand po-
tency, thresholds for effector function elicitation, and the quality
of early signaling events in human T cells. J. Immunol. 160,
5807–5814

65. Itoh, Y. and Germain, R.N. (1997) Single cell analysis reveals
regulated hierarchical T cell antigen receptor signaling thresh-
olds and intraclonal heterogeneity for individual cytokine re-
sponses of CD4+ T cells. J. Exp. Med. 186, 757–766

66. van den Berg, H.A. et al. (2013) Cellular-level versus receptor-
level response threshold hierarchies in T-cell activation. Front.
Immunol. 4, 250

67. Cho, Y.L. et al. (2017) TCR Signal quality modulates fate deci-
sions of single CD4(+) T cells in a probabilistic manner. Cell
Rep. 20, 806–818

68. Fiege, J.K. et al. (2019) The impact of TCR signal strength on
resident memory T cell formation during influenza virus infec-
tion. J. Immunol. 203, 936–945

69. Kavazovic, I. et al. (2020) Eomes broadens the scope of CD8
T-cell memory by inhibiting apoptosis in cells of low affinity.
PLoS Biol. 18, e3000648

70. Kunzli, M. et al. (2021) Opposing effects of T cell receptor sig-
nal strength on CD4 T cells responding to acute versus chronic
viral infection. eLife 10, e61869

71. Snook, J.P. et al. (2018) TCR signal strength controls the dif-
ferentiation of CD4(+) effector and memory T cells. Sci.
Immunol. 3, eaas9103

72. van Panhuys, N. et al. (2014) T-cell-receptor-dependent signal
intensity dominantly controls CD4(+) T cell polarization In Vivo.
Immunity 41, 63–74
1006 Trends in Immunology, November 2021, Vol. 42, No. 11

http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0125
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0125
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0125
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0130
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0130
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0130
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0135
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0135
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0135
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0135
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0140
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0140
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0140
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0145
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0145
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0145
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0150
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0150
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0150
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0155
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0155
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0155
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0160
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0160
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0160
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0160
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0165
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0165
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0165
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0170
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0170
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0170
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0175
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0175
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0175
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0180
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0180
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0180
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0185
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0185
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0185
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0190
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0190
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0190
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0195
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0195
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0195
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0200
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0200
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0200
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0205
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0205
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0205
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0205
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0210
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0210
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0210
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0215
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0215
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0215
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0220
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0220
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0220
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0225
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0225
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0225
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0230
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0230
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0230
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0235
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0235
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0235
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0240
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0240
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0240
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0240
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0245
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0245
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0250
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0250
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0250
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0255
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0255
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0260
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0260
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0260
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0265
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0265
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0270
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0270
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0270
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0275
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0275
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0275
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0280
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0280
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0280
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0285
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0285
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0285
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0285
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0290
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0290
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0290
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0295
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0295
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0295
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0300
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0300
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0300
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0305
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0305
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0305
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0310
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0310
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0310
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0315
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0315
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0315
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0320
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0320
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0320
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0320
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0325
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0325
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0325
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0325
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0330
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0330
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0330
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0335
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0335
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0335
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0340
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0340
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0340
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0345
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0345
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0345
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0350
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0350
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0350
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0355
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0355
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0355
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0360
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0360
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0360
CellPress logo


Trends in Immunology
73. Pipkin, M.E. et al. (2010) Interleukin-2 and inflammation induce
distinct transcriptional programs that promote the differentia-
tion of effector cytolytic T cells. Immunity 32, 79–90

74. Lin, J.J.Y. et al. (2019) Mapping the stochastic sequence of in-
dividual ligand–receptor binding events to cellular activation: T
cells act on the rare events. Sci. Signal. 12, eaat8715

75. Hopfield, J.J. (1974) Kinetic proofreading: a new mechanism
for reducing errors in biosynthetic processes requiring high
specificity. Proc. Natl. Acad. Sci. U. S. A. 71, 4135–4139

76. McKeithan, T.W. (1995) Kinetic proofreading in T-cell receptor sig-
nal transduction. Proc. Natl. Acad. Sci. U. S. A. 92, 5042–5046

77. Ninio, J. (1975) Kinetic amplification of enzyme discrimination.
Biochimie 57, 587–595

78. Courtney, A.H. et al. (2018) TCR Signaling: Mechanisms of
Initiation and Propagation. Trends Biochem. Sci. 43,
108–123

79. James, J.R. (2018) Tuning ITAM multiplicity on T cell receptors
can control potency and selectivity to ligand density. Sci. Signal.
11, eaan1088

80. Lo, W.L. et al. (2019) Slow phosphorylation of a tyrosine resi-
due in LAT optimizes T cell ligand discrimination. Nat. Immunol.
20, 1481–1493

81. Lo, W.L. and Weiss, A. (2021) Adapting T cell receptor ligand
discrimination capability via LAT. Front. Immunol. 12, 673196

82. Shah, N.H. et al. (2016) An electrostatic selection mechanism
controls sequential kinase signaling downstream of the T cell
receptor. eLife 5, e20105

83. Houtman, J.C. et al. (2005) Early phosphorylation kinetics of
proteins involved in proximal TCR-mediated signaling path-
ways. J. Immunol. 175, 2449–2458

84. Ganti, R.S. et al. (2020) How the T cell signaling network pro-
cesses information to discriminate between self and agonist li-
gands. Proc. Natl. Acad. Sci. U. S. A. 117, 26020–26030

85. Huang, W.Y.C. et al. (2019) A molecular assembly phase tran-
sition and kinetic proofreading modulate Ras activation by
SOS. Science 363, 1098–1103

86. Zeng, L. et al. (2021) PLCgamma1 promotes phase separation
of T cell signaling components. J. Cell Biol. 220, e202009154

87. Gawden-Bone, C.M. et al. (2018) PIP5 kinases regulate mem-
brane phosphoinositide and actin composition for targeted
granule secretion by cytotoxic lymphocytes. Immunity 49,
427–437 e424

88. Andrada, E. et al. (2016) Diacylglycerol kinase zeta limits the
polarized recruitment of diacylglycerol–enriched organelles to
the immune synapse in T cells. Sci. Signal. 9, ra127

89. Beal, A.M. et al. (2009) Kinetics of early T cell receptor signaling
regulate the pathway of lytic granule delivery to the secretory
domain. Immunity 31, 632–642

90. Kuhne, M.R. et al. (2003) Linker for activation of T cells, zeta-
associated protein-70, and Src homology 2 domain-con-
taining leukocyte protein-76 are required for TCR-induced
microtubule-organizing center polarization. J. Immunol.
171, 860–866

91. Kupfer, A. et al. (1987) The specific direct interaction of helper
T cells and antigen-presenting B cells. II. Reorientation of the
microtubule organizing center and reorganization of the
membrane-associated cytoskeleton inside the bound helper
T cells. J. Exp. Med. 165, 1565–1580

92. Quann, E.J. et al. (2009) Localized diacylglycerol drives the po-
larization of the microtubule-organizing center in T cells. Nat.
Immunol. 10, 627–635

93. Stinchcombe, J.C. et al. (2006) Centrosome polarization de-
livers secretory granules to the immunological synapse. Nature
443, 462–465

94. Yi, J. et al. (2013) Centrosome repositioning in T cells is bi-
phasic and driven by microtubule end-on capture-shrinkage.
J. Cell Biol. 202, 779–792

95. Buchholz, V.R. et al. (2013) Disparate individual fates compose
robust CD8+ T cell immunity. Science 340, 630–635

96. Morgani, S.M. and Hadjantonakis, A.K. (2020) Signaling regu-
lation during gastrulation: Insights from mouse embryos and
in vitro systems. Curr. Top. Dev. Biol. 137, 391–431

97. Bardot, E.S. and Hadjantonakis, A.K. (2020) Mouse gastrula-
tion: coordination of tissue patterning, specification and diversi-
fication of cell fate. Mech. Dev. 163, 103617

98. Hongdusit, A. et al. (2020) Optogenetic interrogation and con-
trol of cell signaling. Curr. Opin. Biotechnol. 66, 195–206

99. Bohineust, A. et al. (2020) Optogenetic manipulation of calcium
signals in single T cells in vivo. Nat. Commun. 11, 1143

100. Svensson, V. et al. (2018) Exponential scaling of single-cell
RNA-seq in the past decade. Nat. Protoc. 13, 599–604

101. Tang, F. et al. (2009) mRNA-Seq whole-transcriptome analysis
of a single cell. Nat. Methods 6, 377–382

102. Ramskold, D. et al. (2012) Full-length mRNA-Seq from single-
cell levels of RNA and individual circulating tumor cells. Nat.
Biotechnol. 30, 777–782

103. Klein, A.M. et al. (2015) Droplet barcoding for single-cell transcripto-
mics applied to embryonic stem cells. Cell 161, 1187–1201

104. Macosko, E.Z. et al. (2015) Highly parallel genome-wide ex-
pression profiling of individual cells using nanoliter droplets.
Cell 161, 1202–1214

105. Kanev, K. et al. (2021) Tailoring the resolution of single-cell
RNA sequencing for primary cytotoxic T cells. Nat. Commun.
12, 569

106. Lee, J. et al. (2020) Single-cell multiomics: technologies and
data analysis methods. Exp. Mol. Med. 52, 1428–1442

107. Stoeckius, M. et al. (2017) Simultaneous epitope and tran-
scriptome measurement in single cells. Nat. Methods 14,
865–868

108. Peterson, V.M. et al. (2017) Multiplexed quantification of pro-
teins and transcripts in single cells. Nat. Biotechnol. 35,
936–939

109. Clark, S.J. et al. (2018) scNMT-seq enables joint profiling of
chromatin accessibility DNA methylation and transcription in
single cells. Nat. Commun. 9, 781

110. Cao, J. et al. (2018) Joint profiling of chromatin accessibility and
gene expression in thousands of single cells. Science 361,
1380–1385

111. Bandura, D.R. et al. (2009) Mass cytometry: technique for real
time single cell multitarget immunoassay based on inductively
coupled plasma time-of-flight mass spectrometry. Anal.
Chem. 81, 6813–6822

112. Lou, X. et al. (2007) Polymer-based elemental tags for sensitive
bioassays. Angew. Chem. Int. Ed. Engl. 46, 6111–6114

113. Ornatsky, O. et al. (2010) Highly multiparametric analysis by
mass cytometry. J. Immunol. Methods 361, 1–20

114. Bendall, S.C. et al. (2011) Single-cell mass cytometry of differ-
ential immune and drug responses across a human hemato-
poietic continuum. Science 332, 687–696

115. Bodenmiller, B. et al. (2012) Multiplexed mass cytometry profil-
ing of cellular states perturbed by small-molecule regulators.
Nat. Biotechnol. 30, 858–867

116. Levine, L.S. et al. (2021) Single-cell analysis by mass cytometry
reveals metabolic states of early-activated CD8(+) T cells during
the primary immune response. Immunity 54, 829–844

117. Frei, A.P. et al. (2016) Highly multiplexed simultaneous detection of
RNAs and proteins in single cells. Nat. Methods 13, 269–275

118. Geanon, D. et al. (2021) A streamlined whole blood CyTOF
workflow defines a circulating immune cell signature of
COVID-19. Cytometry A 99, 446–461

119. Wolchinsky, R. et al. (2014) Antigen-dependent integration of
opposing proximal TCR-signaling cascades determines the
functional fate of T lymphocytes. J. Immunol. 192, 2109–2119

120. Nolan, J.P. and Condello, D. (2013) Spectral flow cytometry.
Curr. Protoc. Cytom. ,1, Unit1 27

121. Ferrer-Font, L. et al. (2021) Panel optimization for high-
dimensional immunophenotyping assays using full-spectrum
flow cytometry. Curr. Protoc. 1, e222

122. Shashkova, S. and Leake, M.C. (2017) Single-molecule fluo-
rescence microscopy review: shedding new light on old prob-
lems. Biosci. Rep. 37, BSR20170031

123. Pielak, R.M. et al. (2017) Early T cell receptor signals globally
modulate ligand:receptor affinities during antigen discrimina-
tion. Proc. Natl. Acad. Sci. U. S. A. 114, 12190–12195

124. Gohring, J. et al. (2021) Temporal analysis of T-cell receptor-
imposed forces via quantitative single molecule FRET measure-
ments. Nat. Commun. 12, 2502

125. Ma, R. et al. (2019) DNA probes that store mechanical informa-
tion reveal transient piconewton forces applied by T cells. Proc.
Natl. Acad. Sci. U. S. A. 116, 16949–16954
Trends in Immunology, November 2021, Vol. 42, No. 11 1007

http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0365
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0365
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0365
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0370
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0370
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0370
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0375
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0375
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0375
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0380
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0380
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0385
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0385
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0390
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0390
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0390
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0395
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0395
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0395
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0400
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0400
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0400
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0405
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0405
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0410
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0410
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0410
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0415
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0415
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0415
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0420
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0420
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0420
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0425
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0425
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0425
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0430
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0430
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0435
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0435
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0435
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0435
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0440
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0440
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0440
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0445
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0445
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0445
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0450
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0450
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0450
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0450
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0450
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0455
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0455
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0455
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0455
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0455
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0460
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0460
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0460
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0465
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0465
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0465
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0470
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0470
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0470
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0475
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0475
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0480
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0480
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0480
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0485
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0485
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0485
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0490
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0490
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0495
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0495
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0500
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0500
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0505
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0505
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0510
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0510
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0510
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0515
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0515
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0520
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0520
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0520
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0525
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0525
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0525
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0530
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0530
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0535
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0535
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0535
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0540
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0540
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0540
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0545
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0545
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0545
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0550
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0550
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0550
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0555
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0555
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0555
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0555
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0560
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0560
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0565
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0565
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0570
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0570
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0570
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0575
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0575
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0575
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0580
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0580
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0580
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0585
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0585
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0590
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0590
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0590
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0595
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0595
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0595
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0600
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0600
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0605
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0605
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0605
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0610
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0610
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0610
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0615
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0615
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0615
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0620
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0620
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0620
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0625
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0625
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0625
CellPress logo


Trends in Immunology
126. Blumenthal, D. and Burkhardt, J.K. (2020) Multiple actin net-
works coordinate mechanotransduction at the immunological
synapse. J. Cell Biol. 219, e201911058

127. Watkins, S.C. and St Croix, C.M. (2018) Light sheet imaging
comes of age. J. Cell Biol. 217, 1567–1569

128. Ritter, A.T. et al. (2015) Actin depletion initiates events leading
to granule secretion at the immunological synapse. Immunity
42, 864–876

129. Rosenberg, J. et al. (2020) Lattice light-sheet microscopy multi-
dimensional analyses (LaMDA) of T-cell receptor dynamics pre-
dict T-cell signaling states. Cell Syst. 10, 433–444 e435

130. Vaeth, M. et al. (2020) CRAC channels and calcium signal-
ing in T cell-mediated immunity. Trends Immunol. 41,
878–901

131. Dolmetsch, R.E. et al. (1998) Calcium oscillations increase the
efficiency and specificity of gene expression. Nature 392,
933–936

132. Li, W. et al. (1998) Cell-permeant caged InsP3 ester shows that
Ca2+ spike frequency can optimize gene expression. Nature
392, 936–941

133. Tomida, T. et al. (2003) NFAT functions as a working memory
of Ca2+ signals in decoding Ca2+ oscillation. EMBO J. 22,
3825–3832

134. Christo, S.N. et al. (2015) Scrutinizing calcium flux oscillations in T
lymphocytes to deduce the strength of stimulus. Sci. Rep. 5, 7760

135. Le Borgne, M. et al. (2016) Real-time analysis of calcium signals
during the early phase of T cell activation using a genetically
encoded calcium biosensor. J. Immunol. 196, 1471–1479
1008 Trends in Immunology, November 2021, Vol. 42, No. 11

http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0630
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0630
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0630
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0635
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0635
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0640
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0640
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0640
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0645
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0645
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0645
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0650
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0650
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0650
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0655
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0655
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0655
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0660
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0660
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0660
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0665
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0665
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0665
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0670
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0670
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0675
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0675
http://refhub.elsevier.com/S1471-4906(21)00180-0/rf0675
CellPress logo

	Staggered starts in the race to T cell activation
	Fine tuning responses with limited components
	Manipulation of T cell stimulation strength
	Insights from early single cell measurements
	Advances in single cell measurements reveal a rate-based model of T cell activation
	Stimulation strength can control the probability of ‘turning on’ T cell activation
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




