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I M M U N O L O G Y

Cbl-b mitigates the responsiveness of naive CD8+ T cells 
that experience extensive tonic T cell receptor signaling
Joel Eggert1, Wendy M. Zinzow-Kramer1, Yuesong Hu2, Elizabeth M. Kolawole3, Yuan-Li Tsai4, 
Arthur Weiss4, Brian D. Evavold3, Khalid Salaita2, Christopher D. Scharer5, Byron B. Au-Yeung1*

Naive T cells experience tonic T cell receptor (TCR) signaling in response to self-antigens presented by major his-
tocompatibility complex (MHC) in secondary lymphoid organs. We investigated how relatively weak or strong 
tonic TCR signals influence naive CD8+ T cell responses to stimulation with foreign antigens. The heterogeneous 
expression of Nur77-GFP, a transgenic reporter of tonic TCR signaling, in naive CD8+ T cells suggests variable in-
tensities or durations of tonic TCR signaling. Although the expression of genes associated with acutely stimulated 
T cells was increased in Nur77-GFPHI cells, these cells were hyporesponsive to agonist TCR stimulation compared 
with Nur77-GFPLO cells. This hyporesponsiveness manifested as diminished activation marker expression and de-
creased secretion of IFN-γ and IL-2. The protein abundance of the ubiquitin ligase Cbl-b, a negative regulator of 
TCR signaling, was greater in Nur77-GFPHI cells than in Nur77-GFPLO cells, and Cbl-b deficiency partially restored 
the responsiveness of Nur77-GFPHI cells. Our data suggest that the cumulative effects of previously experienced 
tonic TCR signaling recalibrate naive CD8+ T cell responsiveness. These changes include gene expression changes 
and negative regulation partially dependent on Cbl-b. This cell-intrinsic negative feedback loop may enable the 
immune system to restrain naive CD8+ T cells with higher self-reactivity.

INTRODUCTION
The activation of T cell–mediated immune responses is associated 
with sustained, robust signal transduction triggered by the T cell anti-
gen receptor (TCR) (1). Activating TCR signals induces changes in T 
cell metabolism, cytoskeleton arrangements, and gene expression (1). 
Transcription of immediate-early genes occurs rapidly in response to 
robust TCR stimuli and includes transcription factors of the Jun/Fos 
family and Nur77, an orphan nuclear receptor encoded by Nr4a1 (2). 
However, T cells also constitutively experience TCR signals stimulated 
by self-peptides presented by major histocompatibility complex (self-
pMHC) in secondary lymphoid organs (SLOs) (3). These tonic or 
basal TCR signals induce constitutive tyrosine phosphorylation of 
immunoreceptor tyrosine–based activation motifs within the TCR 
complex and association of the tyrosine kinase ZAP-70 with the CD3 
ζ-chain even in naive T cells (4, 5). TCR:self-pMHC signals do not 
typically produce a cellular phenotype associated with an effector 
T cell (3). However, tonic TCR signals can alter chromatin accessibil-
ity and influence the expression of several genes at the transcriptional 
or the protein level in T cells (6–9). This feature of tonic TCR signaling 
also raises the possibility that variable gene expression patterns in re-
sponse to tonic TCR signaling result in functional heterogeneity with-
in the naive T cell population (10, 11). How the intensity of tonic TCR 
signals helps shape the responsiveness of naive T cells to subsequent 
foreign antigen stimulation remains unresolved (3).

The immediate downstream effects of strong tonic TCR signals, 
such as CD3 ζ-chain phosphorylation and ZAP-70 recruitment to 

the TCR complex, are transient events (4). For example, the loss of 
ζ-chain phosphorylation and the dissociation of ZAP-70 from the 
TCR complex is evident in peripheral blood T cells compared with 
cells harvested from SLOs (4). Hence, the expression of proteins in-
duced by TCR signaling, such as Nur77 and CD5, are surrogate 
markers of tonic TCR signaling (3). Transgenic reporters of Nr4a 
family genes, including Nr4a1 and Nr4a3, can provide fluorescence-
based readouts of TCR signaling (12). The Nur77-GFP reporter 
transgene consists of enhanced green fluorescent protein (GFP) 
driven by the promoter and enhancer elements of the Nr4a1 gene 
(13, 14). TCR stimulation induces Nr4a1 gene transcription and 
Nur77-GFP reporter expression in relative proportion to TCR sig-
nal strength. For example, the mean fluorescence intensity (MFI) of 
Nur77-GFP expressed by acutely stimulated T cells decreases with 
diminishing pMHC affinity (13, 15). Furthermore, Nur77-GFP ex-
pression is relatively insensitive to constitutively active signal trans-
ducer and activator of transcription 5 (STAT5) or inflammatory 
signals, suggesting that reporter transgene expression is activated 
selectively by TCR stimulation in T cells (13). TCR-induced Nur77-
GFP expression is also sensitive to inhibitors of TCR signaling pro-
teins, including the tyrosine kinase ZAP-70 (16).

Naive T cells express Nur77-GFP in response to tonic or basal 
TCR signals from self-pMHC interactions in SLOs in unchallenged 
mice housed under specific pathogen–free conditions (13, 17, 18). 
In this study, we investigated the functional responsiveness of naive 
CD8+ T cells that expressed relatively low or high levels of Nur77-
GFP. Naive CD8+ T cells expressing the highest levels of Nur77-GFP 
exhibited relative hyporesponsiveness to stimulation with agonist 
TCR ligands and differential gene expression, including genes po-
tentially inhibiting T cell activation. We found that naive CD8+ T 
cells expressing high levels of Nur77-GFP from mice lacking Cbl-b 
exhibited partially rescued responsiveness to TCR stimulation. To-
gether, these findings suggest a model in which naive CD8+ T cells 
adapt to high levels of tonic TCR signaling through negative regula-
tion that limits T cell responsiveness.
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RESULTS
Naive CD8+ T cells experience variable strengths of tonic 
TCR signaling
We first sought to investigate the diversity of Nur77-GFP expression 
in the CD8+ T cell population. TCR polyclonal naive CD8+ and 
CD4+ T cells, as defined by their CD44LO CD62LHI cell surface phe-
notype, expressed Nur77-GFP in a range spanning over three orders 
of magnitude (fig. S1A). The Nur77-GFP intensities of naive CD4+ 
and CD8+ T cells were higher than that in nontransgenic T cells but 
lower compared with that in CD4+ Foxp3+ regulatory T cells (fig. S1A), 
a T cell population that expresses TCRs with higher self-reactivity 
(19–21). We next compared two subpopulations of naive CD8+ T 
cells: the 10% of naive CD8+ T cells with the highest Nur77-GFP 

fluorescence intensity (GFPHI) and the 10% of naive CD8+ T cells 
with the lowest Nur77-GFP fluorescence intensity (GFPLO). Levels of 
surface TCRβ and CD8α on GFPHI and GFPLO cells were largely 
overlapping or slightly reduced in GFPHI cells (Fig. 1A). We also did 
not detect differences in surface and intracellular TCRβ staining in-
tensity between naive polyclonal GFPLO and GFPHI cells (fig. S1, B 
and C), suggesting a lack of correlation between Nur77-GFP reporter 
expression and total TCR levels. The magnitude of CD5 surface ex-
pression correlates with TCR reactivity to self-pMHC (22–26). CD5 
staining intensity was increased in naive, polyclonal GFPHI CD8+ T 
cells, in agreement with previous results and consistent with the con-
cept that the intensity of CD5 and Nur77-GFP expression can reflect 
the strength of tonic TCR signaling [fig. S1D and (27)]. Naive GFPHI 

F

Nur77-GFP

M
od

e

Day 7Pre-sort

Nur77-GFP

M
od

e

Post-sort WT recipients
Polyclonal n aive 

E

M
od

e

Pre-sort

Nur77-GFP Nur77-GFP

M
od

e

Day 28Post-sort WT recipients
OT-I naive

D

0 10
3

10
4

10
5

0
3

10
3

10
4

10
5

Nur77-GFP

M
od

e

Post-sort
Polyclonal naive

Nur77-GFP

M
od

e

CD5 BV786

M
od

e

B2m+/+

B2m /

Day 10

B2m+/+ recipient
B2m-/- recipient

C

GFP
LO

GFP
HI

10-6

10-5

10-4

10-3

10-2

R
el

at
iv

e 
2D

 a
ffi

ni
ty

GFP
LO

GFP
HI

<0.0001

<0.0001

N4 V4

B
CD8 naive

Nur77-GFP

M
od

e

Polyclonal-Nur77-GFP
OT-I-Nur77-GFP
Non-Tg lymphocytes

CD8 naive

Nur77-GFP

M
od

e

Polyclonal-Nur77-GFP
P14-Nur77-GFP
Non-Tg lymphocytes

gMFI
395
573

gMFI
395
404

A

M
od

e

Nur77-GFP TCR-β BV711 CD8α BUV395

Polyclonal naive

GFPLO

GFPHI

-10

Fig. 1. The intensity of tonic TCR signaling in naive CD8+ T cells is heterogeneous. (A) Overlaid histogram (left) depicts GFP fluorescence for GFPLO and GFPHI cells in 
the spleen. GFPLO cells are the 10% of cells with the lowest (blue) GFP fluorescence intensity, whereas GFPHI cells are the 10% of cells with the highest (red) GFP fluores-
cence intensity. Histograms (middle and right) show expression of TCRβ and CD8α by polyclonal naive GFPLO and GFPHI CD8+ T cells. (B) Polyclonal (black) and OT-I-​Trac−/− 
(cyan) T cells were gated on CD44LO CD62LHI CD8+ cells (left), and P14 T cells (green) were gated on CD44LO CD62LHI Vα2+ CD8+ cells (right). Representative flow cytometry 
plots of Nur77-GFP fluorescence of splenic naive polyclonal or TCR-transgenic CD8+ T cells. Gray histograms depict nontransgenic lymphocytes, and the numbers indicate 
the geometric mean fluorescence intensity (gMFI) calculated for the whole population. (C) Graph displays the relative two-dimensional affinity of naive GFPLO and GFPHI 
OT-I cells to N4 or V4 peptide/H2Kb monomers. Each symbol represents one cell with a total of 33 or 34 cells from three independent experiments. Bars depict the mean, 
and error bars show ±SD. Statistical testing was performed by unpaired two-tailed Student’s t test. (D) Naive polyclonal CD8+ T cells (~2.5 × 106) were adoptively trans-
ferred into B2m+/+ or B2m−/− recipients. Histogram (left) shows the Nur77-GFP fluorescence intensity of FACS-sorted naive polyclonal CD8+ T cells. Histograms (middle 
and right) show Nur77-GFP fluorescence and CD5 staining intensity of T cells transferred into B2m+/+ (black) or B2m−/− (orange) recipients 10 days after transfer. (E) GFPLO 
or GFPHI OT-I cells (~1.5  × 106) were adoptively transferred into separate WT congenic recipients. GFPLO and GFPHI cells were sorted from the 20% of cells with the lowest 
and highest Nur77-GFP fluorescence intensity, respectively. Histograms show the Nur77-GFP fluorescence intensity of total naive OT-I cells (left) or FACS-sorted GFPLO and 
GFPHI cells (middle). Histogram (right) shows Nur77-GFP fluorescence of transferred T cells 4 weeks after transfer. (F) A total of 5 × 105 GFPLO or GFPHI polyclonal CD8+ T 
cells were adoptively transferred into separate WT congenic recipients. Donor cells were gated on naive CD8+ T cells, the congenic marker expression (E and F), and, in 
addition, TCR-β+ cells (D). Histograms show the Nur77-GFP fluorescence intensity of total CD8+ T cells (left) or FACS-sorted GFPLO and GFPHI cells (middle). Histogram 
(right) shows Nur77-GFP fluorescence of transferred T cells 7 days after transfer. Data in (B) represent two independent experiments with n = 2 mice. Data in (D) to (F) 
represent two independent experiments with n = 2 mice for each group. Data in (A) and (C) represent three independent experiments with n = 3 mice.
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CD8+ T cells were CD44LO CD62LHI, consistent with a naive surface 
marker phenotype. However, within the naive CD8+ population, 
GFPHI cells exhibited increased CD44 staining intensity relative to 
GFPLO cells (fig. S1E). This result is consistent with a previous study 
showing that CD5HI naive CD8+ T cells express higher levels of 
CD44 than CD5LO cells (27).

We hypothesized that restricting the repertoire to a single TCR 
specificity would decrease the heterogeneity of Nur77-GFP expres-
sion in a TCR-transgenic population. To test the influence of TCR 
specificity on the distribution of Nur77-GFP expression, we com-
pared the intensity and distribution of Nur77-GFP among naive 
polyclonal, OT-I, and P14 TCR-transgenic populations. The geo-
metric MFI (gMFI) of Nur77-GFP in naive CD44LO CD62LHI OT-I 
cells was higher than that in polyclonal naive CD8+ cells, whereas 
P14 cells and polyclonal cells had similar gMFI values (Fig. 1B and 
fig. S1F). These results suggested that TCR specificity can influence 
the intensity of TCR signaling experienced by individual T cells. We 
also detected similar Nur77-GFP fluorescence intensities in Trac−/− 
and Trac+/− P14 cells, suggesting that endogenous TCR α-chain 
(Trac) expression in naive TCR-transgenic cells does not affect 
Nur77-GFP fluorescence intensity (fig. S1G).

Increased Nur77-GFP expression could reflect more intense or 
frequent tonic TCR signals. We hypothesized that Nur77-GFP ex-
pression in naive OT-I cells would correlate with the relative 
TCR:pMHC two-dimensional (2D) affinity. To test this hypothe-
sis, we used a 2D micropipette adhesion frequency (2D-MP) assay 
(28), which measures the relative affinity of OT-I TCRs for pMHC 
in 2D membrane environments. We compared naive GFPLO and 
GFPHI cells that expressed the OT-I TCR and were deficient for the 
endogenous TCR α chain to prevent endogenous TCR recombina-
tion. Furthermore, we excluded Qa2LO recent thymic emigrants 
(RTEs), which were more abundant in 6- to 13-week-old OT-I or 
P14 TCR-transgenic mice but present at low frequencies in wild-
type (WT) mice (fig. S1, H and I). RTEs continue to undergo mat-
uration and exhibit diminished functional responses compared 
with mature T cells (29). Sorted naive GFPLO and GFPHI OT-I cells 
were brought into contact with human red blood cells (RBCs) 
coated with the cognate SIINFEKL (N4) peptide or the weaker af-
finity SIIVFEKL (V4) peptide presented by H2Kb, and RBC elon-
gation was detected as a measure of an adhesion event (30). By 
calculating the adhesion frequency from a set of different T 
cell:RBC interaction times, the generated binding curve is used to 
calculate 2D affinity (31). GFPHI naive OT-I cells exhibited an in-
crease in relative TCR:pMHC 2D affinity for both N4 and V4 
pMHC antigens compared with GFPLO cells (Fig. 1C). These data 
suggest that higher relative 2D affinity interactions with N4, V4, 
and possibly to self-pMHC correlate with increased steady-state 
Nur77-GFP expression. This result is consistent with a previous 
study from our laboratory that revealed a positive correlation be-
tween Nur77-GFP expression in naive CD4+ OT-II cells and the 
relative 2D affinity to ovalbumin (OVA) peptide/MHC (7).

We hypothesized that Nur77-GFP expression in naive CD8+ T 
cells depends on exposure to pMHC. To test this hypothesis, we 
adoptively transferred naive polyclonal CD8+ T cells into B2m−/− or 
B2m+/+ recipients for 10 days. The CD8+ T cells transferred into 
B2m−/− recipients exhibited a reduction in Nur77-GFP fluorescence 
and CD5 staining intensities (Fig.  1D). These results suggest that 
Nur77-GFP expression in naive CD8+ T cells depended on continu-
ous exposure to pMHC and its abundance. Accordingly, previous 

studies showed that Nur77-GFP expression in naive CD4+ T cells 
also requires continuous exposure to pMHC (13, 18). Hence, Nur77-
GFP expression in naive T cells reflects the frequency and intensity 
of relatively recently experienced tonic TCR signaling.

We adoptively transferred GFPLO and GFPHI naive OT-I cells 
into congenic lymphoreplete recipients to determine whether the 
bias in Nur77-GFP expression was sustained beyond several half-
lives of GFP protein in a TCR-transgenic population. Four weeks 
after transfer, the distribution of Nur77-GFP fluorescence over-
lapped completely (Fig.  1E). These results suggest that biases in 
Nur77-GFP expression in a naive TCR-transgenic population shift 
over extended periods. We next investigated how Nur77-GFP ex-
pression changes in naive polyclonal CD8+ T cells over several days 
by adoptively transferring GFPLO or GFPHI naive polyclonal CD8+ 
T cells into congenic lymphoreplete recipients for 1 week (Fig. 1F). 
Donor GFPLO cells tended to sustain low Nur77-GFP intensity, al-
though weak affinity antigens can induce OT-I cells to increase ex-
pression of Nur77-GFP in less than 8 hours (13). These results 
suggested that polyclonal GFPLO cells tended to experience weak 
tonic TCR signals over 1 week (Fig. 1F). GFPHI naive donor T cells 
also sustained relatively high Nur77-GFP expression (Fig. 1F), al-
though this phenotype could be partially due to the reported 26- to 
54-hour half-life of enhanced GFP protein (32, 33). These results are 
consistent with previous work showing that sorted TCR polyclonal 
CD5LO and CD5HI naive CD4+ and CD8+ T cells maintain skewed 
CD5 expression more than 4 weeks after adoptive transfer into lym-
phoreplete recipients (22, 27). Hence, differences in TCR specifici-
ties may enable biased Nur77-GFP transgene expression in naive 
polyclonal T cells for more extended time periods.

We next asked whether Nur77-GFP expression by naive CD8+ T 
cells varied in different anatomical locations. The intensity or distri-
bution of Nur77-GFP expression in naive CD8+ T cells from differ-
ent SLOs, such as the spleen, mesenteric lymph nodes, and Peyer’s 
patches, did not differ (fig. S1J). Subsequently, we queried whether 
the location within the spleen could contribute to heterogeneous 
Nur77-GFP expression in naive CD8+ T cells. To compare the 
Nur77-GFP distribution of T cells located in the more vascularized 
red pulp compared to the white pulp of the spleen, we performed 
intravascular labeling with fluorescently labeled anti-CD45 anti-
bodies 3  min before euthanasia. We detected largely overlapping 
Nur77-GFP intensities for naive polyclonal CD8+ T cells labeled 
with anti-CD45 and cells not labeled with anti-CD45, which we in-
terpreted to represent cells located in the red and white pulp, respec-
tively (fig. S1K). These results suggest that GFPLO and GFPHI cells 
were not skewed in their distribution between the red or white pulp 
in the spleen or the SLOs we analyzed. Together, we interpret Nur77-
GFP fluorescence intensity in naive CD8+ T cells to reflect the 
strength of recently experienced tonic TCR signals. Factors that in-
fluence tonic TCR stimulation, such as TCR specificity, relative 2D 
affinity, and frequency and duration of TCR stimulations, can influ-
ence the intensity of Nur77-GFP expression in naive T cells.

Naive CD8+ T cells that experience extensive tonic TCR 
signaling are hyporesponsive to TCR stimulation
To analyze the functional responsiveness of naive T cells express-
ing different levels of Nur77-GFP, we isolated three subpopula-
tions (GFPLO, GFPMED, and GFPHI) from naive, polyclonal CD8+ 
T cells (Fig. 2A and fig. S2A). After 24 hours of stimulation with 
soluble anti-CD3 antibodies and splenocyte antigen-presenting 

D
ow

nloaded from
 https://w

w
w

.science.org at E
m

ory U
niversity on M

ay 15, 2024



Eggert et al., Sci. Signal. 17, eadh0439 (2024)     6 February 2024

S c i e n c e  S i g n a l i n g  |  R ese   a r c h  Ar  t i c l e

4 of 16

cells (APCs), we labeled cells with an interferon-γ (IFN-γ) catch 
reagent consisting of an anti-CD45 antibody conjugated with an 
anti–IFN-γ antibody (34, 35). After a 45-min secretion period at 
37°C, we labeled the cells with a second anti–IFN-γ antibody to 
visualize secreted and “captured” IFN-γ (35). The frequency of 
IFN-γ–secreting cells in the GFPLO subpopulation was more than 
twofold higher compared with the GFPMED population and more 
than 30-fold higher relative to the GFPHI population (Fig. 2, B and 
C). Hence, there was an apparent inverse correlation between the 
intensity of steady-state GFP expression and the magnitude of 
anti-CD3–induced IFN-γ secretion. Although cytokine produc-
tion increases after T cells have undergone cell division, naive T 
cells can produce effector cytokines within 24 hours of stimulation 
and before cell division (23, 36–43). We also detected a similar in-
verse correlation between Nur77-GFP expression and IFN-γ secretion 
in naive GFPLO and GFPHI P14 TCR-transgenic cells stimulated 
with GP33 peptide and splenocyte APCs (fig. S2, B and C) (44).

To determine whether GFPLO, GFPMED, and GFPHI cells simi-
larly increased expression of receptors associated with acute T cell 
activation, we analyzed the expression of the activation markers 
CD25, CD69, and transferrin receptor (CD71), in addition to the 
Nur77-GFP reporter. All three populations expressed Nur77-GFP 
and CD69 above baseline levels (Fig. 2D and fig. S2D). However, on 
average, GFPLO cells expressed higher levels of CD69 than GFPMED 
and GFPHI cells (Fig. 2D). Similarly, higher frequencies of the GFPLO 
population expressed higher levels of CD25 and CD71 compared 
with GFPHI cells (Fig.  2D). After stimulation, the sorted GFPLO, 
GFPMED, and GFPHI populations each expressed similar levels of 
Nur77-GFP at the 24-hour end point (Fig. 2D).

To test whether GFPLO and GFPHI cells exhibited differences in 
survival after stimulation, we quantified the proportion of viable 
CD8+ T cells after the 24-hour stimulation period. GFPHI cells had 
a 1.5-fold reduction in the percentage of viable cells compared with 
GFPLO cells (fig. S2E). Hence, GFPHI cell viability is decreased relative 
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Fig. 2. Extensive tonic TCR signaling negatively correlates with naive, polyclonal CD8 T cell responsiveness. (A) Representative flow cytometry plots show Nur77-
GFP fluorescence of total CD8+ cells (top) and sorted GFPLO, GFPMED, and GFPHI naive, polyclonal CD8 T cell populations (bottom). (B) Contour plots depict CD8 and IFN-γ 
expression by unstimulated and stimulated viable polyclonal CD8+ T cells after a 45-min IFN-γ secretion assay. Numbers indicate the percentage of cells within the indi-
cated gates. (C) Bar graph displays the frequencies of GFPLO, GFPMED, and GFPHI IFN-γ–secreting cells. Cells were either unstimulated or stimulated for 24 hours with anti-
CD3 (0.25 μg/ml) and APCs before the secretion assay. (D) Histograms show expression of the indicated activation markers of cells stimulated for 24 hours with anti-CD3 
(0.25 μg/ml) and APCs. Cells were gated on viable CD8+ T cells. Bar graphs display the gMFI for Nur77-GFP and CD69 or the frequency of marker-positive cells for CD25 
and CD71 (as indicated by the dotted line in the histogram). Data in (A) to (D) represent three independent experiments with n = 6 mice. In (C) and (D), bars depict means, 
error bars show ±SD, and each symbol represents one mouse. For (C), P < 0.0001 by one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons test. 
For (D), P < 0.0001 for CD69, CD25, and CD71 by one-way ANOVA, followed by Tukey’s multiple comparisons test. n.s., not significant.
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to GFPLO cell viability after TCR stimulation. We next asked wheth-
er GFPLO and GFPHI cells exhibited differences in cell division. We 
hypothesized that more extensive tonic TCR signaling would result in 
delayed or reduced cell division upon stimulation of naive CD8+ T 
cells. We sorted naive GFPLO and GFPHI polyclonal T cells and as-
sessed in vitro proliferation after stimulation with anti-CD3 anti-
bodies and APCs (fig.  S2F). Three days after stimulation, the 
proliferation index (the average number of divisions of cells that 
divided at least once) of GFPLO cells was greater than that of GFPHI 
cells (fig. S2G). This result suggests that extensive tonic TCR signaling 
inhibits the proliferation of naive CD8+ T cells under the condi-
tions tested.

We further hypothesized that naive GFPLO cells might have a 
competitive advantage during the early phase of an immune re-
sponse in vivo relative to GFPHI cells. To investigate this hypothe-
sis, we sorted GFPLO and GFPHI subpopulations of naive CD44LO 
CD62LHI Qa2HI Vα2HI P14 TCR-transgenic cells (fig. S2H). We 
cotransferred an equal number of congenically distinct GFPLO and 
GFPHI cells (3000 each) into WT recipients to analyze the ratio-
metric difference between the two populations after a viral infec-
tion. Five days after lymphocytic choriomeningitis virus (LCMV) 
infection, the ratio between GFPLO and GFPHI cells in the spleen 
was skewed about 1.6-fold in favor of GFPLO cells (fig.  S2I). 
Hence, GFPLO cells have a slight competitive advantage over GFPHI 

cells in the early phase of an immune response that persists 
through multiple rounds of cell division.

We next compared the cellular responses of GFPLO and GFPHI naive 
CD8+ OT-I TCR-transgenic cells to titrated doses of peptide and with 
altered peptides that vary in affinity for the OT-I TCR. We postulated 
that GFPHI T cells exhibited decreased responsiveness for pMHC at 
low concentrations or weak affinity pMHC ligands. We sorted GFPLO 
and GFPHI naive T cells with a CD8+ CD44LO CD62LHI Qa2HI pheno-
type from OT-I Trac−/− TCR-transgenic mice (Fig. 3A) and assessed the 
increased expression of CD25 and CD69 after stimulation for 16 hours 
with APCs and the cognate N4 peptide. The dose-response curve of 
GFPHI cells was shifted further to the right compared with GFPLO cells, 
indicating a relative reduction in CD25 and CD69 expression. The cal-
culated median effective concentration (EC50) value for GFPLO cells 
was 1.4-fold lower than for GFPHI cells (Fig. 3B and fig. S3, A and B). 
These results suggest that GFPHI cells exhibit reduced responsiveness to 
a high-affinity antigen under nonsaturating antigen doses.

To test whether extensive tonic TCR signaling affected the re-
sponsiveness to antigen affinity, we also stimulated OT-I cells with 
the SIIQFERL (Q4R7) altered peptide, which has reduced affinity 
for the OT-I TCR relative to the N4 peptide (45). The Q4R7 dose-
response curve of GFPHI cells was increasingly shifted to the right 
relative to the N4 dose-response curve and to Q4R7-stimulated 
GFPLO cells. The calculated EC50 value for GFPLO cells was 2.9-fold 
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Fig. 3. Extensive tonic TCR signaling correlates negatively with naive OT-I cell responsiveness. (A) Representative flow cytometry plots show Nur77-GFP fluores-
cence of total cells (top) and sorted GFPLO and GFPHI naive CD8 T cell populations (bottom) from OT-I-Nur77-GFP-​Trac−/− mice. (B) Graphs show the frequencies of 
CD25HICD69HI cells after 16 hours of stimulation with indicated peptide concentrations and APCs. Plotted are mean values fitted by nonlinear regression curves. The dot-
ted lines indicate the log10 EC50 for GFPLO (blue) and GFPHI (red) cells. P values were generated by Student’s t tests for the log10 EC50 (the null hypothesis being that the 
log10 EC50 is the same for the two populations). (C) Contour plots depict viable CD8+ T cells after a 45-min assay of the secretion of IFN-γ and IL-2 from stimulated (16 hours) 
OT-I CD8+ T cells. (D) Bar graphs show the frequencies of IFN-γ, IL-2, or IFN-γ and IL-2–secreting cells after 16 hours of stimulation with indicated N4 peptide concentrations 
and APCs or unstimulated control. Data in (A) to (D) represent three independent experiments with n = 3 biological replicates. In (B) and (D), bars depict means, error bars 
show ±SD, and in (D), each symbol represents one biological replicate. In (D), P = 0.0004 by two-way analysis of variance (ANOVA) (left) and P = 0.0107 (middle) or 
P = 0.0001 (right) by one-way ANOVA followed by Tukey’s multiple comparisons test. n.s., not significant.
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lower than for GFPHI cells (Fig. 3B and fig. S3B). Upon stimulation 
with the weak agonist peptide SIIGFEKL (G4), the dose-response 
curve also shifted to the right for GFPHI cells. The calculated EC50 
value for GFPLO cells was 5.8-fold lower than for GFPHI cells (Fig. 3B 
and fig. S3B). These results indicated that higher levels of accumu-
lated TCR signaling from self-pMHC in naive CD8+ T cells resulted 
in hyporesponsiveness to subsequent stimulation.

We next asked whether GFPLO and GFPHI OT-I cells exhibited 
differences in TCR-induced cytokine secretion. We hypothesized 
that GFPHI cells would exhibit decreased interleukin-2 (IL-2) and 
IFN-γ secretion relative to GFPMED and GFPLO cells. GFPLO, GFPMED, 
and GFPHI naive OT-I cells were sorted and stimulated for 16 hours 
with an N4 peptide concentration (1 × 10−11 M) that was on the 
linear range of the curve for CD25 and CD69 expression, followed 
by IL-2 and IFN-γ capture assays (Fig. 3, C and D). The frequency of 
IFN-γ–secreting GFPLO OT-I cells was approximately  fourfold 
higher relative to GFPHI cells (Fig. 3, C and D). The frequency of 
IL-2–secreting cells was below 5% for all populations at a dose of 

1 × 10−11 M N4 peptide (Fig. 3, C and D). To induce more robust 
IL-2 secretion, we stimulated the three populations with a 10-fold 
higher dose of N4 peptide (1 × 10−10 M). At this dose, there was 
comparable IFN-γ secretion (Fig.  3, C and D). However, the fre-
quency of IL-2–secreting GFPLO cells was  approximately fourfold 
higher relative to that of GFPHI cells (Fig. 3, C and D). Similarly, the 
frequency of cells that secreted both IL-2 and IFN-γ was about 1.7-
fold higher in GFPLO cells compared with GFPMED cells and more 
than fourfold higher in GFPLO relative to GFPHI cells (Fig. 3, C and 
D). Hence, there was a dose-dependent, inverse correlation between 
Nur77-GFP expression in naive CD8+ T cells and cytokine secretion 
in response to subsequent TCR stimulation.

CD8+ GFPHI cells exhibit attenuated Ca2+ flux responses and 
exert reduced mechanical forces
We next investigated whether GFPHI cells exhibited an attenuated 
response at more proximal events of T cell activation upon stimula-
tion with cognate peptide. Among the early T cell responses to 
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pMHC stimulation is the exertion of mechanical forces through the 
TCR (46), which positively correlates with increases in the intensity 
of ZAP-70 phosphorylation, suggesting a positive regulatory role for 
mechanical forces in early T cell activation (47). To test our hypoth-
esis that GFPLO and GFPHI cells would exhibit differences in tension 
exerted on pMHC ligands, we used DNA hairpin–based “tension” 
probes linked to pMHC. The tension probe consists of a DNA hair-
pin conjugated to fluorophore (Atto647N) and quencher (BHQ2) 
molecules positioned to quench fluorescence by fluorescence reso-
nance energy transfer (FRET) when the DNA hairpin is in its closed 
configuration (Fig. 4A) (48). When a T cell applies forces to a pMHC 
molecule through its TCR with a magnitude exceeding 4.7 pN, the 
DNA hairpin unfolds, separating the FRET pair and causing de-
quenching of the dye. A “locking” DNA strand is then introduced to 
selectively hybridize to the mechanically unfolded DNA hairpin 
and prevent refolding to capture the tension signal. After isolat-
ing GFPLO and GFPHI OT-I cells, we cultured them on substrates 
coated with tension probes conjugated to H2-Kb loaded with OVA 
N4 peptide (fig. S4, A and B). On average, GFPLO cells induced a 
20% higher fluorescence signal from the tension probes than did 
GFPHI cells (Fig. 4, B and C). These results indicate that GFPLO 
cells were more likely to exert the 4.7-pN tension force required to 
unfold the DNA hairpins than GFPHI cells in response to pMHC 
stimulation.

We next sought to determine whether GFPLO and GFPHI naive 
CD8+ T cells exhibited differences in proximal TCR signaling. We 
hypothesized that naive GFPHI OT-I T cells would exhibit decreased 
cytosolic Ca2+ concentrations relative to GFPLO cells upon stimula-
tion with cognate N4 peptide antigen. We used flow cytometry to 
analyze OT-I cells labeled with the Ca2+ ratiometric indicator dye 
Indo-1 and coincubated with N4 peptide-pulsed APCs. Compared 
with the peak free Ca2+ concentration signal generated by GFPLO 
cells, the peak signal generated by GFPHI cells was reduced by 20% 
(Fig.  4D). Together, these data suggest that GFPHI naive CD8+ T 
cells, which previously experienced more TCR signaling in the basal 
state, trigger downstream signals with weaker intensity in response 
to subsequent TCR stimulation. These results are consistent with a 
previous study using CD5 as a surrogate marker of self-pMHC reac-
tivity, which showed an inverse correlation between the intensity of 
CD5 expression and the magnitude of anti-CD3–induced Ca2+ in-
creases in naive CD8+ T cells (23).

We further hypothesized that naive GFPHI OT-I cells would ex-
hibit attenuated integrated TCR signaling in response to antigen 
stimulation. Increased expression of the transcription factor inter-
feron regulatory factor 4 (IRF4) occurs within hours of TCR stimu-
lation and is sensitive to both antigen affinity and antigen dose in 
CD8+ T cells (49, 50). Hence, we sorted naive GFPLO and GFPHI 
OT-I cells to investigate the induced IRF4 expression 5 hours after 
stimulation with the weak agonist peptide G4. On average, the gMFI 
of IRF4 staining intensity in GFPLO cells was 1.6-fold higher than in 
GFPHI cells (Fig. 4E). Thus, naive GFPHI cells exhibit a reduced in-
tensity of integrated TCR signaling within hours of stimulation 
compared with GFPLO cells.

Extensive tonic TCR signaling in naive CD8+ T cells correlates 
with differences in gene expression
To identify gene expression patterns associated with increased tonic 
TCR signaling in naive CD8+ T cells, we performed RNA-sequencing 
(RNA-seq) analysis of GFPLO and GFPHI naive CD8+ CD44LO 

CD62LHI Qa2HI OT-I cells. We detected a total of 601 differentially 
expressed genes (DEGs) at a false discovery rate (FDR)  of <0.05 
(Fig. 5A). Considering the correlation between Nur77-GFP expres-
sion and TCR signal strength, we hypothesized that GFPHI cells 
would exhibit a gene expression profile with more similarities to 
acutely stimulated cells than GFPLO cells. Comparison of our data-
set with DEGs that are more highly expressed in effector OT-I cells 
compared with naive cells (51) by gene set enrichment analysis 
(GSEA) revealed that GFPHI cells showed an enrichment of genes 
more highly expressed in effector CD8+ T cells (Fig. 5B).

In addition, we compared the degree of overlap between DEGs in 
naive GFPHI and GFPLO cells and between DEGs in Listeria infection–
induced OT-I effector cells and naive OT-I cells (fig. S5A) (52). We 
detected a significant positive correlation between genes en-
riched in GFPHI cells and acutely stimulated OT-I cells (fig. S5B). 
These results suggested that the effects of extensive tonic TCR sig-
naling share similarities with the gene expression changes associat-
ed with acutely stimulated and effector CD8+ T cells. However, 
GFPHI cells also showed enrichment of genes more highly expressed 
in effector OT-I cells compared with resting memory cells (Fig. 5B). 
We did not detect a statistically significant enrichment of genes as-
sociated with T cell exhaustion, senescence, or deletional tolerance 
in GFPHI cells (Fig. 5B). We next sought to explore DEGs in GFPHI 
naive CD4+ and CD8+ T cells. The overlapping DEGs between GFPLO 
and GFPHI naive CD8+ T cells and the DEGs more highly expressed 
in naive GFPHI Ly6C− CD4+ T cells (fig. S5C) (7) positively corre-
lated (fig. S5D). Hence, extensive tonic TCR signals induced similar 
transcriptional changes in naive CD4+ and CD8+ T cells.

In addition, we detected increased transcripts of genes involved 
in cell division in GFPHI relative to GFPLO cells, consistent with a 
gene signature indicative of acutely activated T cells (Fig.  5C). In 
agreement, naive CD8+ T cells that experience stronger tonic TCR 
signals and express higher levels of CD5 likewise show enrichment 
for cell cycle–associated genes (53). GFPHI cells also expressed high-
er levels of transcription factors associated with T cell differentia-
tion, such as Bcl6 and Ikzf2 (which encodes Helios), and TCR 
stimulation, such as Tox and Irf8 (Fig. 5C) (54–56). Consistent with 
a gene signature of T cell activation, GFPHI cells increased expres-
sion of immunomodulatory molecules such as Tnfrsf9 (which en-
codes 4-1bb), Tnfsf11 (which encodes Rankl), and Cd200 (Fig. 5C) 
(57–60). GFPHI cells expressed lower levels of Il7r (which encodes 
CD127) in addition to other common γ-chain cytokine receptors 
such as Il4ra, Il6ra (which encodes CD126), and Il15ra (Fig. 5C). 
Among genes involved in signal transduction, GFPHI cells had lower 
expression of genes encoding kinases such as Pim1 and Pdk1. In 
contrast, GFPHI cells expressed higher levels of Ubash3b (which en-
codes Sts1), Dusp22 (which encodes Jkap), and Ptpn14, all of which 
encode phosphatases (Fig. 5C). Together, gene expression patterns 
associated with higher levels of tonic TCR signaling bore similarities 
to gene expression patterns induced by acute TCR stimulation. This 
gene signature included higher expression levels of immunomodu-
latory receptors and ligands, including negative regulators of TCR 
signaling.

We next performed flow cytometry analyses to determine 
whether differential gene expression patterns correlated with differ-
ential protein expression. We compared the protein levels of several 
DEGs in naive, polyclonal CD8+ GFPLO and GFPHI T cells. These 
DEGs included Bcl6, Ikzf2 (Helios), Izumo1r (folate receptor 4), 
Il6ra (CD126), Il7ra (CD127), and Cd200 (Fig. 5D and fig. S5E). For 
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four of the six selected DEGs, protein staining was increased in 
GFPHI relative to GFPLO cells and thus correlated with the RNA-seq 
data. GFPHI cells expressed lower surface levels of CD126 and 
CD127, consistent with the RNA-seq analysis. Flow cytometry anal-
ysis of naive CD8+ T cells showed a range of CD127 and CD200 
expression (Fig. 5E). Within the naive CD8+ population, the CD127HI 
CD200LO cell subset enriched for Nur77-GFPLO cells and, in con-
trast, the CD127LO CD200HI population enriched for GFPHI cells 
(Fig. 5E). Thus, Nur77-GFPLO and Nur77-GFPHI cells exhibit dif-
ferential mRNA and protein expression.

We hypothesized that CD127LO CD200HI cells would exhibit an 
attenuated responsiveness similar to that of GFPHI cells. To test this 
hypothesis, we performed an IFN-γ secretion assay with CD127HI 
CD200LO (GFPLO-like) and CD127LO CD200HI (GFPHI-like) naive 
CD8+ T cells sorted from WT mice and stimulated with APCs and 
anti-CD3 antibodies (Fig. 5F and fig. S5F). On average, the frequen-
cy of IFN-γ–secreting CD127LO CD200HI (GFPHI-like) cells was 
more than fourfold lower than the frequency of IFN-γ–secreting 
CD127HI CD200LO (GFPLO-like) cells (Fig. 5F). These results sug-
gest that GFPHI-like naive CD8+ T cells from WT mice exhibit 

0

20

40

60

80

IF
N

+  (
%

)

Cb
lb
+/

+

Cb
lb
-/
-

0.0191

0

10

20

30

40 0.0030

Cb
lb
+/

+

Cb
lb
-/
-

IF
N

+  (
%

)

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Cblb+/+

26.8

Cblb-/-

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

47.3

GFPLO

CD8 BV711

IF
N
 P

E

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

8.71

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

32.3

GFPHI

CD3 + APCs
G

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Cblb+/+

0

Cblb-/-

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0.010

GFPLO

CD8 BV711

IF
N
 P

E

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0.031

0-10
3

10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0.020

GFPHI

Unstimulated

F

0

2

4

6

8

C
D

25
 M

F
I r

at
io

 (C
bl
b-/

- /C
bl
b+

/+
)

GFP
LO

GFP
HI

0.0478

0

25

50

75

100

C
D

25
H

I C
D

69
H

I  (
%

) n.s.

Cb
lb
+/

+

Cb
lb
-/
-

C
D

25
H

I C
D

69
H

I  (
%

) 0.0147

0

25

50

75

100

Cb
lb
+/

+

Cb
lb
-/
-

Cblb+/+ Cblb-/-

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 89.4

6.90

3.33

0.35

GFPLO

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 81.3

12.1

3.70

2.84

CD69 PE-Cy7

C
D

25
 A

l6
47

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 69.1

9.94

16.0

4.99

GFPHI

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 38.0

30.5

8.22

23.2

CD3 + APCs
E

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5

Cblb+/+ Cblb-/-

99.9

GFPLO

100.0

CD69 PE-Cy7

C
D

25
 A

l6
47

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 0

0.57

0

99.4

GFPHI

0 10
3

10
4

10
5

0

-10
3

10
3

10
4

10
5 0

0.58

0

99.4

Unstimulated

C

0 10
3

10
4

10
5

Unstimulated

Nur77-GFP

M
od

e

0 10
3

10
4

10
5

GFPLO Cblb+/+

GFPLO Cblb-/-

GFPHI Cblb+/+

GFPHI Cblb-/-

24 hours CD3 + APCs
DB

0 10
3

10
4

10
5

CD8 naive

Nur77-GFP

M
od

e
Cblb+/+

Cblb-/-

0

200

400

600
0.0299

N
ur

77
-G

FP
 g

M
FI

Cb
lb
+/

+

Cb
lb
-/-

A

0

1000

2000

3000

GFP
LO

GFP
HI

C
bl

-b
 g

M
FI

0.0181

0-10
3

10
3

10
4

10
5

Polyclonal naive

Cbl-b APC

M
od

e

GFPLO

GFPHI

FMO
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attenuated early responsiveness and a similar functional phenotype 
as Nur77-GFPHI naive CD8+ T cells.

Cbl-b deficiency partially rescues the responsiveness of 
GFPHI naive CD8+ T cells
We hypothesized that increased expression of negative regulators 
mitigates the activation of GFPHI cells. We previously showed that 
naive GFPHI Ly6C− CD4+ T cells express higher protein levels of the 
E3 ubiquitin ligase Cbl-b, a negative regulator of TCR signaling (18, 
61). We hypothesized that similarly to their CD4+ counterparts, 
CD8+ GFPHI cells would express higher levels of Cbl-b. Our RNA-
seq analyses did not detect a significant difference in Cblb mRNA 
levels between GFPLO and GFPHI naive CD8+ T cells. We next com-
pared Cbl-b protein expression by GFPLO and GFPHI cells by intra-
cellular staining. The gMFI of Cbl-b staining intensity in GFPHI cells 
was almost 1.5-fold higher than in GFPLO cells (Fig.  6A). Hence, 
extensive tonic TCR signaling was associated with increased Cbl-b 
protein levels in naive CD8+ T cells.

Considering the inhibitory function of Cbl-b in the TCR signal 
transduction pathway and its increased expression in GFPHI cells, 
we hypothesized that Cbl-b deficiency would rescue the attenuated 
responsiveness of GFPHI cells. To test this hypothesis, we generated 
Cblb−/− Nur77-GFP mice. Naive Cblb+/+ and Cblb−/− CD8+ cells ex-
pressed Nur77-GFP, although the gMFI of GFP was higher in 
Cblb−/− cells (Fig. 6B). We next sorted for GFPLO and GFPHI naive 
CD8+ cells from Cblb+/+ and Cblb−/− Nur77-GFP mice (Fig. 6C). 
After stimulation for 24 hours with APCs and anti-CD3 antibodies, 
Nur77-GFP fluorescence intensities were similar in Cblb+/+ and 
Cblb−/− cells (Fig. 6D). The frequency of GFPHI cells that increased 
expression of CD25 and CD69 after 24 hours of stimulation was ap-
proximately twofold higher in Cblb−/− compared with Cblb+/+ cells 
(Fig.  6E). The frequencies of CD25HICD69HI cells were higher in 
GFPLO cells and not significantly different between Cblb+/+ and 
Cblb−/− cells (Fig. 6E). In a complementary approach, we analyzed 
Cbl-b–deficient naive CD8+ T cells using the CD127HI CD200LO 
(GFPLO-like) and CD127LO CD200HI (GFPHI-like) gating strategy 
(fig. S6, A and B). Whereas the frequency of CD25HICD69HI cells 
was more than 10-fold higher in Cblb−/− relative to Cblb+/+ GFPHI-
like cells, the proportion of CD25HICD69HI cells was 1.5-fold higher 
in Cblb−/− compared with Cblb+/+ GFPLO-like cells (fig. S6C).

We next quantified the increases in CD25 gMFI in Cblb+/+ and 
Cblb−/− populations. The CD25 gMFI increased for both GFPLO and 
GFPHI populations after stimulation. However, the fold increase in 
CD25 gMFI was about threefold higher for GFPHI than GFPLO cells 
(Fig. 6F). We next compared the CD25 gMFI between Cblb−/− and 
Cblb+/+ GFPLO-like and GFPHI-like cells. The CD25 gMFI increased 
in both populations of Cblb−/− cells (fig. S6D). These data suggest 
that the CD25 expression by GFPHI cells was rescued to a greater 
extent by Cbl-b deficiency than in GFPLO cells.

We next asked how Cbl-b deficiency affected the secretion of 
IFN-γ in GFPLO and GFPHI cells. After 24 hours of stimulation with 
anti-CD3 and splenocyte APCs, we performed an IFN-γ capture as-
say. The frequency of Cblb−/− GFPHI cells that secreted IFN-γ was 
about 4.6-fold higher compared with Cblb+/+ GFPHI cells (Fig. 6G). 
Among GFPLO cells, Cbl-b deficiency increased the frequency of 
IFN-γ–secreting cells almost twofold (Fig.  6G). We next asked 
whether Cbl-b deficiency could also rescue the secretion of IFN-γ in 
GFPHI-like cells. The frequency of IFN-γ–secreting cells was more 
than 30-fold higher in Cblb−/− GFPHI-like cells relative to Cblb+/+ 

GFPHI-like cells (fig. S6E). IFN-γ secretion was more than fourfold 
higher in GFPLO-like Cbl-b–deficient T cells compared with GFPLO-
like Cblb+/+ cells (fig. S6E). Together, these results indicate that na-
ive GFPLO and GFPHI CD8+ T cells differentially expressed Cbl-b at 
the protein level and were more responsive to TCR stimulation in the 
absence of Cbl-b. However, some GFPHI responses, such as increased 
CD25 expression, were rescued to a greater extent by Cbl-b deficiency. 
These data support a model where extensive tonic TCR signals induce 
negative regulation, partly mediated by increased Cbl-b expression.

DISCUSSION
In this study, we found that the intensity of Nur77-GFP reporter 
transgene expression by naive CD8+ T cells inversely correlated 
with their responsiveness to TCR stimulation. Hence, we pro-
pose a model in which extensive tonic TCR signaling induces 
negative feedback mechanisms that limit the responsiveness to 
subsequent TCR stimulations. Naive T cells express the Nur77-
GFP reporter transgene in a manner that is influenced by the 
strength, frequency, and recency of tonic TCR signals. Our find-
ings showed that Nur77-GFP expression in naive CD8+ T cells 
depended on continuous exposure to β2m/MHC I, indicating 
that recurrent TCR signals continuously drive Nur77-GFP ex-
pression. These results are consistent with a previous study that 
showed that naive T cells engage in multiple transient interactions 
with APCs that last for less than 5 min per interaction, on average 
(62). These findings suggest that naive T cells experience dis-
continuous tonic TCR signaling during these short-lived inter-
actions with APCs. The GFP proteins expressed as a result of 
TCR stimulation persist in T cells with a half-life of 26 to 54 hours, 
longer than most T cell:APC interactions (32, 33). In light of 
these results, we conclude that Nur77-GFP expression in naive 
T cells can reflect cumulative tonic TCR signals experienced by 
T cells as they scan APCs in SLOs. On the other hand, it is for-
mally possible that expression of relatively high levels of Nur77-
GFP in naive T cells reflects recent acute TCR stimulation. 
However, studies of the reporter transgene Nur77-Tempo sug-
gest that this may not be the case. In Nur77-Tempo transgenic 
mice, the Nr4a1 promoter drives the expression of a fluorescent 
timer (FT) protein (63), which undergoes a shift in its fluores-
cence emission spectrum with a half-life of around 4 hours in T 
cells (64). CD69− CD8+ T cells in the spleen show nondetectable 
levels of the less mature form of FT, indicating that FT expres-
sion in naive T cells is likely not driven by recent strong TCR 
signaling. These results are consistent with a model in which 
fluorescent reporters can reflect the accumulated output of mul-
tiple discontinuous tonic TCR signals experienced by naive T 
cells. Considering these findings and the decay of Nur77-GFP in 
naive CD8+ T cells seen after 10 days in B2m−/− mice, we inter-
pret steady-state Nur77-GFP expression in naive T cells to reflect 
the accumulation of TCR signaling events occurring within days.

The influence of discrete, recurrent TCR signaling events on T 
cell biology is also apparent during development. For example, 
CD4+ CD8+ double-positive thymocytes experience multiple tran-
sient TCR stimulations over hours to days during thymic positive 
selection, as observed by transient Ca2+ increases (65). Inhibition of 
ZAP-70 kinase activity decreases the intensity and frequency of 
these discontinuous signaling events and correlates with an impair-
ment in positive selection (66).
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Our gene expression analyses revealed similarities in the gene 
expression profiles of naive GFPHI T cells and activated T cells. One 
similar feature is differential expression of genes that encode for 
proteins that can inhibit TCR-induced signal transduction. This 
finding is reminiscent of a study showing that constitutive agonist 
TCR stimulation in mice unperturbed by infection or inflammatory 
mediators is associated with tolerogenic responses in CD4+ T cells 
(67). In this system, constitutive expression of even low doses of 
cognate antigen over an extended period induces increased expres-
sion of genes associated with anergy (67). Furthermore, we previ-
ously found a gene expression profile associated with T cell activation 
and negative regulation in naturally occurring naive Nur77-GFPHI 
CD4+ T cells (7). Moreover, naive CD4+ T cells expressing a hyper-
active ZAP-70 mutant show increased tonic TCR signaling but re-
duced responsiveness to agonist TCR stimulation, the latter of which 
was restored by Cbl-b deficiency (68). These studies suggest that 
extensive TCR signals can induce negative feedback mechanisms.

Nur77-GFP expression in naive CD8+ T cells positively corre-
lated with increased protein levels of the ubiquitin ligase Cbl-b. 
Here, we propose that the attenuated responsiveness of the most 
self-reactive naive CD8+ T cells due to induced negative regulation 
depends at least partially on the ubiquitin ligase Cbl-b. Cbl-b is a 
negative regulator of T cell activation (61), and Cbl-b–deficient T 
cells exhibit many altered signal transduction pathways in re-
sponse to TCR signaling, such as increased nuclear factor κB 
(NF-κB) activation and Vav1 phosphorylation (69, 70).The sig-
nalosome of Cbl-b in CD4+ T cells consists of nearly 100 interact-
ing partners, including the phosphatases Sts1 and Sts2 (71). Thus, 
Cbl-b may facilitate recruitment of Sts1 and Sts2 to the TCR com-
plex, where they may inhibit signal transduction through dephos-
phorylation of tyrosine kinases such as ZAP-70 (72).

The Nr4a family transcription factors restrain peripheral T cell 
responses (73). Consistent with this concept, in vivo–tolerized mu-
rine T cells express high levels of Nr4a1, and Nr4a1 overexpression 
results in increased expression of anergy-associated genes, includ-
ing Cblb (74). Nr4a1 deficiency results in resistance to anergy induc-
tion and increased autoimmune disease severity (74–76). Moreover, 
Nr4a1−/− Nr4a2−/− Nr4a3−/− chimeric antigen receptor (CAR) T 
cells show enhanced antitumor responses in a solid tumor mouse 
model (77). These studies suggest that Nr4a1 and the other Nr4a 
family genes can act as negative regulators (78). We propose that 
the increased expression of Nr4a1 in Nur77-GFPHI naive CD8+ 
cells is part of a negative feedback mechanism also associated with 
strong tonic TCR stimulation.

Our differential gene expression analyses suggested that strong 
tonic TCR signaling increased the expression of genes associated 
with acute TCR stimulation, as well as those encoding phosphatases 
Ubash3b (which encodes Sts1), Dusp22 (which encodes Jkap), and 
Ptpn14, which can inhibit intracellular signaling in naive OT-I 
GFPHI cells. Ubash3b−/− and Ubash3b−/− Ubash3a−/− T cells are hyper-
responsive to TCR stimulation (72, 79). Sts1’s role in inhibiting T cell 
responsiveness may involve inhibiting ZAP-70 through the dephos-
phorylation of regulatory tyrosine residues (72). The phosphatase 
Jkap can dephosphorylate kinases of the proximal TCR signaling 
cascade, whereas Ptpn14 has unclear functions in T cells (80, 81). 
The increased expression of genes encoding these phosphatases in 
GFPHI cells is consistent with the increased expression of the phos-
phatase Ptpn2 in CD5HI over CD5LO naive CD8+ T cells (82). Fur-
thermore, T cells deficient in Ptpn2 tend to undergo more extensive 

lymphopenia-induced proliferation, suggesting that Ptpn2 negative-
ly inhibits TCR:self-pMHC signaling (82).

CD5-deficient T cells are hyperresponsive to TCR stimulation, 
suggesting that CD5 can act as a negative regulator of TCR signal-
ing (83, 84). CD5 and Nur77-GFP are both surrogate markers of 
tonic TCR signaling (3). However, although CD5 staining inten-
sity positively correlates with Nur77-GFP expression in naive 
CD8+ T cells, we showed in this study that GFPLO and GFPHI cells 
still have overlapping CD5 staining intensity. Likewise, CD5LO and 
CD5HI naive CD8+ T cells have overlapping Nur77-GFP expres-
sion (27). Hence, CD5HI and Nur77-GFPHI expression phenotypes 
mark different cell populations. Similarly, CD5LO and Nur77-
GFPLO expression phenotypes label diverging cell populations. We 
propose that the differences in cellular compositions of CD5LO 
and GFPLO (or CD5HI and GFPHI) cell populations can lead to dif-
ferent functional phenotypes. For example, CD5HI naive CD8+ 
T cells have a competitive advantage over CD5LO cells in response 
to foreign antigen stimulation (27, 85). In contrast, our results 
suggest that GFPLO cells have a competitive advantage over GFPHI 
cells. Understanding the differences between CD5 and Nr4a1 re-
porter expression as markers of tonic TCR signaling would require 
additional studies.

The increased expression of negative regulators in naive T cells in 
response to tonic TCR signaling is consistent with models propos-
ing that T cell responsiveness depends on previously experienced 
TCR signals (9, 86). A negative feedback loop is one way in which 
relatively strong basal TCR signaling could effectively result in T cell 
desensitization and hyporesponsiveness to subsequent TCR stimu-
lations. “Adaptive tuning” in this context could attenuate the respon-
siveness of the naive T cells that respond most intensely to self-pMHC 
(87). Strong TCR stimulation of naive T cells can recalibrate the 
activation thresholds of recently stimulated T cells through increased 
expression of checkpoint receptor expression (88).

Variable levels of Nur77-GFP expression appear to correlate with 
functional heterogeneity within the naive CD8+ T cell population. 
Tonic TCR signal strength may influence such variations at the 
single-cell level. Lineage-tracing studies have previously identified 
diversity in the expansion and differentiation of single TCR-
transgenic T cells through primary and recall responses (89). Cel-
lular heterogeneity may also contribute to the dynamic nature of 
adaptive immune responses to respond to a breadth of antigens 
(11, 90). In conclusion, we observed reduced responsiveness in 
GFPHI naive CD8+ T cells that have experienced extensive tonic 
TCR stimulation. We speculate that such negative feedback mecha-
nisms may constitute a form of cell-intrinsic tolerance in naive T cells.

MATERIALS AND METHODS
Mice
Nur77-GFP [Tg(Nr4a1-EGFP)GY139Gsat] transgenic mice, ZAP-
70–deficient mice lacking mature T cells (Zap70tm1Weis), and Foxp3-
RFP (red fluorescent protein) mice (C57BL/6-Foxp3tm1Flv/J) have 
been previously described (14, 91, 92). C57BL/6J mice (WT mice in 
the text), CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ), and B2m−/− mice 
(B6.129P2-B2mtm1Unc/DcrJ) were purchased from the Jackson Lab-
oratory (93). Where noted, the Nur77-GFP strain was interbred with 
the CD45.1 strain. A Nur77-GFP strain that is interbred with the OT-I 
[C57BL/6-Tg(TcraTcrb)1100Mjb/J] TCR-transgenic strain was described 
previously (15). This OT-I-Nur77-GFP strain was interbred with a 
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Trac−/− strain (B6.129S2-Tcratm1Mom/J) purchased from the Jack-
son Laboratory. A Nur77-GFP strain interbred with the Foxp3-RFP 
strain has previously been described (18). P14 mice have been de-
scribed before and were provided by R. Ahmed at Emory University 
(94). P14 mice on the C57BL/6J background were interbred with the 
Nur77-GFP and CD45.1 strains. All mice were housed under specific 
pathogen–free conditions in the Division of Animal Resources at Emory 
University. The Cblb−/− strain was previously described and was inter-
bred with the Nur77-GFP strain (95). These two strains were main-
tained in the Laboratory Animal Resource Center at the University of 
California, San Francisco. Both female and male mice were used 
throughout the study. All animal experiments were conducted in com-
pliance with the Institutional Animal Care and Use Committees 
at Emory University (PROTO201700761) and the University of 
California, San Francisco (AN184320-02D).

Antibodies and reagents
The antibodies and reagents used in this study are listed in table S1. 
For the negative enrichment of CD8+ T cells, the following biotinyl-
ated anti-mouse or anti-mouse/human antibodies were used: CD4 
(clone RM4-5), CD19 (6D5), B220 (RA3-6B2), CD11b (M1/70), 
CD11c (N418), CD49b (DX5), and erythroid cells (TER119). For 
the negative selection of APCs, biotinylated anti-CD4 (RM4-5), 
anti-CD8α (53-6.7), and anti-erythroid cells (TER119) were used.

Lymphocyte isolation and flow cytometry
Single-cell suspensions of lymphoid organs were generated by 
mashing organs through a 70-μm cell strainer or using a Dounce 
homogenizer. For phenotypic analysis of T cells by flow cytometry, 
RBCs were lysed using RBC Lysis Buffer (Tonbo Biosciences) before 
Fc-block incubation (anti-mouse CD16/CD32, clone 2.4G2). CD8+ 
T cells were purified by negative selection using biotinylated anti-
bodies and magnetic beads as previously described (96). Spleno-
cytes were used as APCs, isolated from Zap70−/− or Trac−/− mice 
after RBC lysis or by negative selection using biotinylated antibodies 
and magnetic beads on single-cell suspensions from C57BL/6 mice. 
Single-cell suspensions were stained in phosphate-buffered saline 
(PBS) and washed with fluorescence-activated cell sorting (FACS) 
buffer [PBS with 0.5% bovine serum albumin (BSA) and 2 mM 
EDTA] for surface stains. For intracellular Bcl6, Helios, and IRF4 
staining, samples were fixed and permeabilized with the Foxp3/
Transcription Factor Staining kit (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. For intracellular staining of 
TCR-β and Cbl-b, samples were fixed with 4% paraformaldehyde in 
PBS and permeabilized with Perm/Wash buffer (BD Biosciences) 
according to the manufacturer’s instructions. Intracellular staining 
was performed at room temperature. Cbl-b was stained with a primary 
rabbit anti-mouse antibody and a secondary stain with a donkey anti-
rabbit immunoglobulin G FAB fragment (Jackson ImmunoResearch). 
For in vitro proliferation analysis, T cells were labeled with CellTrace 
Violet (Thermo Fisher Scientific) according to the manufacturer’s 
instructions. Samples were analyzed using FACSymphony A5 (BD 
Biosciences), FACSymphony A3 (BD Biosciences), LSRFortessa 
(BD Biosciences), or Cytek Aurora instruments. Flow cytometry 
data were analyzed using FlowJo v.10.8.1 software (BD Biosciences).

Intravascular labeling
Intravascular labeling was performed as previously described (97). 
Briefly, 3 μg of anti-CD45.2-allophycocyanin antibody was injected 

in 200 μl of PBS intravenously 3 min before euthanasia. Cells from 
the spleen were analyzed by flow cytometry. Lymph nodes and pe-
ripheral blood were harvested as negative and positive controls, re-
spectively. Positive CD45 staining was interpreted as the cells being 
located within the red pulp; the absence of CD45 staining was inter-
preted as the cells being located within the white pulp.

Cell sorting
Naive CD8+ GFPLO and GFPHI T cells were sorted from bulk CD8+ 
T cells using a FACSAria II SORP cell sorter (BD Bioscience). TCR 
polyclonal naive T cells were sorted on the basis of the following cell 
surface phenotype: CD8+ CD44LO CD62LHI and excluding a viabil-
ity dye. Naive OT-I cells were sorted on the basis of the following cell 
surface phenotype: CD8+ CD44LO CD62LHI Qa2HI and excluding a 
viability dye. For the peptide stimulation of P14 cells in vitro, naive 
P14 cells were sorted on the basis of the following cell surface phe-
notype: CD8+ CD44LO CD62LHI Qa2HI and excluding a viability 
dye. Unless otherwise stated, GFPLO and GFPHI cells are defined as 
the 10% of naive T cells with the lowest and highest GFP fluores-
cence intensity, respectively. For the DNA hairpin tension probe ex-
periment, GFPLO and GFPHI cells were isolated from bulk OT-I T 
cells that were sorted on the basis of the following cell surface phe-
notype: CD4− CD19− and excluding a viability dye. The purity of 
CD8+ T cells after enrichment was >96%.

Adoptive transfer and infections
For the polyclonal Nur77-GFP stability experiment, 5 × 105 GFPLO 
or GFPHI CD8+ T cells were injected intravenously into congenic 
WT recipients in 200 μl of PBS. For the OT-I Nur77-GFP stability 
experiment, 1.3 × 106 to 1.8 × 106 naive GFPLO or GFPHI OT-I cells 
were injected intravenously into congenic WT recipients in 200 μl of 
PBS. In this experiment, GFPLO and GFPHI were defined as the 20% 
of naive OT-I cells with the lowest and highest GFP fluorescence 
intensity, respectively. Flow cytometry analysis was conducted 7 days 
(for polyclonal experiments) or 4 weeks (for OT-I experiments) later 
on CD8+ T cells enriched from the spleen and lymph nodes. For 
adoptive transfers into B2m−/− or B2m+/+ recipients, 2.2 ×  106 to 
2.5  ×  106 naive CD44LO CD62LHI polyclonal CD8+ T cells from 
Nur77-GFP-CD45.1 mice were injected intravenously in 200 μl of 
PBS. Flow cytometry analysis was conducted 10 days later on CD8+ 
T cells enriched from the spleen and lymph nodes.

For the cotransfer experiment of P14 cells, GFPLO and GFPHI 
P14 cells were sorted from TCR Vα2+ CD44LO CD62LHI Qa2HI CD8+ 
T cells. Three thousand congenically distinct GFPLO and GFPHI cells 
were coinjected intravenously in 200 μl of PBS into CD45.1+ WT 
recipients (donor cells were either CD45.1+ CD45.2+ or CD45.2+). 
Recipients were infected with 2 × 105 plaque-forming units (PFU) 
of LCMV Armstrong intraperitoneally the following day, and flow 
cytometry analysis was conducted 5 days later on splenic cells.

T cell stimulation
For in vitro stimulation of T cells, 5 × 104 sorted CD8+ T cells were 
cultured with 2.5 × 105 APCs (T cell–depleted splenocytes) per 
well in a 96-well U-bottom plate. Polyclonal CD8+ T cells were 
incubated with anti-CD3ε antibodies (0.25 μg/ml; clone 145-2C11) 
for 24 hours, whereas OT-I cells were incubated with SIINFEKL 
(N4) or SIIQFERL (Q4R7) or SIIGFEKL (G4) peptides (GenScript) 
at the indicated concentrations for 16 hours, and P14 cells were in-
cubated with 10 nM GP33 (KAVYNFATC) for 16 hours. For OT-I 
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peptide titrations, log(agonist) versus response variable slope 
(four parameters) curves were fitted to the N4 and Q4R7 data. A 
log(agonist) versus response (three parameters) curve was fitted to 
the G4 data. As a positive control of TCR internalization, spleno-
cytes were incubated with anti-CD3ε antibodies (10 μg/ml) and 
anti-CD28 antibodies (2 μg/ml; clone E18) for 90 min at 37°C before 
staining. Cells were cultured in RPMI 1640 (Thermo Fisher Scien-
tific) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin-glutamine, 1% nonessential amino acids, 10 mM 
Hepes, 1 mM sodium pyruvate, and 50 μM 2-mercaptoethanol at 
37°C with 5% CO2.

Cytokine secretion assay
To detect IFN-γ secretion by stimulated polyclonal CD8+ T cells, we 
used the IFN-γ Secretion Assay Kit (Miltenyi Biotec, catalog no. 
130-090-984) after 24 hours of stimulation with APCs and peptide. 
IFN-γ– and IL-2–secreting OT-I cells were colabeled using the 
IFN-γ Secretion Assay Kit (Miltenyi Biotec, catalog no.130-090-516) 
and the IL-2 Secretion Assay Kit (Miltenyi Biotec, catalog no. 130-
090-987) after 16 hours of stimulation. Briefly, 1 × 105 to 1.5 × 105 T 
cells, including cocultured T cell–depleted splenocytes, were labeled 
with the bispecific catch reagent and incubated in 50 ml of pre-
warmed RPMI supplemented with 10% FBS for 45 min at 37°C. Fifty-
milliliter conical tubes were inverted every 5  min several times 
during incubation. After washing, cells were stained with the 
cytokine detection antibody/antibodies in addition to surface 
antibodies.

Ca2+ analysis
OT-I cells were labeled with 1.5 μM Indo-1 AM dye (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. APCs (T 
cell–depleted splenocytes) were pulsed for 30 min at 37°C with 1 μM 
SIINFEKL peptide and washed. All cells were incubated at 37°C 
during the acquisition and for 5 min before the start of the experi-
ment. After the baseline Ca2+ levels of 4  ×  106 OT-I cells were 
recorded for 30 s, cells were pipetted into an Eppendorf tube con-
taining 8 ×  106 peptide-pulsed APCs and spun down for 5  s in a 
microcentrifuge. The acquisition was resumed after the cell pellet 
was resuspended. The ratio of bound dye (Indo-violet) to unbound 
dye (Indo-blue) was analyzed for viable CD8+ CD44LO GFPLO and 
GFPHI cells.

Preparation of tension probe surfaces
No. 1.5H glass coverslips (Ibidi) were placed in a rack and sequen-
tially sonicated in Milli-Q water (18.2 megohms/cm) and ethanol 
for 10 min. The glass slides were then rinsed with Milli-Q water 
and immersed in freshly prepared piranha solution (3:1 sulfuric 
acid:H2O2) for 30  min. The cleaned substrates were rinsed with 
Milli-Q water at least six times in a 200-ml beaker and washed 
three times with ethanol. Slides were then incubated with 3% 
3-aminopropyltriethoxysilane in 200 ml of ethanol for 1 hour, after 
which the surfaces were washed with ethanol three times and baked 
in an oven at 100°C for 30 min. The slides were then mounted onto 
a six-channel microfluidic cell (Sticky-Slide VI 0.4, Ibidi). To each 
channel, ~50 ml of N-hydroxysuccinimide (NHS)–polyethylene gly-
col (PEG)4–azide (10 mg/ml) in 0.1 M NaHCO3 (pH 9) was added 
and incubated for 1 hour. The channels were washed with 1 ml of 
Milli-Q water three times, and the remaining water in the channel 
was removed by pipetting. The surfaces were then blocked with 

0.1% BSA for 30  min and washed with PBS three times. Subse-
quently, the hairpin tension probes were assembled in 1 M NaCl 
by mixing the Atto647N-biotin–labeled ligand strand (220 nM), 
the dibenzocyclooctyne (DBCO)-BHQ2–labeled quencher strand 
(220 nM), and the hairpin strand (200 nM) in the ratio of 1.1:1.1:1. 
The mixture was heat-annealed at 95°C for 5  min and cooled 
down to 25°C over a 30-min time window. The assembled probe 
(~50 ml) was added to the channels (at a final concentration of 
100 nM) and incubated overnight at room temperature. This 
strategy allows for covalent immobilization of the tension probes 
on azide-modified substrates by strain-promoted cycloaddition 
reaction. Unbound DNA probes were washed away by PBS the 
next day. Streptavidin (10 mg/ml) was added to the channels and 
incubated for 45  min. After washes with PBS, a biotinylated 
pMHC (OVA N4-H2Kb) ligand (10 mg/ml) was added to the sur-
faces, incubated for 45  min, and washed with PBS. Surfaces 
were buffer-exchanged with Hanks’ balanced salt solution be-
fore imaging.

Imaging TCR tension with DNA hairpin tension probes
TCR:pMHC interactions exert force and mechanically unfold 
the DNA hairpin, leading to the dye’s (Atto647N-BHQ2) de-
quenching. T cells were added to the tension probe surface and 
incubated for 20 min at room temperature. Locking strand (200 nM) 
was added to the surface for 10 min to capture the tension signal.

Relative 2D affinity assay
Negative enrichment of CD8+ T cells from OT-I-Nur77-GFP-​
Trac−/− spleens was performed using the CD8α+ T Cell Isolation 
Kit (Miltenyi Biotec) according to the manufacturer’s instructions. 
Naive GFPLO and GFPHI OT-I cells were sorted from viable CD-
44LO CD62LHI Qa2HI cells. To prevent CD8 co-receptor binding to 
MHC, monomers with an H-2Kb a3 domain with a human leuko-
cyte antigen (HLA)–A2 a3 domain were generated. The 2D-MP 
assay was performed as previously described (28, 98, 99). Briefly, 
human RBCs coated with various concentrations of biotin-LC-
NHS (succinimidyl 6-(biotinamido)hexanoate, BioVision) were also 
coated with streptavidin (0.5 mg/ml) (Thermo Fisher Scientific) 
and then incubated with 1 μg of SIINFEKL (N4) or SIIVFEKL 
(V4) monomer generated by the National Institutes of Health Tet-
ramer Core Facility. Surface pMHC and TCR densities were deter-
mined by flow cytometry using anti–TCR-β phycoerythrin (PE) 
antibody (BD Biosciences) and anti-mouse β2-microglobulin PE 
antibody (BioLegend) with BD QuantiBRITE PE beads for stan-
dardization (BD Biosciences). TCR:pMHC affinity calculations 
were determined as previously described (28, 98).

RNA-seq analysis
CD8+ CD44LO CD62LHI Qa2HI OT-I GFPLO and GFPHI cells (1 × 105) 
from three biological replicates were sorted into RLT Lysis Buffer 
(Qiagen) containing 1% 2-mercaptoethanol. RNA was isolated 
using the Zymo Quick-RNA MicroPrep kit (Zymo Research), com-
plementary DNA was prepared from 1000-cell equivalent of RNA 
using the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing 
(Takara Bio), and next-generation sequencing libraries were gener-
ated using a Nextera XT DNA Library Preparation kit (Illumina). 
The library size patterning from a 2100 Bioanalyzer (Agilent) and 
the DNA concentration were used as quality control metrics of the 
generated libraries. Samples were sequenced at the Emory Nonhuman 
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Primate Genomics Core on NovaSeq6000 (Illumina) using PE100. 
FastQC (https://bioinformatics.babraham.ac.uk/projects/fastqc/) 
was used to validate the quality of sequencing reads. Adapter se-
quences were trimmed using Skewer, and reads were mapped to the 
mm10 genome using STAR (100, 101). Duplicate reads were identi-
fied using PICARD (http://broadinstitute.github.io/picard/) and re-
moved from the subsequent analyses. Reads mapping to exons 
were counted using the R package GenomicRanges (102). Genes 
were considered expressed if three reads per million were detected 
in all samples of at least one experimental group.

Analysis of DEGs was conducted in R v.4.1.1 using the edgeR 
package v.3.36.0 (103). Genes were considered differentially ex-
pressed at a Benjamini-Hochberg FDR-corrected P value of <0.05. 
Heatmaps were generated using the ComplexHeatmap v.2.10.0 R 
package (104). Venn diagrams were generated using the ggvenn 
package (https://CRAN.R-project.org/package=ggvenn). Pre-
ranked GSEA was conducted using the GSEA tool v.4.2.3 (105). The 
ranked list of all detected transcripts was generated by multiplying 
the sign of the fold change by the –log10 of the P value. All other 
RNA sequencing plots were generated using the ggplot2 v.3.3.5 R 
package (106).

Statistical analysis
All statistical analyses were performed in Prism v.9.4.1 (GraphPad) or 
R v.4.1.1. A P value of <0.05 was considered significant. Details about 
the statistical tests used are available in each figure legend. The sample 
sizes of experiments were determined on the basis of preliminary or 
prior experiments with CD4+ T cells that yielded significant results. 
No power analyses to calculate sample sizes were performed.
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