
http://www.nature.com/authors/editorial_policies/license.html#terms
https://github.com/MarioniLab/SingleCellAPL2018






for differentially expressed genes uniquely upregulated in early activation revealed an 
enrichment for genes that encode transcriptional regulators (enrichment p value 1.8 x 10-9, 
Fig. 1e, Supplementary Fig. 1e). In particular, the early response NR4A family orphan 
nuclear receptors, including Nr4a1 (Nur77) whose expression has been found to reflect TCR 
signaling activity27,34€36, were most highly expressed 1 hour after activation (Fig. 1f). 
Additionally, early growth response factors (Egr1 and Egr2) and the AP-1 transcription 
factor subunit Fosb followed similar expression patterns. Thus, we identified two distinct 
phases of the activation response.

Ligand potency controls response rate of CD8 + T cells

To determine how TCR stimulation strength might affect this early response, we selected 
two transcription factors characteristic of the early activation profile, Nr4a1 and Fosb, and 
examined their expression by RNA flow cytometry while modulating TCR signaling 
strength. We stimulated cells with each of four peptides with previously characterized 
potency for stimulating the OT-I TCR5,37: the cognate SIINFEKL peptide (N4); 2 variants 





stimulated with the medium potency (T4) ligand (Fig. 4b,c, Supplementary Fig. 3c,d). 
Although many genes, including Ccl3 and Ccl4 chemokines, have been previously observed 
to exhibit altered expression with weak ligand stimulation15,28, here we demonstrate that 
this occurs for only a small subset of genes when we account for the activation status of the 
cells. Of particular importance, genes directing the metabolic and biosynthetic programs of 
T cell activation were not enriched in our differentially expressed gene lists, suggesting that 
all activated cells, regardless of ligand potency, can mount these energetic effector 
differentiation processes. Likewise, early transcription of Gzmb, encoding the important 
cytolytic effector molecule Granzyme B, did not significantly differ between stimulation 
conditions when accounting for cellular activation status (Supplementary Fig. 3e). Our 
results indicate that while there are specific genes involved in leukocyte recruitment and 
endogenous peptide presentation whose expression depends on ligand strength, the 
overwhelming majority of genes expressed in early activation depend on activation status 
and not the potency of the stimulus.

Activated T cells achieve the same spectrum of effector phenotypes regardless of 
stimulation potency

Having observed that, regardless of the primary stimulus, activated T cells progress along 
the same transcriptomic activation trajectory, we next examined whether cells exhibited 
phenotypic differences associated with stimulation strength during the first two days of 
effector T cell differentiation. Because OTI T cells can undergo extensive death when 
activated with soluble peptide for multiple days, we instead used peptide-pulsed APCs to 
activate naive T cells for two days (Supplementary Fig. 4a). In this system, we observed 
negligible activation after two days by the low potency (G4) peptide (Fig. 5a). This is in 
contrast to pure peptide stimulation with low potency ligand, which, consistent with our 
observations of transcriptional activity at 6 hours, drove full activation at two days 
(Supplementary Fig. 4b). Ex vivo CD8+ OT-I T cells were stimulated in IL-2-supplemented 
media with autologous T-depleted splenocytes (cells remaining after CD8+ T cell isolation) 
pulsed with one of the 4 peptides used in our transcriptomic studies or Q4H7 peptide, whose 
potency for stimulating OT-I T cells lies between that of T4 and G4 peptides5 (medium-low 
potency). After 2 days of activation, the majority of T cells stimulated with the three 
strongest ligands (N4, T4, Q4H7) were proliferating (Fig. 5a). The proportion of cells in 
later division cycles and the total number of T cells were associated with stimulation 
strength (Fig. 5b,c), in agreement with previous observations suggesting an increased 
percentage of proliferating cells, shorter time to first division, or greater proliferation with 
stronger TCR-pMHC interactions11,12,14,16,19,21,27. However, we noted that the most 
proliferative cells in each condition that stimulated proliferation had all undergone 4 
divisions, indicating that the few cells that began proliferating immediately after stimulation 
with weaker ligands were not slower to divide. Although it has been previously reported that 
stimulation strength affects the proportion of proliferating cells and the time to first 
division22, our results now show that weaker ligands do not cause a universal delay in 
proliferation, but rather reduce the number of cells that activate immediately. Together with 
our results from early activation transcriptomic analysis, we conclude that ligand potency 
determines the rate with which an individual cell initiates activation and thus the 
heterogeneity of activation across the population.
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Proliferation represents only one component of effector differentiation, and expression of 
cytokines, cytotoxic mediators, and costimulatory or co-inhibitory receptors can control the 
phenotype of differentiated CTLs. In order to examine effector phenotypes without making 
prior assumptions about which proteins would be co-expressed, we used mass cytometry to 
simultaneously measure 19 surface and intracellular proteins related to T cell differentiation 
and effector function. After two days of stimulation with peptide-pulsed autologous T-
depleted splenocytes, we tested for subpopulations of cells that changed in abundance39 
under stimulation with any ovalbumin peptide variant compared to the null peptide NP68. 
The high-dimensional space defined by the 19 measured proteins was divided into 
phenotypic hyperspheres and the abundance of cells from each condition was quantified 
within each hypersphere (Fig. 6a). We identified phenotypic hyperspheres that differed 
significantly in abundance in any peptide stimulation condition (Fig. 6b). Examination of 
protein expression profiles that defined each phenotype revealed that, similar to its 
proliferation profile, the least potent ligand (G4) stimulated only a very small proportion of 
cells to transition from a CD44loCD62Lhi naive phenotype to a CD44hiCD62Llo effector 
phenotype (Fig. 6c, Supplementary Fig. 5). In contrast, stronger ligands (N4, T4, and Q4H7) 
drove increased abundance of effector populations co-expressing many effector-associated 
proteins including the high affinity IL-2 receptor subunit CD25, the cytotoxic mediator 
Granzyme B, the coinhibitory receptor CTLA-4, and the transcription factor T-bet that 
promotes effector CD8+ T cell differentiation. This effector phenotype was present in all 
activated populations, regardless of the potency of the primary stimulus, and was validated 
for a subset of proteins by flow cytometry (Supplementary Fig. 6a,b). Granzyme B 
expression levels in Granzyme B+ cells were marginally reduced with the highest potency 
stimulus (N4) (Supplementary Fig. 6c,d), as observed previously in vivo8, but in contrast to 
that previous study, we did not observe a decrease in the percentage of Granzyme B+ cells 
with strong stimulation (Supplementary Fig. 6b). Of note, IFN-�e was not expressed in all 
effector T cells after two days of stimulation, instead emerging in a small subset of cells (up 
to 20%) primarily under stimulation with ligands of medium/medium-low potency (T4 or 
Q4H7) (Supplementary Fig. 6e-g). Divergence of IFN-�e expression from other effector 
phenotypes was noted in an earlier study14. However, its infrequent expression in effector 
cells and disconnect from other effector protein phenotypes suggests that IFN-�e is not 
representative of cytolytic effector cell differentiation in this system.

We verified effector protein expression phenotypes using wild-type splenocytes as APCs 
(Supplementary Fig. 4c,d). Under wild-type APC activation, G4 stimulation activated a 
small population of cells. These activated cells behaved similarly to those activated by other 
primary stimuli. Together, our phenotypic profiling supports a model in which ligand 
potency determines the rate with which cells embark on effector differentiation but not the 
spectrum of effector phenotypes they can achieve.

All differentiated effector cells are cytolytic

The main effector function of CTLs is the targeted release of cytolytic granules upon 
encountering an antigen-presenting target cell. Cytolytic granules carry the lysosome-
associated transmembrane protein LAMP1, which enables measurement of degranulation in 
individual cells via the quantity of LAMP1 transiently trafficked to the cell surface during 
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autocrine and paracrine availability of the cytokine IL-2 modulates T cell activation and 
proliferation11,14,16,24,27,28,44 through PI3K and Myc activity18,26,33,45, and weak 
stimulation can result in insufficient IL-2 to support a proliferative response11,16,27,33,46. 
However, IL-2 secreted by activated CD4+ and CD8+ T cells would likely be expressed in 
the lymphoid tissue microenvironment in a physiological, polyclonal response, and cells 
stimulated by weak ligands can co-opt IL-2 from co-cultured cells stimulated by strong 
ligands26. Variations between experimental protocols pertaining to these factors have left 
the field unclear as to whether cell-intrinsic ligand strength-dependent T cell phenotypes 
exist. We demonstrate that in a controlled cellular environment, all activated cells can 
achieve an effector phenotype via shared transcriptional machinery.

Previous in vivo cytotoxicity studies have demonstrated reduced total killing by CTLs 
induced by low potency ligands8,9,12. However, two reports noted that, early after 
activation, low potency stimulation resulted in greater cytolytic capacity per cell compared 
to high potency stimulation8,9. Strongly stimulated T cells were instead retained in the 
periarteriolar lymphoid sheaths of the spleen9 or in the interfollicular regions of the lymph 
node in a CXCR3-dependent manner8, reducing their availability for killing. In our data, 
RNA expression of Cxcr3 exhibited a non-significant trend toward downregulation in G4-
stimulated cells after accounting for activation status at 6 hours (Supplementary Table 2), 
and genes encoding other chemokines and receptors were upregulated with high potency 
stimulation, suggesting additional potential mechanisms. In contrast, in an ex vivo killing 
assay, CTLs generated in vivo with high or low potency ligands in the presence of 
exogenous IL2 exhibited comparable cytotoxicity28. In our controlled in vitro system, we 
find that all T cells that achieve an effector phenotype are cytolytically competent, 
suggesting that large divergences observed in vivo are not intrinsic to the T cell response to 
TCR stimulation.

Ligand potency can affect TCR-induced signaling events upstream of transcription including 
calcium fluxes47,48, TCR-coreceptor interaction42, post-translational modifications of 
signaling cascade components5,13,17,19,29,42, and transcription factor nuclear 
translocation13. Such signaling mechanisms may drive the altered rate of transcription 
initiation that we have identified49. It is interesting to consider what might cause specific 
cells to be the first to respond, particularly to low potency stimulation. CD8 and SHP-1 
(encoded by Ptpn6) protein expression levels and markers of metabolic activity are 
associated with response propensity in mature CTL50 and naive T cells21, respectively. 
Unfortunately, due to the destructive nature of the single-cell sequencing technologies, cells 
cannot be comprehensively profiled both before and after activation. Hypothesis-driven 
sorting experiments may be fruitful in identifying additional markers of poised cells, but 
ideally a genome-wide screening experiment would be required to understand all 
contributing factors.

Our results emphasize the importance of using single-cell approaches to measure highly 
heterogeneous systems and identify rate-based responses46. These methods have allowed us 
to examine the coordination of mRNA and protein phenotypes in individual cells to answer a 
fundamental question in T cell biology: how does stimulation strength control the cell-
intrinsic naive T cell response? We demonstrate that the primary effect of ligand affinity is to 
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control the rate with which naive T cells initiate activation, not to lower effector gene 
expression within activated cells or drive the use of alternative transcriptional pathways. 
Additional environmental cues dependent on the nature of the antigen and other responding 
immune cell populations can adjust the ultimate phenotype of each clonal T cell response, 
but none of these characteristics is intrinsically determined by TCR signal strength. Indeed, 
the fact that heterogeneous, low efficiency T cell activation responses can achieve full 
effector phenotype and function via induction of the same genes that mediate synchronous 
responses to high potency ligands would seem fundamental to maintaining flexibility and 
sensitivity in the immune system. Using response rate to modulate clonal population size 
according to ligand strength makes use of common transcriptional machinery while allowing 
high affinity clones to become the most prevalent and suppressing low affinity clones with a 
near-zero activation rate. This model provides a mechanism by which peripheral CD8+ T 
cells can generate a full CTL response to a vast range of peptide antigens with a finite set of 
rearranged receptors and signaling components.

Methods

Mice

Mice were bred and housed in the University of Cambridge CBS facility. The genotype of 
OT-I Rag-deficient mice (OT-I Rag1tm1Bal on a C57BL/6 background) was confirmed prior 
to study. The wild-type C57BL/6N mouse line was obtained from the Wellcome Trust 
Sanger Institute Mouse Genetics Project (Sanger MGP).

Cell culture

The murine lymphoblast EL4 cell line, originally from the Sir William Dunn School of 
Pathology Cell Bank, Oxford, was maintained in DMEM (Gibco) supplemented with 10% 
fetal bovine serum (Biosera) and penicillin-streptomycin (Sigma) and tested negative for 
mycoplasma.

Dissected spleens from OT-I Rag1-deficient mice were homogenized through a 70 •m filter. 
CD8+ T cells were isolated using the CD8a+ T Cell Isolation Kit, mouse (Miltenyi). T cells 
were stimulated either with addition of purified peptide or with pulsed APCs. T-depleted OT-
I splenocytes (the positive fraction from CD8a+ T cell separation) were used as APCs. 
Results were confirmed using wild-type splenocytes treated with RBC lysis buffer 
(eBioscience) as APCs. APCs were irradiated with ~3000 rad and pulsed for 2 hours with 
peptide before washing and co-culture with isolated T cells. OT-I APCs were cultured at a 
5:1 ratio and wild-type APCs at a 2.5:1 ratio with T cells. Where indicated, T cells were 
stained with proliferation dye eFluor450 (eBioscience) according to the manufacturerƒs 
instructions before culture. Cells were cultured in media composed of complete RPMI 1640 
medium (Gibco), 10% fetal bovine serum (Biosera), penicillin-streptomycin (Sigma), 
sodium pyruvate (Gibco), L-glutamine (Sigma), �d-mercaptoethanol (Gibco), and, unless 
indicated otherwise, 20 ng/mL („ 100 U/mL) murine IL-2 (Peprotech). The following 
peptides were used for stimulation at 1 •M unless otherwise indicated: SIINFEKL (N4), 
SIITFEKL (T4), SIIQFEHL (Q4H7), SIIGFEKL (G4), and ASNENMDAM (NP68) 
(Cambridge Bioscience). Although 1 •M is a higher concentration than required for 
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maximal activation of OT-I cells with pure N4 peptide11,17,33, we sought to keep this 
variable constant across all ligands including G4 for which 1 •M was required to maximize 
induction of CD69 expression19. We observed no inhibitory effect of excess N4 peptide on 
early activation protein phenotypes (Supplementary Fig. 1a).

The rate of activation in response to the lowest potency ligand G4 differed between pure 
peptide and peptide-pulsed APC antigen presentation systems. Under pure peptide 
stimulation, G4 peptide was capable of activating transcription in approximately half of cells 
after 6 hours and by two days had activated proliferation in the whole population (Fig. 2,3 
and Supplementary Fig. 4b). In contrast, G4-pulsed APCs induced negligible proliferation at 
two days (Fig. 5 and Supplementary Fig. 4c). These differences may be due to concentration 
and chronicity of antigen presentation, such that changing the antigen presenting system 
shifts the rate with which each ligand activates T cells but does not affect the ordering of 
these rates or the observation that all stimulation conditions capable of driving T cell 
activation use similar machinery. Our model in which ligand potency intrinsically 
determines relative activation rate is consistent with all of these observations.

Sorting for single-cell RNA-seq

Isolated naive OT-I T cells were stained with proliferation dye. 105 cells per well were 
stimulated with 1 •M peptide in 200 •L media in 96-well round-bottom plates. Cells were 
washed in PBS, blocked with FcR blocking antibody (clone 93, Biolegend) and stained with 
Zombie Aqua (Biolegend), anti-CD8a eVolve 655 (clone 53-6.7, eBioscience), anti-CD44 
APC-eFluor780 or APC-FIRE750 (clone IM7, eBioscience or Biolegend, respectively), anti-
CD62L PE (clone MEL-14, eBioscience), anti-CD25 Alexa Fluor 488 (clone PC61.5, 
eBioscience), and anti-CD69 APC (clone H1.2F3, eBioscience). Anti-CD154 PE-Cy7 (clone 
MR1, Biolegend) and anti-CD71 PerCP-Cy5.5 (clone R17217, Biolegend) were also 
included in one experiment, but expression levels were largely invariant and therefore not 





situation in which a root cell was not automatically identified from this condition, 
pseudotime was fit to only the subset of cells from the most and least stimulated conditions 
to find a root cell, and this cell was subsequently used as root in the full analysis. Clustering 
along pseudotime was performed using the classInt package for 1-dimensional class interval 
selection using the …jenks† method. To identify the most biologically variable genes among 
unstimulated cells, we first used the trendVar function of the scran Bioconductor package54 
to fit a parametric curve followed by loess smoothing (span = 0.95) to the variance versus 
the mean log-expression of the spike-in transcripts. Biological variances of endogenous 
genes were then obtained by decomposing the variance using the decomposeVar function. 



Isolated naive OT-I T cells were stimulated with 1 •M peptide for 0-6 hours in complete 
media as in the scRNA-seq experiment. After stimulation, cells were immediately moved to 
ice before RNA flow cytometry was performed using the PrimeFlow system (Thermo Fisher 
Scientific). Cell surfaces were stained with Zombie Aqua Fixable Viability Kit (Biolegend) 
before fixation and permeabilization. Cells were stained with Nr4a1 AF568, Fosb AF647, 
and Rpl39



0.5, and differential abundance was analyzed using the edgeR Bioconductor package with a 
quasi-likelihood GLM fit62 including the mouse of origin as a blocking factor for each 
sample. Significant hyperspheres were identified by analysis of deviance to detect those with 
differential abundance in any condition, controlling the spatial FDR at 5%. A t-SNE plot 
was generated using the Rtsne package63 with a perplexity value of 50.

Flow cytometry

FC receptors were blocked with anti-mouse CD16/32 (clone 93, Biolegend) before staining. 
Dead cells were identified using the Zombie Aqua Fixable Viability Kit (Biolegend). Cells 
were stained with the following antibody clones: anti-mouse CD8a (clone 53-6.7, 
Biolegend), anti-mouse/human CD44 (clone IM7, Biolegend), anti-mouse CD62L (clone 
MEL-14, eBioscience), anti-mouse/human Granzyme B (clone GB11, Biolegend), anti-
mouse CTLA4 (clone UC1-4B9, Biolegend), anti-mouse CD25 (clone PC61.5, 
eBioscience), and anti-mouse IFN-�e��(clone XMG1.2, Biolegend). Intracellular staining of 
Granzyme B, CTLA-4, and IFN-�e was performed using the Foxp3/Transcription Factor 
Staining Buffer Set (eBioscience). To count cells, 123count eBeads (eBioscience) were 
added to flow cytometry tubes immediately before flow cytometer acquisition. Data was 
acquired on a BD LSRFortessa and analyzed in FlowJo. Cells were gated for size, single 
cells, living cells, and CD8+ cells before examination of proliferation curves (Supplementary 
Fig. 8c). Cells were further gated on proliferation dye+ cells to exclude any CD8+ T cells in 
the APC fraction before quantification of division numbers and examination of surface and 
intracellular proteins. Statistical analyses of results from separate mice were performed 
using GraphPad Prism software.

Degranulation assay

Activated T cells were assayed for degranulation upon challenge with ovalbumin (N4)-
pulsed EL4 cells or antibody-based TCR stimulation. Cells were stained with proliferation 
dye eFluor 450 (eBioscience) before stimulation to measure this parameter in degranulating 
cells. For cellular challenge, EL4 cells were pulsed with 1 •M of the highest potency N4 
peptide for 1 hour and washed. Un-pulsed EL4 cells were used as a control. T cell 
stimulation cultures were mixed 1:1 with EL4 cells in media supplemented with anti-mouse 
LAMP1 PE (clone eBio1D4B, eBioscience, 2 •g/mL). For antibody-based challenge, CTLs 
were cultured on plates coated with 1 •M anti-CD3�g��(clone 145-2C11, BD Biosciences) for 
1 hour at 37 ‡C. After 3 hours, cells were stained on ice. FC receptors were blocked with 
anti-mouse CD16/32 (clone 93, Biolegend) and cells were stained with the Zombie Aqua 
Fixable Viability Kit (Biolegend) and antibodies to CD8a (53-6.7, Biolegend) and CD44 
(IM7, Biolegend). Data were acquired immediately on a BD LSRFortessa and analyzed in 
FlowJo. Cells were gated for size, single cells, living cells, and CD8+ cells before 
examination of LAMP1 surface trafficking (Supplementary Fig. 8d,e). For samples activated 
for 2 days before degranulation testing, cells were also gated on proliferation dye+ cells to 
exclude any T cells in the residual irradiated APC population where necessary. Where 
possible, samples were run in duplicate and measurements averaged. Statistical analyses of 
results from separate mice were performed using GraphPad Prism software.

Richard et al. Page 15

Nat Immunol. Author manuscript; available in PMC 2019 January 16.

 E
urope P

M
C

 F
unders A

uthor M
anuscripts

 E
urope P

M
C

 F
unders A

uthor M
anuscripts



Killing assay

After 8 days of activation, activated T cells were assayed for their ability to kill ovalbumin 
(N4)-pulsed EL4 cells. Cells were plated at T:EL4 cell ratios ranging from 10:1 to 0.3125:1 
in round-bottom 96-well plates in RPMI without phenol red (Gibco), supplemented with 2% 
fetal bovine serum. EL4 cells without ovalbumin pulse were used as a control. Maximum 
death was estimated by adding lysis buffer to the same number of EL4 cells. All conditions 
were performed in duplicate. Cells were co-cultured for 3 hours and EL4 cell death assessed 
by lactate dehydrogenase (LDH) release using the CytoTox 96 Non-Radioactive 
Cytotoxicity Assay (Promega). Absorbances at 490nm were read on a VersaMax microplate 
reader (Molecular Devices) using SoftmaxPro 5.4.1 software. Changes in absorbance 
between wells containing pulsed and un-pulsed EL4 wells were calculated and compared to 
maximum EL4 death. Statistical analyses of results from separate mice were performed 
using GraphPad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A burst of transcriptional regulatory machinery characterizes early T cell activation.
a, OT-I CD8+ T cells were stimulated with high potency ovalbumin peptide (N4) for 0, 1, 3, 
or 6 hours before sorting for scRNA-seq by FACS. Protein expression flow cytometry 
measurements are representative of at least 2 independent experiments. b, Principal 
components analysis of scRNA-seq of cells sorted in a. c, Diffusion pseudotime analysis of 
sequenced cells: cells are plotted by diffusion components (DCs) 1 and 2, with a black line 
delineating the pseudotime trajectory. d, Plot in c is colored by clusters in diffusion 
pseudotime. e, The top 20 genes transcriptionally upregulated in the early activation cluster 
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versus the resting and late activation clusters are depicted in a heatmap with genes clustered 
by Pearson correlation. Blue (TR) indicates transcriptional regulatory genes. 



Fig. 2. Early response genes can be TCR-dependent or TCR-independent.
a, OT-I CD8+ T cells were stimulated with high potency N4 peptide, reduced potency 
ligands (T4 or G4) or a non-binding control peptide (NP68) for the indicated times before 
examination of Nr4a1 and Fosb



Fig. 3. Ligand potency determines activation rate.
OT-I CD8+ T cells were stimulated for 6 hours with the various peptide ligands or for 3 
hours with high affinity (N4) peptide for scRNA-seq. a, Violin plots depict the distribution 
of surface protein expression measurements in sequenced cells stimulated for 6 hours; n = 45 
cells for N4, 44 for T4, 48 for G4, and 47 for NP68. A second independent experiment is 
depicted in Supplementary Fig. 3a. b, An activation trajectory was fit to the transcriptomic 
data by diffusion pseudotime analysis; n = 91 cells for N4 6h, 91 for T4 6h, 94 for G4 6h, 93 
for NP68 6h, 64 for N4 3h, and 44 for unstimulated. Plot depicts combined data from two 
independent scRNA-seq experiments. c, Distribution of cells along the pseudotime 
transcriptomic activation trajectory fit in b separated by stimulation condition.
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Fig. 4. Differential expression between cells activated by ligands of different potencies accounting 
for activation status.
a, Log2-fold changes from a differential expression analysis between T4 (medium potency) 
and N4 (high potency), or G4 (low potency) and N4, peptide stimuli in Fig. 3, accounting for 
each cellƒs activation status as defined by log10 CD69 surface protein expression. Plot 
depicts all 8854 genes tested; differentially expressed genes (FDR < 0.05) for T4 versus N4 
are shown in green; G4 versus N4, blue; intersection of T4 versus N4 and G4 versus N4, 
magenta and labelled. b, Residual expression of selected chemokine genes in scRNA-seq 
data after accounting for CD69 surface protein expression, plotted by stimulation condition. 
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abundant hyperspheres (FDR < 0.05, 5138 of 5160 tested), colored by their log2 fold-change 
in abundance between NP68 (null peptide) stimulation and the indicated ovalbumin peptide 
variant (statistical test described in Methods). c, The plot from b is colored by marker 
intensity for selected proteins.
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Fig. 7. All activated CD8+ T cells can degranulate regardless of the affinity of their primary 
stimulus.
a, OTI CD8+ T cells activated for 2 days as in Fig. 5 and 6 were challenged with high 
potency ovalbumin peptide (N4)-pulsed EL4 cells for 3 hours. Degranulation was quantified 
by adding anti-LAMP1 PE to the cell culture medium to measure lysosomal trafficking by 
flow cytometry. b, Cells in a were gated based on their proliferation dye intensity to identify 
those that had divided 0, 1, 2, 3, or 4 times before comparing LAMP1 median fluorescence 
intensity (MFI). c, As in b, CD44hi cells were gated before comparing LAMP1 MFI. Bar 
plots (b-c) depict mean of two technical replicates in one representative experiment. Results 
(a-b) are representative of 6 separate mice from 5 independent experiments and (c) 5 
separate mice from 4 independent experiments. d, T cells stimulated as in a were cultured 
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