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SUMMARY
The transcription factors T-bet and Eomesodermin (Eomes) regulate CD8 T cell exhaustion through unde-
finedmechanisms. Here, we show that the subcellular localization of T-bet and Eomes dictate their regulatory
activity in exhausted T cells (TEXs). TEXs had a higher ratio of nuclear Eomes:T-bet than memory T cells
(TMEMs) during chronic lymphocytic choriomeningitis virus (LCMV) infection in preclinical cancer models
and in human tumors. Biochemically, T-bet and Eomes compete for the same DNA sequences, including
the Pdcd1 T-box. High nuclear T-bet strongly represses Pdcd1 transcription in TMEM, whereas low nuclear
T-bet in TEX leads to a dominant effect of Eomes that acts as a weaker repressor of Pdcd1. Blocking PD-1
signaling in TEXs increases nuclear T-bet, restoring stronger repression of Pdcd1, and driving T-bet-associ-
ated gene expression programs of chemotaxis, homing, and activation. These data identify a mechanism
whereby the T-bet-Eomes axis regulates exhaustion through their nuclear localization, providing insights
into how these transcription factors regulate TEX biology.
INTRODUCTION

CD8 T cell exhaustion is characterized by a loss of proliferative

potential, decreased and modified effector function, high co-

expression of inhibitory receptors (IRs), and an altered transcrip-

tional network (Wherry and Kurachi, 2015). Initially defined dur-

ing chronic LCMV infection (Zajac et al., 1998), T cell exhaustion

has been described during multiple chronic infections, such as

HIV (Buggert et al., 2014; Hersperger et al., 2011) and hepatitis

C virus (Kurktschiev et al., 2014), as well as in preclinical cancer

models and numerous human cancers (Baitsch et al., 2011; Cu-

riel et al., 2003; Huang et al., 2017; Kim and Ahmed, 2010; Lee

et al., 1999; Riches et al., 2013). Exhausted T cells (TEXs) have

high expression of IRs, such as PD-1 (programmed cell death

1), that directly inhibit T cell activation by blocking T cell receptor

(TCR) and/or co-stimulatory signaling. However, TEXs are not

functionally inert, as therapeutically blocking IRs in the settings

of chronic infections and cancer can augment both proliferation
This is an open access article under the CC BY-N
and effector function (Barber et al., 2006; Pauken and Wherry,

2015), although the mechanisms underlying this reinvigoration

remain incompletely understood.

Underlying CD8 T cell differentiation and function are tran-

scription factors, including the T-box family members T-bet

and Eomesodermin (Eomes). Although some redundancy in

genes regulated by T-bet and Eomes exists (Banerjee et al.,

2010; Glimcher et al., 2004; Intlekofer et al., 2007; Pearce

et al., 2003; Pipkin et al., 2010), during acute infection, T-bet is

associated with effector function and terminal effector T cell sub-

sets (Hersperger et al., 2011; Intlekofer et al., 2005, 2007, 2008;

Joshi et al., 2007; Szabo et al., 2000) and Eomes is associated

with memory T cell formation (Banerjee et al., 2010; Cui et al.,

2009; Intlekofer et al., 2005; Paley et al., 2012; Pearce et al.,

2003; Pipkin et al., 2010). The role of T-bet is primarily in effector

T cells; however, this transcription factor is also expressed in

memory T cells (TMEMs) in which, in addition to contributing

to memory and effector gene regulation, T-bet acts as a
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transcriptional repressor of PD-1 and potentially other IRs (Kao

et al., 2011). In TEXs, the function of T-bet and Eomes is partially

distinct from that observed in TMEMs (Doering et al., 2012). TEXs

are a heterogeneous population (Hashimoto et al., 2018), and the

severity of exhaustion appears to be linked to Eomes expression

(Paley et al., 2012), suggesting that high Eomes expression

might positively regulate exhaustion. Moreover, despite the

apparent opposing roles for T-bet and Eomes in TEXs (Paley

et al., 2012), the majority of TEXs co-express both of these tran-

scription factors. In fact, recent work identified further heteroge-

neity in TEX subsets (Beltra et al., 2020; Jadhav et al., 2019). For

example, a four-stage developmental trajectory exists that en-

compasses a quiescent non-proliferative progenitor (TEX
prog1),

an activated progenitor (TEX
prog2), an intermediate population

with some effector activity and migratory capacity (TEX
int), and

a terminal population that is slightly more cytotoxic, but now

non-recirculating (TEX
term) (Beltra et al., 2020). Notably, Eomes

is expressed by the rare TEX
prog1 but downregulated in TEX

prog2

and TEX
int only to rebound to high expression in TEX

term. In

contrast, T-bet is low in the progenitor subsets but increases in

the TEX
int population before being lost again in the TEX

term. There

is, however, some co-expression of these T-box transcription

factors throughout and especially during the transitions between

subsets. What mechanisms allow the effects of one of these

transcription factors to dominate over the other to promote or

antagonize exhaustion, however, is not clear.

Transcription factor activity can be regulated through multiple

mechanisms including, but not limited to, subcellular localization

(Lange et al., 2007). Disruption of transcription factor localization

or perturbation of the regulatory signaling and/or nuclear import

pathways that control nuclear trafficking is a common feature in

human cancers and genetic disorders (McLane and Corbett,

2009). Recently, we showed that both T-bet and Eomes can

be localized to different subcellular compartments in subsets

of human CD8 T cells (McLane et al., 2013). Additionally, the nu-

clear localization of T-bet, but not Eomes, is driven by TCR acti-

vation, implying that the signalingmechanisms regulating the nu-

clear import of these transcription factors could have functional

consequences. Because TEXs express both T-bet and Eomes

but the function of these transcription factors appears distinct

from TMEMs (Doering et al., 2012; Paley et al., 2012), it is possible

that the subcellular localization of T-bet and/or Eomes could

contribute to the development of different T cell states.

In this study, we sought to define the mechanisms regulating

the function of T-bet and Eomes during T cell exhaustion. Using

imaging flow cytometry, we show that TEXs from chronically

LCMV-infected mice have low nuclear T-bet and high nuclear

Eomes compared to those of TMEMs. Additionally, PD-1 expres-

sion directly correlated with the ratio of nuclear Eomes:T-bet.

Furthermore, the relative relationship of high nuclear Eomes to

T-bet was also observed in severely exhausted tumor infiltrating

lymphocytes (TILs) from stage IV metastatic melanoma patients

compared with CD8 T cells from the blood. Blocking the PD-

1:PD-L1 pathway during chronic LCMV clone 13 infection or in

the CT26 tumor model resulted in a lower nuclear Eomes:T-bet

ratio likely due to an influx of nuclear T-bet. Moreover, in CT26

tumors, the Eomes:T-bet ratio appeared directly linked to tumor

burden and disease progression. PD-1 blockade in chronic
2 Cell Reports 35, 109120, May 11, 2021
LCMV infection provoked changes in the expression of T-bet-

and Eomes-associated genes involved in T cell chemotaxis,

T cell activation, and exhaustion consistent with an altered nu-

clear ratio of Eomes to T-bet following blockade. Forcing T-bet

into the nucleus during chronic LCMV infection restores the

expression of key activation and effector molecules, such as

KLRG1 and Ki67, suggesting that redistribution of T-bet to the

nucleus drives an activated T cell phenotype. Biochemical anal-

ysis revealed that T-bet and Eomes can compete with each other

for binding to T-box consensus sequences, providing a possible

mechanism for the nuclear Eomes:T-bet ratio, rather than the ab-

solute expression of either transcription factor, in regulating

exhaustion. The same conserved enhancer region of the

Pdcd1 locus bound by T-bet also was bound by Eomes in which

this transcription factor functioned as a weak transcriptional

repressor of Pdcd1. These data suggest a model in which

T-bet is mainly localized to the cytoplasm in TEXs and blocking

the PD-1 pathway results in T-bet nuclear localization. Although

Eomes can repress Pdcd1 expression, this transcription factor

appears to be a functionally weaker repressor that T-bet. Our

data suggest that upon PD-1 pathway blockade, T-bet could

either cooperate with or outcompete Eomes for binding to

Pdcd1, resulting in stronger transcriptional repression. This

T-box transcription factor interaction likely also occurs at other

genes. Taken together, these data reveal a mechanism by which

Eomes could partially antagonize the function of T-bet and

potentially tune the program of TEXs through regulated nuclear

localization and possible competition for DNA binding. These

findings have implications for interpreting how T-bet and Eomes

expression relate to features of T cell exhaustion and may sug-

gest therapeutic opportunities based on regulating activity or

localization of T-bet and Eomes.

RESULTS

Exhausted CD8 T cells have a high ratio of nuclear
Eomes to T-bet that correlates with PD-1 expression
Compared to their well-defined functions during acute infection

(Banerjee et al., 2010; Intlekofer et al., 2005, 2007; Joshi et al.,

2007; Kaech et al., 2002; Pearce et al., 2003; Zhou et al.,

2010), T-bet and Eomes appear to have disparate roles in TEXs

during chronic infection (Buggert et al., 2014; Kao et al., 2011;

Paley et al., 2012). How the function of these transcription factors

changes in TEXs compared to TMEMs, however, is poorly under-

stood. We have previously found that T-bet and Eomes can

localize to the nucleus or cytoplasm in human TMEM subsets,

suggesting the function of these transcription factors can be

regulated by their subcellular distribution (McLane et al., 2013).

Because T-bet can repress IR expression (Kao et al., 2011),

but TEXs often express high IRs despite retaining T-bet expres-

sion, we hypothesized that T-bet might be mislocalized to the

cytoplasm in TEXs, rendering this transcription factor incapable

of effectively repressing IR gene expression. To test this hypoth-

esis, we investigated the localization of T-bet and Eomes in

LCMV-specific (H-2Db gp276+) CD8+ T cells from Armstrong-im-

mune (TMEMs) and chronic clone 13-infected mice (TEXs) at day

30 post-infection (p.i.) by using both imaging cytometry (Figure 1)

and confocal microscopy (Figures S1A and S1B). T-bet was
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observed in the nucleus and/or the cytoplasm of both TMEMs and

TEXs (Figure 1A; Figure S1A).We next used imaging cytometry to

quantify the nuclear and cytoplasmic localization of T-bet from

TMEMs and TEXs. Compared to TMEMs, nuclear localization of

T-bet in TEXs was significantly lower in both frequency and

amount of T-bet within the nucleus, as measured by the median

fluorescence intensity (MFI) of nuclear T-bet (Figure 1B). Addi-

tionally, the MFI of DAPI (Figure S1C), a DNA stain, and an unre-

lated transcription factor, NFAT2 (Figure S1D), showed little to no

significant difference in TMEMs versus TEXs, suggesting that the

observed differential localization of T-bet in T cell populations

was not due to differences in the permeability of the nuclei or nu-

clear staining. Taken together, our data suggest that T-bet might

be unable to efficiently repress Pdcd1 transcription or regulate

other transcriptional features of exhaustion, due to its relative

absence from the nucleus in TEXs.

Eomes expression is highly upregulated in TEXs and strongly

correlates with high IR expression (Paley et al., 2012), suggesting

Eomes could be a positive regulator of T cell exhaustion. There-

fore, we hypothesized that Eomes nuclear localization in TEXs

might be elevated compared with that of TMEMs. Like T-bet,

Eomes was detected in both the nuclear and cytoplasmic com-

partments of TMEMs and TEXs by both imaging cytometry (Fig-

ure 1C) and confocal microscopy (Figure S1B). In contrast to

T-bet, quantification of nuclear Eomes revealed a significant in-

crease in both the frequency and the MFI of nuclear Eomes in

TEXs compared to TMEMs (Figure 1D), suggesting that the role

of Eomes in TEXs is likely different from T-bet due to its high nu-

clear localization in TEXs compared to TMEMs. Taken together,

these data demonstrate that the subcellular localization of

T-bet and Eomes in LCMV-specific TEXs is altered compared

to TMEMs. Furthermore, these data suggest that the loss of

T-bet from, and gain of Eomes into, the nucleus may contribute

to CD8 T cell exhaustion.

Previous studies have showed that the ratio of transcription

factor pairs may contribute to CD8 T cell differentiation states

(Kaech and Cui, 2012). In fact, the majority of virus-specific

CD8 TMEMs and TEXs co-express some level of T-bet and

Eomes (Paley et al., 2012; Beltra et al., 2020; Jadhav et al.,

2019; Kaech and Cui, 2012). Based on the differential localiza-

tion of T-bet and Eomes in TEXs, we posited that exhaustion

was not simply defined by the overall relative amount of T-bet

to Eomes expressed within a given cell (Paley et al., 2012),
Figure 1. Exhausted CD8 T cells have a high ratio of nuclear Eomes to

ImageStream analysis was performed on CD8+ T cells from Armstrong-immune (T

cell images acquired in IDEAS software from an Armstrong-immune mouse (TM
permeabilized and stained with T-bet (yellow). The location of the nucleus is indi

(B) Representative ImageStream flow plots displaying T-bet localization in TMEM

rescence intensity (MFI) of nuclear T-bet in LCMV-specific H-2Db gp276+ CD8+

(C) Representative cell images acquired in IDEAS software from an Armstrong-i

Splenocytes were permeabilized and stained with Eomes (magenta). The locatio

(D) Representative ImageStream flow plots displaying Eomes localization are sho

specific H-2Db gp276+ CD8+ T cells (right).

(E) The ratio of the MFI of nuclear Eomes:T-bet in LCMV-specific H-2Db gp276+

(F) A correlation plot displaying the ratio of the MFI of nuclear Eomes:T-bet versus

A Pearson coefficient (r value) is displayed on the graph. All data are represe

(***p < 0.0001, **p < 0.001, *p < 0.05). Each graph is representative of 3 or 4 inde
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but rather by the ratio of T-bet and Eomes within the nucleus.

Thus, we next investigated the ratio of nuclear Eomes to nuclear

T-bet in TMEMs compared to TEXs. LCMV-specific CD8+ TMEMs,

which express low levels of PD-1 (Paley et al., 2012), had a low

nuclear Eomes:T-bet ratio (Figure 1E). In contrast, LCMV-

specific CD8+ TEXs, which express high PD-1 (Paley et al.,

2012), had a significantly higher nuclear Eomes:T-bet ratio

than TMEMs. In LCMV-specific TEXs, the MFI of PD-1 directly

correlated with the nuclear Eomes:T-bet ratio (Figure 1F), sug-

gesting that the Eomes:T-bet ratio within the nucleus of CD8

T cells, rather than just the overall expression level of either tran-

scription factor, might contribute to PD-1 expression and T cell

exhaustion.

We extended these studies to examine the subcellular locali-

zation of T-bet and Eomes in CD8 T cells in the context of human

cancer to investigate if differences in nuclear localization of T-bet

and Eomes can be found beyond the LCMV model. Non-naive

CD8 T cells from either peripheral blood or TILs from stage IV

metastatic melanoma patients were analyzed by imaging flow

cytometry. Based on the data above, we tested whether human

CD8 T cells expressing high PD-1 had less nuclear T-bet than

cells with lower PD-1 expression. Indeed, ImageStream analysis

of non-naive PD1hi (top) and PD1lo (bottom) TIL showed that

higher PD-1 expression correlated with cytoplasmic T-bet (Fig-

ure 2A, top), whereas lower PD-1 expression was associated

with nuclear T-bet (Figure 2B, bottom). Moreover, the MFI of nu-

clear T-bet was significantly reduced, whereas the MFI of nu-

clear Eomes increased in CD8+ TIL compared with non-naive

CD8 T cells in the blood (Figure 2B). Consequently, the ratio of

nuclear Eomes:T-bet was significantly elevated in human TIL

compared to blood (Figure 2C). Taken together, these data sug-

gest that TEXs from chronic LCMV mice and human melanoma

patients are characterized by a high ratio of nuclear Eomes

compared to T-bet.

Blocking the PD-1 pathway re-balances the nuclear
Eomes:T-bet ratio during chronic LCMV infection
Previous studies have shown that blocking the PD-1:PD-L1

pathway during chronic infections and cancer reinvigorates

TEXs and promotes viral and tumor control (Barber et al., 2006;

Curiel et al., 2003; Hirano et al., 2005; Huang et al., 2017; Iwai

et al., 2002, 2005; Stromeet al., 2003; Topalian et al., 2012). Addi-

tionally, we have previously shown that T-bet nuclear localization
T-bet that correlates with PD-1 expression during LCMV infection

MEM, blue)- or clone 13 (TEX, red)-infected mice at day 30 p.i. (A) Representative

EM, left) or chronic clone 13 mouse (TEX, right) are shown. Splenocytes were

cated by DAPI (cyan).

s or TEXs are shown (left). Bar graphs display the frequency and median fluo-

T cells (right).

mmune mouse (TMEM, left) or chronic clone 13 mouse (TEX, right) are shown.

n of the nucleus is indicated by DAPI (cyan).

wn (left). Bar graphs show the frequency and MFI of nuclear Eomes in LCMV-

T-bet+ Eomes+ CD8 T cells is shown.

MFI of PD-1 in LCMV-specific T-bet+ Eomes+ CD8+ T cells from TEXs is shown.

nted as mean ± SEM; p values were determined using the Student’s t test

pendent experiments with 4–5 mice per experimental condition.
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Figure 2. The ratio of nuclear Eomes:T-bet correlates with severe exhaustion in TIL from metastatic melanoma patients

Peripheral blood and tumor-infiltrating lymphocytes were isolated from stage IV human metastatic melanoma patients and analyzed on the ImageStream. (A)

Representative images of CD8+ (orange) TIL from two patients are shown. Cells were stained with PD-1 (blue), T-bet (yellow), and Eomes (magenta), and nuclei

are indicated by DAPI (cyan).

(B) The bar graphs show the MFI of nuclear T-bet (left) and the MFI of nuclear Eomes (right) in non-naive CD8+ PBMC (gray) and TIL (light purple).

(C) The ratio of the MFI of nuclear Eomes:T-bet in non-naive CD8+ T-bet+ Eomes+ PBMC and TIL is displayed. Data are represented as mean ± SEM; p values

were determined using the unpaired Mann-Whitney Student’s t test (***p < 0.0001; **p < 0.001). Bar graphs were generated from 6 blood samples and 9 TIL

samples.
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canbe triggered by TCRsignaling (McLane et al., 2013), suggest-

ing that blocking PD-1, and thus enhancing TCR signaling, might

result in the re-localization of T-bet to the nucleus in TEXs. To

investigate the effects of PD-1 blockade in antigen-specific

CD8 T cells, C57BL/6 mice were infected with LCMV clone 13

and the PD-1 pathway was blocked during chronic infection. In

agreement with previous studies (Barber et al., 2006; Pauken

et al., 2016), the number of LCMV-specific CD8 T cells increased

following PD-1 blockade (data not shown). The majority of CD8

T cells from both control untreated (PBS) and aPD-L1-treated

mice expressed some level of both T-bet and Eomes, suggesting

additional levels of regulation for the role of these transcription

factors beyond their expression following PD-1 pathway

blockade (Figure 3A). Indeed, within the T-bet+ Eomes+ popula-

tion following aPD-L1 therapy, the localization of T-bet became

more nuclear and the MFI of nuclear T-bet increased, whereas

Eomes localization remained largely unchanged (Figure 3B).

Quantification of the ratio of nuclear Eomes:T-bet in LCMV-spe-

cific cells demonstrated that virus-specificCD8T cells from aPD-

L1-treated mice had a significantly lower ratio of nuclear Eom-

es:T-bet than TEXs from untreated mice (Figure 3C). Changes in
the Eomes:T-bet ratiowere unlikely due to differences in viral titer

alone, as viral load was not significantly different at day 35 p.i. in

control PBSandaPD-L1mice (Figure 3D). Note that the control of

viral replication in this experimental design is consistent with the

original studies of PD-1 pathway blockade (Barber et al., 2006),

because at this time point even control mice had largely

controlled systemic viral replication. Taken together, these data

show that blocking the PD-1:PD-L1 interaction triggers T-bet nu-

clear localization, resulting in a decrease in the ratio of nuclear

Eomes:T-bet. Moreover, these results suggest that an increase

in nuclear T-bet could directly contribute to the reinvigoration of

TEXs during chronic LCMV infection.

Blocking the PD-1 pathway in CT26 tumors re-balances
the nuclear Eomes to T-bet ratio and correlates with
tumor progression
To further investigate the role of T-box transcription factor nu-

clear localization in CD8 T cells in cancer, we next investigated

the effects of PD-1 pathway blockade on T-bet and Eomes local-

ization and the relationship to tumor growth and disease

progression in the CT26 colon tumor model. Mice with CT26
Cell Reports 35, 109120, May 11, 2021 5
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Figure 3. Blocking the PD-1 pathway re-balances the nuclear Eomes:T-bet ratio during chronic LCMV infection

(A) LCMV-specific H-2Db gp276+ CD8 T cells from B6 control PBS (gray) or aPD-L1-treated mice (green) infected with LCMV clone 13. Representative flow plots

show the co-expression of T-bet and Eomes in LCMV-specific CD8 T cells. The frequency of the T-bet+Eomes+ population is shown.

(B) Representative ImageStream flow plots displaying the subcellular distribution of T-bet (top) or Eomes (bottom) in LCMV-specific T-bet+ Eomes+ CD8 T cells

from PBS-treated (gray) or aPD-L1-treated (green) mice are shown.

(C) The ratio of the MFI of nuclear Eomes:T-bet in LCMV-specific T-bet+ Eomes+ CD8 T cells is shown.

(D) The mean viral load of mice pre-PBS (day 15) and post-PBS (day 35) or aPD-L1 therapy is shown. Data are represented as mean ± SEM; p values were

determined using the unpaired Mann-Whitney Student’s t test (***p < 0.0001). Bar graphs were generated from a single experiment with 4–5 mice per experi-

mental condition. Each bar graph is representative of 3 independent experiments.
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tumors were treated every 3 days with aPD-L1 beginning at day

10 post-tumor cell injection, and tumor weights and TIL were

analyzed at day 20 (Figure 4A). In agreement with previous

studies (Duraiswamy et al., 2013; Sakuishi et al., 2010), aPD-

L1-treated mice had significantly smaller tumors than control

(PBS) mice, although a range of tumor weights was observed

in both control and aPD-L1-treated groups (Figure 4B). Addition-

ally, there was a trend in aPD-L1-treated mice toward more nu-

clear T-bet in CD8+ TIL than in PBS-treated mice (Figure 4C).

Moreover, there was an inverse correlation between the fre-

quency of TIL with nuclear T-bet and the tumor weight in aPD-

L1-treated mice compared to untreated controls (Figure 4D),

suggesting that re-localizing T-bet to the nucleus contributed

to smaller tumor size. Although there was no significant differ-

ence in the ratio of nuclear Eomes:T-bet between treated and

untreated mice (Figure 4E, left), there was a significant and direct

correlation between the ratio of nuclear Eomes:T-bet and tumor

weight in both control-PBS- andaPD-L1-treatedmice (Figure 4E,

right). Taken together, these data support the notion that high

nuclear T-bet, and thus a lower nuclear Eomes:T-bet ratio, in

CD8+ TIL contributed to a lower tumor burden and, potentially,

enhanced control of disease.
6 Cell Reports 35, 109120, May 11, 2021
Blocking the PD-1 pathway re-engages T-bet
transcriptional circuits during chronic LCMV infection
A key prediction of changing the nuclear ratio of Eomes:T-bet

following PD-1 blockade is that the expression of T-bet and

Eomes target genes should also change. To investigate this pos-

sibility, we used existing RNA sequencing (RNA-seq) data ob-

tained following PD-1 pathway blockade in LCMV-clone-13-in-

fected mice (Pauken et al., 2016). We performed gene set

enrichment analysis (GSEA) by using genes that are known to

be regulated by T-bet and Eomes in TEXs (Doering et al., 2012)

and asked whether aPD-L1 blockade-mediated changes in the

nuclear Eomes:T-bet ratio correlated with changes in expression

of these predicted T-bet and Eomes target genes. Leading-edge

genes from GSEA were clustered using K means (described in

STARMethods), and heatmaps of these genes are shown in Fig-

ure 5A. T-bet can act as either a transcriptional activator or

repressor (Szabo et al., 2000; Afkarian et al., 2002; Intlekofer

et al., 2005; Doering et al., 2012), and as such, we identified

T-bet-associated genes that either increased or decreased

following PD-1 pathway blockade (Figure 5A, left). In addition,

expression of IRs such as Lag-3 and PD-1, which are repressed

by T-bet (Kao et al., 2011), are part of the T-bet-associated gene
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Figure 4. Blocking the PD-1 pathway in CT26

tumors re-balances the nuclear Eomes-to-

T-bet ratio and correlates with tumor pro-

gression

(A) Experimental design for CT26 tumor studies.

BALB/C mice were injected with CT26 tumor cells,

and beginning at day 10 post-injection, mice were

treated 4 times with control PBS or aPD-L1 every

3 days. Mice were sacrificed at day 20 post-tumor

injection.

(B) Bar graph displaying the weight of CT26 tumors

at day 20 post-tumor cell injection is shown for

control PBS-treated (gray) or aPD-L1-treated (blue)

mice.

(C) The frequency of CD8+ TIL that contain nuclear

T-bet is shown.

(D) Correlation plots displaying the frequency of

CT26 TIL with nuclear T-bet compared to tumor

weight are shown.

(E) A bar graph displaying the ratio of nuclear

Eomes:T-bet in CT26 CD8+ TIL is shown (left). A

correlation plot highlighting the ratio of the MFI of

nuclear Eomes:T-bet in CD8+ TIL versus tumor

weight in control PBS-treated mice (gray) compared

to aPD-L1-treated mice (blue) is shown (right). Data

are represented as mean ± SEM; p values were

determined using the unpaired Mann-Whitney Stu-

dent’s t test (**p < 0.001). Bar graphs were gener-

ated from a single experiment with 20–30 mice per

experimental condition. For correlation graphs, a

Pearson correlation analysis was performed, and p

values are displayed on the graph.
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Figure 5. Blocking the PD-1 pathway re-engages T-bet transcriptional circuits during chronic LCMV infection

(A) Heatmaps display the raw expression values of chronic-only T-bet (left) or Eomes (right) gene neighbors from clone-13-infected mice following PBS (TEX) or

aPD-L1 treatment. Genes were clustered by K-means.

(B) Gene Ontology pathway analysis was performed on the gene clusters from T-bet neighbors (top, cluster 3) or Eomes neighbors (bottom, cluster 4).

(C) Histograms from a representative clone-13-infected control (shaded gray) or aPD-L1-treated (green line) mouse show the MFI of candidate proteins in CD44+

PD-1+ CD8 T cells. Expression of candidate proteins in naive CD8 T cells are shown (dashed line). Histograms are representative of 5 mice per experimental

condition.
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set, and as anticipated, Lag3 and Pdcd1 were transcriptionally

repressed following PD-1 pathway blockade (Figure 5A, clusters

2 and 4). Of the four clusters of gene expression associated with

T-bet, cluster 3, which included genes that increased following

PD-1 blockade, was of particular interest given the expression

of many genes involved in homing, migration, and T cell activa-

tion (Figure 5B). Furthermore, cluster 3 was strongly enriched

for GO terms of T cell chemotaxis, regulation of interleukin-1

(IL-1) signaling, and response to virus (Figure 5B). The re-

engagement of these genes is consistent with recent data iden-

tifying a TEX
int subset that is increased following PD-1 pathway

blockade and possesses homing and recirculation activity (Hud-
8 Cell Reports 35, 109120, May 11, 2021
son et al., 2019; Zander et al., 2019; Beltra et al., 2020). The cur-

rent data suggested that this biological activity is likely regulated

by repositioning T-bet to the nucleus upon PD-1 pathway

blockade. Like T-bet-associated genes, genes connected to

Eomes in TEXs also changed following PD-1 pathway blockade,

and the prominent cluster of genes that was de-repressed

following PD-1 pathway blockade was enriched for GO terms

involved in lymphocyte activation and antigen receptor signaling

(Figures 5A and 5B). Eomes protein expression increases upon

PD-1 pathway blockade (Pauken et al., 2016), and indeed,

Eomes transcription increased (Figure 5A, right). To validate

the transcriptional data, we next examined selected changes in
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Figure 6. Forcing T-bet to the nucleus en-

gages an effector-like program in TEXs

(A) Naive CD45.2+ recipient mice were infected

with LCMV clone 13 on day 0. Concurrently, naive

CD45.1+ CD45.2+ P14 cells were isolated, acti-

vated using anti-CD3/CD28/IL-2 for 24 h, and

transduced with a MSCV-T-bet-ER-GFP retroviral

vector. Transduced cells were then transferred

into LCMV-clone-13-infected mice on day 1.

Beginning on day 22, recipient mice were treated

with tamoxifen or PBS (control) every day for

5 days. Splenocytes were harvested on day 32

post-infection and analyzed by flow cytometry.

(B) The frequency (left) and total cell number

(right) of GFP+ non-naive (CD44+) P14 cells from

tamoxifen-treated or control PBS-treatedmice are

shown.

(C) The frequency (left) and total cell number (right)

of KLRG1+CD39+ effector-like cells within the

GFP+ P14 splenocytes are shown.

(D) A representative histogram of CD69 expres-

sion within GFP+ P14 cells from control (black) or

tamoxifen-treated (red) mice is shown (left). The

frequency of CD69+ cells within the GFP+ P14

population is plotted (right). Data are represented

as mean ± SEM; p values were determined using

the unpaired Mann-Whitney Student’s t test (**p <

0.001). Bar graphs were generated from a single

experiment with 4–5 mice per experimental con-

dition and are representative of 2 independent

experiments. Histograms are representative of 5

mice per experimental condition.
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protein expression of T-bet- and Eomes-associated target

genes following PD-1 pathway blockade. The activation marker

CD38, and proteins involved in homing and migration such as

CCR5 and CCL5, increased in CD44+ PD-1+ CD8 T cells

following PD-1 pathway blockade, whereas the IR CD244

(2B4) decreased (Figure 5C). Thus, these data not only provide

an indication of the functional consequence of rebalancing the

nuclear Eomes:T-bet ratio following PD-1 pathway blockade

but also identify specific sets of transcriptional re-engagement

that might have relevance for the therapeutic effect of PD-1

pathway blockade therapies. In particular, changes in T cell acti-

vation and signaling, as well as a set of chemotaxis, homing, and

migration genes, may be of particular interest in immunotherapy

for chronic infections and cancer.
Forcing T-bet to the nucleus
engages aneffector-like phenotype
in TEXs
The data described above support a

model in which PD-1 expression and

T cell exhaustion are regulated, in part,

by the ratio of nuclear Eomes:T-bet.

Moreover, PD-1 pathway blockade ap-

pears to re-balance the nuclear ratio of

Eomes:T-bet, and the increase in nuclear

T-bet likely contributes to TEX reinvigora-

tion in LCMV and CT26 models. To

directly test the effects of increased nu-
clear T-bet on T cell activation, naive P14 TCR transgenic CD8

T cells specific for LCMVDb GP33-41 were retrovirally transduced

with a recombinant version of T-bet fused to the estrogen recep-

tor (ER) by using a GFP reporter to identify transduced cells. The

T-bet-ER protein will be retained in the cytoplasm until treatment

with tamoxifen that will cause translocation to the nucleus (Kao

et al., 2011; Kurachi et al., 2019; unpublished data). T-bet-ER-

GFP-retroviral (RV)-transduced P14 cells were adoptively trans-

ferred into congenic LCMV-clone-13-infected mice (Figure 6A).

Once chronic infection was established, mice were treated

with tamoxifen for 5 days, and CD44+ P14 cells from tamoxifen-

versus control-treatedmice were compared (Figure 6B). We pre-

viously demonstrated that enforced constitutive expression of

WT T-bet by RV transduction during LCMV clone 13 infection
Cell Reports 35, 109120, May 11, 2021 9
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repressed PD-1 expression (Kao et al., 2011). Here, we tested

whether forcing more T-bet into the nucleus was also able to

engage other T-bet-dependent gene expression activities.

Following tamoxifen treatment, expression of several key T-bet

target genes was increased at the protein level. Previous studies

have shown that overexpressing T-bet during LCMV clone 13

infection results in increased KLRG1 expression (Kao et al.,

2011). Indeed, expression of KLRG1, a marker of effector func-

tion, as well as CD39, was significantly increased upon tamox-

ifen treatment (Figure 6C). Notably, co-expression of CD39 and

KLRG1 during LCMV clone 13 infection is characteristic of

more effector-like activity (Beltra et al., 2020; Chen et al.,

2019). Additionally, CD69, a marker of T cell activation, was up-

regulated following tamoxifen treatment (Figures 6D and 6E).

Taken together, these data suggest that forcing T-bet into the

nucleus in TEXs directly promotes gene (and protein) expression

patterns consistent with the role of T-bet in other settings,

including regulating effector genes. Thus, redistributing T-bet

to the nucleus could contribute to some of the reinvigoration of

TEXs following PD-1 pathway blockade.

T-bet and Eomes compete for binding to a T-box
consensus sequence
Thus far, in vivo data suggest a model in which CD8 T cell

exhaustion and reinvigoration following PD-1 pathway blockade

are, at least in part, the result of changes in T-bet and, to a lesser

extent, Eomes nuclear localization. T-bet and Eomes share a

highly homologous T-box DNA binding domain, and previous

groups have shown that both factors can regulate an overlap-

ping set of genes (Banerjee et al., 2010; Glimcher et al., 2004;

Intlekofer et al., 2007; Pearce et al., 2003; Pipkin et al., 2010).

The data described above show that the ratio of nuclear Eomes

to T-bet differs between TMEMs, TEXs, and reinvigorated T cells

(TREINVs). Because these transcription factors share DNA binding

sequences, we hypothesized that T-bet and Eomes might

directly compete for binding to specific regulatory elements of

key genes relevant to exhaustion and modulate expression. To

begin to address this possibility, we performed competition

DNA binding experiments to interrogate if T-bet and Eomes

can compete for binding to a T-box DNA sequence. To this
Figure 7. T-bet and Eomes compete for binding to and repressing Pdc

(A) Immobilized T-bet bound to a T-box consensus sequence was competed wit

using an ELISA-based binding assay (described in STARMethods and Figure S2B

competition with Eomes+ lysate relative to each uncompleted protein.

(B) Immobilized Eomes bound to a T-box consensus sequence was competed w

using an ELISA-based binding assay (described in STARMethods and Figure S2B

competition with T-bet+ lysate relative to each uncompleted protein.

(C) T-bet or Eomes binding to a consensus T-box sequence was competed wit

sequences found in Pdcd1 or Il2. The bar graph displays the fold change in bindin

relative to each uncompleted protein.

(D) PCR amplification of immunoprecipitatedDNA sequences in EL4 cells express

were used as controls.

(E) Dual-luciferase reporter assays were performed using a reporter plasmid conta

graph shows the luciferase activity observed in PMA/ionomycin-stimulated EL4

Eomes plasmids. Data were normalized to EL4 cells containing the firefly lucifera

(F) Endogenous PD-1 expression in unstimulated (left) or PMA/ionomycin-stimula

(pink) cells relative to T-bet�, Eomes�, or T-bet�Eomes� cells (gray shaded). Rep

represented as mean ± SEM; p values were determined using a one-way ANOV
end, we modified a commercially available T-bet-DNA binding

ELISA (Active Motif) to detect binding of T-bet or Eomes to a ca-

nonical T-box sequence. Wild-type (WT) T-bet and Eomes

showed strong binding to the canonical T-box sequence,

whereas DNA-binding mutants of T-bet and Eomes lost their

ability to bind (Figures S2A and S2B), demonstrating the speci-

ficity of this assay. The observed difference in binding of mutant

T-bet and Eomes to the canonical T-box sequence was not due

to differences in expression compared to WT T-bet and Eomes

(Figure S2A).

To investigate whether T-bet can compete with Eomes (and

vice versa), we tested whether DNA binding of one transcription

factor was competitively inhibited by the other transcription fac-

tor. Thus, to test whether Eomes could compete T-bet off of

DNA, T-bet was bound to the canonical T-box consensus

sequence, and 293T lysate overexpressing Eomes (or control

lysate) was added (Figure S2C). Upon addition on Eomes,

T-bet binding was significantly reduced (Figure 7A, left) and re-

placed with Eomes (Figure 7A, right), suggesting that Eomes

can compete with T-bet to bind a consensus T-box sequence.

We also performed the reverse experiment in which, upon addi-

tion of T-bet, Eomes binding was also significantly reduced and

T-bet binding was detected in place of Eomes (Figure 7B). Taken

together, these data show that T-bet and Eomes can compete

for binding to a consensus T-box binding site and suggest

that competition between these two factors could occur at

T-box consensus sites, regulating genes relevant for T cell

exhaustion.

Eomes binds to and weakly represses Pdcd1

transcription
T-bet has previously been shown to bind directly to and repress

the transcription of Pdcd1 through a region upstream of the tran-

scriptional start site containing a putative T-box binding site (Kao

et al., 2011). Based on that data described above that T-bet and

Eomes can compete for binding to a canonical T-box sequence

(Figures 7A and 7B) and because high PD-1 expression in TEXs is

associated with elevated nuclear Eomes (Figure 1), we hypothe-

sized Eomesmight act as a direct regulator ofPdcd1 expression.

To test this hypothesis, we first asked if Eomes could bind to the
d1 transcription

h recombinant Eomes, and binding of both T-bet and Eomes was determined

). The bar graph displays the fold change in binding of T-bet or Eomes following

ith recombinant T-bet, and binding of both T-bet and Eomes was determined

). The bar graph displays the fold change in binding of Eomes or T-bet following

h oligos corresponding to a canonical T-box half site sequence or the T-box

g of Eomes or T-bet following competition with various T-box-containing oligos

ing exogenous T-bet or Eomes is shown. Ifng(positive) and Il4 (negative) regions

ining two conserved regions within the Pdcd1 promoter region (CR-B+C). A bar

cells nucleofected with wild-type T-bet, Eomes, or co-nucleofected T-bet and

se reporter only.

ted (right) EL4 cells is shown in T-bet+ (green), Eomes+ (blue), or T-bet+ Eomes+

resentative histograms from one experiment are shown. Data in bar graphs are

A test (****p < 0.0001; ***p < 0.001, *p < 0.05).
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Pdcd1 T-box sequence previously shown to be bound by T-bet

(Kao et al., 2011). Thus, T-bet or Eomes were bound to immobi-

lized consensus T-box DNA, and then DNA sequences contain-

ing T-box sites from different genes were tested for their ability to

compete each transcription factor off the index consensus T-box

site containing DNA (Figures S3A and S3B). As a proof of

concept for this approach, T-bet and Eomes were competed

with either a WT T-box or mutant T-box DNA sequence (Fig-

ure S3C). In both instances, T-bet or Eomes binding was lost

when competed with the WT but not the mutant sequence. We

next tested if Eomes could bind a previously characterized part

of the Pdcd1 regulatory region (CR-C) containing a T-box

consensus half-site that is bound by T-bet (Kao et al., 2011; Fig-

ure 7C). In agreement with chromatin immunoprecipitation data

from Kao et al. (2011), T-bet binding was competed with an oligo

encoding the Pdcd1 T-box half-site, confirming the ability of

T-bet to bind to this Pdcd1 T-box sequence (Figure 7C, left).

Eomes bindingwas also competedwith thePdcd1 half-site, sug-

gesting that Eomes can also bind the same sequence as T-bet

from Pdcd1 (Figure 7C, right). As controls, a consensus T-box

half-site as well as the Il2 T-box sequence previously been

shown to be bound by T-bet (Szabo et al., 2000) competed

Eomes from the canonical full-site T-box sequence (Figure 7C).

We also performed CUT&RUN (Skene et al., 2018) followed by

PCR to test whether Eomes directly bound to the Pdcd1 pro-

moter in EL4 cells. As controls, both T-bet and Eomes bound

to the interferon gamma (Ifng) promoter, but not the Il4 promoter,

as previously described (Cruz-Guilloty et al., 2009). Binding of

Eomes (and T-bet) to the Pdcd1 T-box region was also detected

in EL4 cells (Figure 7D). Taken together, these data indicate that

Eomes can bind the same region of the Pdcd1 promoter bound

by T-bet, thus providing a mechanism for Eomes to regulate the

activity of T-bet and/or expression of Pdcd1 at this locus.

Because high Eomes expression in TEXs is associated with

high PD-1 (Paley et al., 2012), we next hypothesized that

Eomes might be a positive regulator of PD-1 expression. To

test this hypothesis, we used a luciferase reporter assay with

a construct containing the previously described conserved

Pdcd1 T-box half-site (Pdcd1 CR-C+B) (Oestreich et al.,

2008) cloned upstream of a luciferase reporter gene. T-bet

and/or Eomes were exogenously expressed in EL4 cells con-

taining the luciferase reporter construct, and luciferase activity

was measured (Figure 7E, top). As previously shown (Kao

et al., 2011), significant luciferase activity was observed

following phorbol 12-myristate 13-acetate (PMA) and ionomycin

treatment of EL4 cells containing the PD-1 CR-C+B reporter

construct (Figure 7E, gray), and this activity was repressed

upon exogenous T-bet expression (Figure 7E, green). Expres-

sion of exogenous Eomes also decreased luciferase activity,

consistent with repression rather than activation (Figure 7E,

blue). The magnitude of this Eomes repression, however, was

significantly less than the repression mediated by T-bet, sug-

gesting that T-bet may be a stronger repressor than Eomes.

Co-expression of both T-bet and Eomes also decreased lucif-

erase activity to the same level as T-bet, consistent with the

notion that T-bet may be a more dominant repressor than

Eomes, at least under these conditions of enforced high expres-

sion of both transcription factors.
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We next investigated the effect of exogenously expressing

T-bet and/or Eomes directly on PD-1 protein expression. Ectopic

T-bet and Eomes protein expression was confirmed in EL4 cells

by flow cytometry (Figure S3D). EL4 cells constitutively express

PD-1 protein, and PD-1 expression can be further induced with

PMA and ionomycin (Figure 7F, gray histograms; Figure S3E).

Resting EL4 cells exogenously expressing T-bet, Eomes, or

both T-bet and Eomes expressed significantly less PD-1 than

control EL4 cells lacking enforced T-bet and/or Eomes expres-

sion (Figure 7F), confirming the role of T-bet and Eomes as nega-

tive regulators of Pdcd1 expression. In EL4 cells stimulated with

PMA and ionomycin, PD-1 expression was reduced in T-bet+

and T-bet+ Eomes+ cells but not Eomes+ cells (Figure 7F, right),

suggesting that when there is a strong transcriptional activation

signal, T-bet can partially repress PD-1 expression but Eomes is

less efficient. Expression of DNA-binding mutants of T-bet and

Eomes did not alter the expression of PD-1 in EL4 cells (data

not shown), confirming that these effects were due to the DNA

binding activity of these transcription factors. These data, in

combination with the luciferase reporter assay, reveal that

Eomes is a transcriptional repressor of Pdcd1. Furthermore,

these data suggest that T-bet may play a dominant role over

Eomes in repressing Pdcd1 transcription because, when both

factors are present and nuclear, there is less Pdcd1 transcription

than when Eomes is exogenously expressed by itself. Moreover,

our data suggest that when nuclear concentrations of T-bet in-

crease, theweak repressive activity of Eomesmay be overridden

by the strong repressive activity of T-bet at genes such as

Pdcd1. Such a T-box transcription factor competition model

provides a potential mechanism for the benefit of increased

T-bet, and nuclear re-localization of this transcription factor, dur-

ing PD-1 pathway blockade-mediated reinvigoration of TEXs.

DISCUSSION

The T-box factors T-bet and Eomes control distinct transcrip-

tional circuits in TMEMs and TEXs (Doering et al., 2012). T-bet

and Eomes could be viewed as having potentially opposing roles

in TEXs because T-bet negatively regulates the transcription of

Pdcd1 and thus T cell exhaustion (Kao et al., 2011), whereas

Eomes expression positively correlates with high IR expression

and other features of more severe T cell exhaustion (Blackburn

et al., 2009; Doering et al., 2012; Paley et al., 2012). More recent

analyses found slightly elevated Eomes and low T-bet in the

most quiescent TEX progenitors (Beltra et al., 2020). Following

this population, there is an inversion of the Eomes:T-bet ratio

with high T-bet in an intermediate TEX population and, finally, a

loss of T-bet and final elevation of Eomes expression associated

with terminal exhaustion (Beltra et al., 2020). Nevertheless, many

TEXs co-express both transcription factors, and it is unclear what

mechanisms allow T-bet and Eomes to foster versus antagonize

exhaustion. In this study, we identified a key role for the differen-

tial subcellular localization of T-bet and Eomes as a mechanism

for regulating T cell exhaustion. We show that a high ratio of

Eomes:T-bet in the nucleus of TEXs correlates with PD-1 expres-

sion and exhaustion, likely due to the inability of T-bet to enter

the nucleus to repress Pdcd1 transcription and regulate other

T-bet dependent genes. Furthermore, modulating the relative
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nuclear Eomes:T-bet ratio by blocking the PD-1 pathway pro-

moted T-bet nuclear localization (and perhaps Eomes cyto-

plasmic localization), re-balanced the relative nuclear Eomes:

T-bet ratio, and decreased Pdcd1 transcription, potentially

contributing to some aspects of TEX reinvigoration. The current

studies may also have relevance for understanding subsets of

TEXs. For example, in addition to TEX subsets defined based on

PD-1 expression and T-bet and Eomes (Blackburn et al., 2009;

Buggert et al., 2014; Paley et al., 2012), recent work has also

identified subsets based on the expression of TCF-1, CXCR5,

and/or Tim3 (He et al., 2016; Im et al., 2016; Utzschneider

et al., 2016; Wu et al., 2016). Other recent studies defined four

subsets of TEXs, and the developmental transitions between

these subsets revealed roles for Eomes and T-bet at each devel-

opmental stage (Beltra et al., 2020). However, it has remained

unclear how the activity of these two transcription factors was

regulated in TEXs. The current studies suggest that, in addition

to the overall amount of T-bet or Eomes protein detected by

flow cytometry, the subcellular location is likely an important fac-

tor when considering the role of these transcription factors in the

biology of TEXs. Indeed, our data suggest that not only does the

localization of T-bet and Eomes affect T cell function but also the

relative amounts of these factors within the nucleus, rather than

total cellular protein levels, influence the program of genes

expressed.

This study also provides amolecular mechanism underpinning

the role of T-bet and Eomes in T cell exhaustion. T-bet and

Eomes are members of the same family of transcription factors

based on the high homology within their T-box DNA binding

domain. The DNA binding domain coupled with the ability of

many T-box family members to bind to consensus T-box se-

quences (Coll et al., 2002) suggest that T-bet and Eomes,

when co-expressed, could act cooperatively or in competition

with one another for DNA binding and transcriptional control.

Indeed, our data show that Eomes binds to, and weakly contrib-

utes to, the transcriptional repression ofPdcd1 through the same

regulatory region targeted by T-bet for repression. Moreover,

competition DNA binding studies revealed that T-bet and Eomes

compete for DNA binding at a T-box consensus sequence. Co-

expression of T-bet and Eomes in EL4 cells resulted in stronger

repression of PD-1 expression than Eomes alone, suggesting

that T-bet has a dominant effect in controlling PD-1 expression

when both factors are available.

The finding that T-bet is often in the cytoplasm rather than nu-

cleus of TEXs suggested a key mechanism for the regulation of

the function of T-bet and Eomes in TEXs. The sequestration of

T-bet in the cytoplasm of TEXs limited the stronger repressive ac-

tivity of T-bet atPdcd1 and likely other genes. In contrast, Eomes

accumulated in the nucleus to high levels in TEXs and was able to

bind to the Pdcd1 promoter in situations in which T-bet was not

present or present at low levels. Under these conditions, Eomes

acted as only a weak repressor of Pdcd1 expression. Thus, the

dominance of nuclear Eomes over nuclear T-bet was permissive

to high expression of PD-1 by TEXs. Upon PD-1 blockade, how-

ever, likely due to increased TCR signaling, T-bet is able to re-

enter the nucleus and displace, or potentially cooperate with,

Eomes at the Pdcd1 locus to mediate stronger transcriptional

repression. Such an exchange is likely to occur at other genes
regulated by T-bet and Eomes given the changes in expression

of T-bet and Eomes-associated genes observed by GSEA when

this nuclear Eomes:T-bet ratio changes following PD-1 pathway

blockade.

Indeed, this re-engagement of T-bet-dependent transcrip-

tional activity due to the influx of T-bet to the nucleus in rein-

vigorated TEXs could have implications for immunotherapy.

For example, T-bet is connected to sets of genes involved in

T cell homing and migration, in addition to effector function

and IRs. The ability of PD-1 pathway blockade to re-engage

this T-bet-dependent transcriptional activity could have bene-

fits for tissue-localized infections or solid tumors. It is possible,

therefore, that PD-1 pathway blockade might synergize with

approaches that drive this set of T-bet-dependent homing

and migration-related genes. Moreover, some of the prominent

Eomes-connected genes increased following PD-1 blockade

included not only Eomes itself but also genes involved in

T cell activation and signaling, suggesting further re-wiring of

T cell responses due to changes in the nuclear Eomes:T-bet

ratio.

Although TEXs have been examined in many settings, the

mechanisms underlying exhaustion and the reinvigoration of

TEXs remain incompletely understood. The current study reveals

that underpinning T cell dysfunction is the dysregulation of the

transcription factors T-bet and Eomes that are critical for func-

tional effector andmemory T cells. These findings provide key in-

sights into the transcriptional control of CD8 T cell exhaustion

and TEX reinvigoration following therapeutic intervention and,

furthermore, have direct implications for strategies aimed at

TEX reinvigoration in both chronic disease and cancer.
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chaëlsson, J., Lund, O., Hejdeman, B., Jansson, M., Sönnerborg, A., et al.

(2014). T-bet and Eomes are differentially linked to the exhausted phenotype

of CD8+ T cells in HIV infection. PLoS Pathog. 10, e1004251.

Chen, Z., Ji, Z., Ngiow, S.F., Manne, S., Cai, Z., Huang, A.C., Johnson, J.,

Staupe, R.P., Bengsch, B., Xu, C., et al. (2019). TCR-1-centered transcriptional

network drives an effector versus exhausted CD8 cell-fate decision. Immunity

51, 840–855.e5.

Coll, M., Seidman, J.G., and M€uller, C.W. (2002). Structure of the DNA-bound

T-box domain of human TBX3, a transcription factor responsible for ulnar-

mammary syndrome. Structure 10, 343–356.

Cruz-Guilloty, F., Pipkin, M.E., Djuretic, I.M., Levanon, D., Lotem, J., Lichten-

held, M.G., Groner, Y., and Rao, A. (2009). Runx3 and T-box proteins coop-

erate to establish the transcriptional program of effector CTLs. J. Exp. Med.

206, 51–59.

Cui, W., Joshi, N.S., Jiang, A., and Kaech, S.M. (2009). Effects of Signal 3 dur-

ing CD8 T cell priming: Bystander production of IL-12 enhances effector T cell

expansion but promotes terminal differentiation. Vaccine 27, 2177–2187.

Curiel, T.J., Wei, S., Dong, H., Alvarez, X., Cheng, P., Mottram, P., Krzysiek, R.,

Knutson, K.L., Daniel, B., Zimmermann, M.C., et al. (2003). Blockade of B7-H1

improves myeloid dendritic cell-mediated antitumor immunity. Nat. Med. 9,

562–567.

Doering, T.A., Crawford, A., Angelosanto, J.M., Paley, M.A., Ziegler, C.G., and

Wherry, E.J. (2012). Network analysis reveals centrally connected genes and

pathways involved in CD8+ T cell exhaustion versus memory. Immunity 37,

1130–1144.

Duraiswamy, J., Freeman, G.J., and Coukos, G. (2013). Therapeutic PD-1

pathway blockade augments with other modalities of immunotherapy T-cell

function to prevent immune decline in ovarian cancer. Cancer Res. 73,

6900–6912.

Glimcher, L.H., Townsend, M.J., Sullivan, B.M., and Lord, G.M. (2004). Recent

developments in the transcriptional regulation of cytolytic effector cells. Nat.

Rev. Immunol. 4, 900–911.

Hashimoto, M., Kamphorst, A.O., Im, S.J., Kissick, H.T., Pillai, R.N., Ramalin-

gam, S.S., Araki, K., and Ahmed, R. (2018). CD8 T Cell Exhaustion in Chronic

Infection and Cancer: Opportunities for Interventions. Annu. Rev. Med. 69,

301–318.

https://doi.org/10.1016/j.celrep.2021.109120
https://doi.org/10.1016/j.celrep.2021.109120
http://Biorender.com
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref1
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref1
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref1
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref2
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref2
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref2
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref2
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref2
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref2
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref3
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref3
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref3
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref3
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref4
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref4
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref4
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref5
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref5
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref5
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref5
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref6
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref6
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref6
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref6
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref6
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref7
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref7
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref7
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref7
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref8
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref8
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref8
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref8
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref9
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref9
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref9
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref9
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref10
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref10
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref10
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref10
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref11
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref11
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref11
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref11
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref12
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref12
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref12
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref13
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref13
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref13
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref13
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref14
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref14
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref14
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref14
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref15
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref15
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref15
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref15
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref16
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref16
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref16
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref17
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref17
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref17
http://refhub.elsevier.com/S2211-1247(21)00459-9/sref17


Article
ll

OPEN ACCESS
He, R., Hou, S., Liu, C., Zhang, A., Bai, Q., Han, M., Yang, Y., Wei, G., Shen, T.,

Yang, X., et al. (2016). Follicular CXCR5- expressing CD8(+) T cells curtail

chronic viral infection. Nature 537, 412–428.

Heinen, A.P., Wanke, F., Moos, S., Attig, S., Luche, H., Pal, P.P., Budisa, N.,

Fehling, H.J., Waisman, A., and Kurschus, F.C. (2014). Improved method to

retain cytosolic reporter protein fluorescence while staining for nuclear pro-

teins. Cytometry A 85, 621–627.

Hersperger, A.R., Martin, J.N., Shin, L.Y., Sheth, P.M., Kovacs, C.M., Cosma,

G.L., Makedonas, G., Pereyra, F., Walker, B.D., Kaul, R., et al. (2011).

Increased HIV-specific CD8+ T-cell cytotoxic potential in HIV elite controllers

is associated with T-bet expression. Blood 117, 3799–3808.

Hirano, F., Kaneko, K., Tamura, H., Dong, H.,Wang, S., Ichikawa, M., Rietz, C.,

Flies, D.B., Lau, J.S., Zhu, G., et al. (2005). Blockade of B7-H1 and PD-1 by

monoclonal antibodies potentiates cancer therapeutic immunity. Cancer

Res. 65, 1089–1096.

Huang, A.C., Postow, M.A., Orlowski, R.J., Mick, R., Bengsch, B., Manne, S.,

Xu, W., Harmon, S., Giles, J.R., Wenz, B., et al. (2017). T-cell invigoration to

tumour burden ratio associated with anti-PD-1 response. Nature 545, 60–65.

Huang, A.C., Orlowski, R.J., Xu, X., Mick, R., George, S.M., Yan, P.K., Manne,

S., Kraya, A.A., Wubbenhorst, B., Dorfman, L., et al. (2019). A single dose of

neoadjuvant PD-1 blockade predicts clinical outcomes in resectable mela-

noma. Nat. Med. 25, 454–461.

Hudson, W.H., Gensheimer, J., Hashimoto, M., Wieland, A., Valanparambil,

R.M., Li, P., Lin, J.X., Konieczny, B.T., Im, S.J., Freeman, G.J., et al. (2019).

Proliferating transitory T cells with an effector-like transcriptional signature

emerge from PD-1+ Stem-like CD8+ T cells during chronic infection. Immunity

51, 1043–1058.e4.

Im, S.J., Hashimoto, M., Gerner, M.Y., Lee, J., Kissick, H.T., Burger, M.C.,

Shan, Q., Hale, J.S., Lee, J., Nasti, T.H., et al. (2016). Defining CD8+ T cells

that provide the proliferative burst after PD-1 therapy. Nature 537, 417–421.

Intlekofer, A.M., Takemoto, N., Wherry, E.J., Longworth, S.A., Northrup, J.T.,

Palanivel, V.R., Mullen, A.C., Gasink, C.R., Kaech, S.M., Miller, J.D., et al.

(2005). Effector and memory CD8+ T cell fate coupled by T-bet and eomeso-

dermin. Nat. Immunol. 6, 1236–1244.

Intlekofer, A.M., Takemoto, N., Kao, C., Banerjee, A., Schambach, F., North-

rop, J.K., Shen, H., Wherry, E.J., and Reiner, S.L. (2007). Requirement for T-

bet in the aberrant differentiation of unhelped memory CD8+ T cells. J. Exp.

Med. 204, 2015–2021.

Intlekofer, A.M., Banerjee, A., Takemoto, N., Gordon, S.M., Dejong, C.S., Shin,

H., Hunter, C.A., Wherry, E.J., Lindsten, T., and Reiner, S.L. (2008). Anomalous

type 17 response to viral infection by CD8+ T cells lacking T-bet and eomeso-

dermin. Science 321, 408–411.

Iwai, Y., Ishida, M., Tanaka, Y., Okazaki, T., Honjo, T., and Minato, N. (2002).

Involvement of PD-L1 on tumor cells in the escape from host immune system

and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. USA 99,

12293–12297.

Iwai, Y., Terawaki, S., and Honjo, T. (2005). PD-1 blockade inhibits hematog-

enous spread of poorly immunogenic tumor cells by enhanced recruitment of

effector T cells. Int. Immunol. 17, 133–144.

Jadhav, R.R., Im, S.J., Hu, B., Hashimoto, M., Li, P., Lin, J.X., Leonard, W.J.,

Greenleaf, W.J., Ahmed, R., and Goronzy, J.J. (2019). Epigenetic signature of

PD-1+ TCF1+ CD8 T cells that act as resource cells during chronic viral infec-

tion and respond to PD-1 blockade. Proc. Natl. Acad. Sci. USA 116, 14113–

14118.

Joshi, N.S., Cui,W., Chandele, A., Lee, H.K., Urso, D.R., Hagman, J., Gapin, L.,

and Kaech, S.M. (2007). Inflammation directs memory precursor and short-

lived effector CD8(+) T cell fates via the graded expression of T-bet transcrip-

tion factor. Immunity 27, 281–295.

Kaech, S.M., and Cui, W. (2012). Transcriptional control of effector and mem-

ory CD8+ T cell differentiation. Nat. Rev. Immunol. 12, 749–761.

Kaech, S.M., Hemby, S., Kersh, E., and Ahmed, R. (2002). Molecular and func-

tional profiling of memory CD8 T cell differentiation. Cell 111, 837–851.
Kao, C., Oestreich, K.J., Paley, M.A., Crawford, A., Angelosanto, J.M., Ali,

M.A., Intlekofer, A.M., Boss, J.M., Reiner, S.L., Weinmann, A.S., and Wherry,

E.J. (2011). Transcription factor T-bet represses expression of the inhibitory re-

ceptor PD-1 and sustains virus-specific CD8+ T cell responses during chronic

infection. Nat. Immunol. 12, 663–671.

Kim, P.S., and Ahmed, R. (2010). Features of responding T cells in cancer and

chronic infection. Curr. Opin. Immunol. 22, 223–230.

Knight, D.A., Ngiow, S.F., Li, M., Parmenter, T., Mok, S., Cass, A., Haynes,

N.M., Kinross, K., Yagita, H., Koya, R.C., et al. (2013). Host immunity contrib-

utes to the anti-melanoma activity of BRAF inhibitors. J. Clin. Invest. 123,

1371–1381.

Kurachi, M., Kurachi, J., Chen, Z., Johnson, J., Khan, O., Bengsch, B., Stele-

kati, E., Attanasio, J., McLane, L.M., Tomura, M., et al. (2017). Optimized retro-

viral transduction ofmouse T cells for in vivo assessment of gene function. Nat.

Protoc. 12, 1980–1998.

Kurachi, M., Ngiow, S.F., Kurachi, J., Chen, Z., andWherry, E.J. (2019). Hidden

caveat of inducible cre recombinase. Immunity 51, 591–592.

Kurktschiev, P.D., Raziorrouh, B., Schraut, W., Backmund, M., Wächtler, M.,
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Antibodies

Anti-mouse CD279/PD-1 PE Cy7 BioLegend Cat# 109109; RRID: AB_572016

Anti-human CD8 APC Cy7 BD Biosciences Cat# 557834; RRID: AB_396892

Anti-human CD279/PD1 PE Cy7 BioLegend Cat# 329917; RRID: AB_2159325

Anti-human Eomes AF647 eBioscience Custom

Anti-human CD197CCR7 FITC BD Biosciences Cat# 561271; RRID: AB_10561679

Anti-human CD45RO ECD Beckman Coulter Cat# IM2712U; RRID: AB_10639537

Anti-human CD3 BV510 BD Biosciences Cat# 563109; RRID: AB_2732053

Anti-mouse CD62L BV605 BD Biosciences Cat# 563252; RRID: AB_2738098

Anti-mouse CD223/Lag3 BV650 BioLegend Cat# 125227; RRID: AB_2687209

Anti-mouse CD8 BV785 BioLegend Cat# 100749; RRID: AB_11218801

Anti-mouse CD244/2B4 FITC BD Biosciences Cat# 553305; RRID: AB_394769

Anti-mouse CD195/CCR5 PerCP eF710 ThermoFisher Cat# 46-1951-82; RRID: AB_11449119

Anti-mouse CD38 A700 ThermoFisher Cat# 56-0381-82; RRID: AB_657740

Anti-mouse CD45.2 APC Cy7 BioLegend Cat# 109823; RRID: AB_830788

Anti-T-bet BV421 BioLegend Cat# 644815; RRID: AB_10896427

Anti-CCL5 PE BioLegend Cat# 149103; RRID: AB_2564405

Anti-mouse Eomes PE eF610 ThermoFisher Cat# 61-4875-82; RRID: AB_2574614

Anti-T-bet Alexa Fluor 488 BD Biosciences Cat# 561266; RRID: AB_10562570

Anti-mouse CD45.2 PE eF610 ThermoFisher Cat# 61-0454-82; 2574562

Anti-mouse CD44 APC BD Biosciences Cat# 559250; RRID: AB_398661

Anti-Mouse CD45.1 PE Cy5 ThermoFisher Cat# 15-0453-82; RRID: AB_468759

Anti-Mouse CD45.2 APC eFluor780 ThermoFisher Cat# 47-0454-82; RRID: AB_1272175

Anti-Mouse CD8 BV650 BioLegend Cat# 100742; RRID: AB_2563056

Anti-Mouse KLRG1 BV605 BioLegend Cat# 138419; RRID: AB_2563357

Anti-Mouse CD39 PE Cy7 ThermoFisher Cat# 25-0391-80; RRID: AB_1210767

Anti-Mouse CD44 BV785 BioLegend Cat# 103059; RRID: AB_2571953

Anti-Mouse CD69 PE Cy7 BioLegend Cat# 104512; RRID: AB_493564

Mouse anti-myc Cell signaling Cat# 2276; RRID: AB_331783

Mouse anti-FLAG Sigma Aldrich Cat# F3165; RRID: AB_259529

Mouse anti-T-bet ThermoFisher Cat# 14-5825-82; RRID: AB_763634

Mouse anti-Eomes ThermoFisher Cat# 14-4875-82; RRID: AB_11042577

Rabbit anti-b-actin Abcam Cat# 8227; RRID: AB_2305186

Anti-mouse Ig, k/Negative control compensation

particle set

BD Bioscience Cat# 552843

Anti-rat Ig, k/Negative control compensation plus BD Bioscience Cat# 560499

Chemicals, peptides, and recombinant proteins

4’, 6-Diamidino-2-Phenylindole, Dihydrochloride

(DAPI)

ThermoFisher Cat# D1306

LIVE/DEAD Aqua Dead Cell Stain ThermoFisher Cat# L34957

Live/Dead Zombie NIR Dye BioLegend Cat# 423106

Recombinant human IL-2 NIH N/A

Anti-Mouse CD3(145-2C11) BioLegend Cat# 100302; RRID:AB_312667

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-Mouse CD28(37.51) ThermoFisher Cat# 16-0281-82; RRID:AB_468921

EasySep Mouse CD8+ T Cell Isolation Kit STEMCELL Technologies Cat# 19853

RPMI-1640 medium Corning/Mediatech Cat# 10-040-CV

DMEM medium Corning/Mediatech Cat# 10-017-CV

HI Fetal Bovine Serum ThermoFisher Cat# 26170-043

HEPES ThermoFisher Cat# 15630080

Non-Essential Amino Acids ThermoFisher Cat# 11140050

Penicillin-Streptomycin ThermoFisher Cat# 15140122

b-mercaptoethanol Sigma-Aldrich Cat# M6250-500ML

Opti-MEM ThermoFisher Cat# 31985088

Polybrene Sigma-Aldrich Cat# TR-1003-G

Lipofectamine 3000 Transfection Reagent ThermoFisher Cat# L3000001

Digitonin Millipore Cat#300410-1GM

BioMag Plus Concanavalin A (10mL) Bangs laboratories Cat# BP531

Complete, EDTA-free Protease Inhibitor Cocktail Sigma Cat# 4693132001

Glycogen Thermo Cat# R0561

Proteinase K Denville Scientific Cat# CB3201-5

RNase A Thermo Cat# EN0531

Spermidine Sigma Cat# 85558-1G

Fugene6 Transfection Reagent Promega Cat# E2691

Phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich Cat# 79346

Ionomycin caldium salt Sigma Aldrich Cat# I3909

RIPA buffer Sigma Aldrich Cat# R0278

NuPAGE 4-12% Bis Tris protein gels ThermoFisher Cat# NP0321

NuPAGE MOPS SDS running buffer (20x) ThermoFisher Cat# NP0001

iBlot transfer stack, nitrocellulose mini ThermoFisher Cat# 1B301002

Non-fat dry milk Lab Scientific Cat# M0842

Cloned Pfu DNA polymerase AD Agilent Technologies Cat# 600357

Ultra Digital-ECL substrate solution KwikQuant Cat# R1002

Hoechst 33342 solution ThermoFisher Cat# 62249

Bovine serum albumin Sigma Aldrich Cat# 05470

Fluoromount-G mounting medium Southern Biotech Cat# 0100-01

GlutaMAX ThermoFisher Cat# 35050061

Collagenase D Sigma Aldrich Cat# 11088858001

DNase I Roche Cat# 10104159001

Tamoxifen Sigma-aldrich CAT# T5648-1G

in vivo rat anti-mouse PD-L1 BioXCell Cat# BE0101; RRID: AB_10949073

Critical commercial assays

Ultra Digital-ECL substrate solution KwikQuant Cat# R1002

QuikChange II site-directed mutagenesis it Agilent Technologies Cat# 200523

Dual-luciferase reporter assay system Promega Cat# E1910

Cell line nucleofector kit L Lonza Cat# VCA-1005

Taq PCR master mix kit QIAGEN Cat# 201443

TransAM T-bet DNA binding ELISA Active Motif Cat# 51396

Qubit dsDNA BR assay kit ThermoFisher Cat# Q32850

Qubit protein assay kit ThermoFisher Cat# Q33211

Deposited data

RNaseq data Pauken et al., 2016 GSE86881

Microarray data Doering et al., 2012 GSE41867

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

LCMV Armstrong Rafi Ahmed Grew in-house

LCMV Clone 13 Rafi Ahmed Grew in-house

CT26 ATCC Cat# CRL-2638; RRID: CVCL_7256

HEK293 cell line ATCC Cat# CRL-1573

EL4 cell line ATCC Cat# TIB-39

CT26.WT cell line ATCC Cat# CRL-2638

Experimental models: Organisms/strains

C57BL/6 mice National Cancer Institute N/A

BALB/c mice National Cancer Institute N/A

C57BL/6 Charles River N/A

CD45.1+ C57BL/6 Charles River N/A

TCRa-; P14 TCRVa2Vb8 The Jackson Lab Stock No. 37394-JAX

Oligonucleotides

See Table S1

Recombinant DNA Lonza Cat# VCA-1005

pCMV-myc-N Clontech Cat# 631604

pCMV-FLAG-C Clontech Cat# 635688

pCMV-myc-T-bet (pLM243) This study N/A

pCMV-Eomes-FLAG (pLM258) This study N/A

pCMV-myc-T-bet R163A R164A (pLM263) This study N/A

pCMV-Eomes R296A R297A-FLAG (pLM268) This study N/A

pGL3-basic luciferase vector Promega

pGL3-Pdcd1 CR B+C Oestreich et al., 2008

pRL Renilla luciferase control vector Promega Cat# E2231

MSCV-T-bet-ER vector This study N/A

MSCV-GFP vector This study N/A

Software and algorithms

FlowJo v. 10.4.2 FlowJo, LLC https://www.flowjo.com

IDEAS v. 5.0 Amnis Corp

Graphpad Prism 7 Graphpad Software https://www.graphpad.com/scientific-

software/prism/

SnapGene 4.1.9 SnapGene https://www.snapgene.com

pheatmap(R package) version 1.0.8 R package https://cran.r-project.org/web/packages/

pheatmap/index.html

Metascape analysis Gene Annotation and Analysis http://metascape.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, E. John

Wherry (wherry@pennmedicine.upenn.edu).

Materials availability
All unique reagents generated in this study are available from the Lead Contact with a complete Materials Transfer Agreement.

Data and code availability
Original source data for Figure 5 is available in Doering et al. (2012) and Pauken et al. (2016).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models
For LCMV studies, female C57BL/6 (5-6 weeks old) were purchased from the National Cancer Institute or Charles River, depending

on the experiment. For mouse tumor studies, female BALB/C mice (5-6 weeks old) were purchased from the National Cancer Insti-

tute. For all experiments, mice were sacrificed in a CO2 chamber followed by neck dislocation. All were used in accordance with the

Institutional Animal Care and Use Committee guidelines for the University of Pennsylvania.

Human Subjects
Patients with stage III or IVmelanoma were enrolled for immunotherapy treatment as previously described (Huang et al., 2017, 2019).

Demographics of patients used in this study are listed in Table S1. Blood and tumor samples were collected under University of Penn-

sylvania Abramson Cancer Center’s melanoma research program tissue collection protocol UPCC 08607 and clinical trial UPCC

01615 in accordancewith the Institutional ReviewBoard. For the purposes of this study, only peripheral blood collected from patients

before initiation of immunotherapy was analyzed. Tumor samples were procured from the operating room and processed the same

day using manual dissociation into single cell suspension. Tumor samples were then frozen immediately using standard freeze me-

dia, and stored in liquid nitrogen.

Cell lines
The HEK293T cell line was provided by Warren Pear (University of Pennsylvania) and was maintained in RPMI 1640 (Corning) sup-

plemented with 10% fetal bovine serum, 2mM L-glutamine, and 100U/mL penicillin/streptomycin.

EL4 cells were obtained from ATCC and were maintained in DMEM (Corning) with 4.5g/L glucose, L-glutamine and sodium pyru-

vate and supplemented with 10% fetal bovine serum, 100U/mL penicillin/streptomycin, and 50nM beta-mercaptoethanol.

CT26 tumor cells were obtained from ATCC and were maintained in RPMI 1640 (Corning) supplemented with 10% fetal bovine

serum, 2mM L-glutamine, 100U/mL penicillin/streptomycin and 1% Glutamax.

METHOD DETAILS

Mice and Infections
All animal work was done in accordance with the Institute Animal Care and Use Guidelines for the University of Pennsylvania. LCMV

strains were prepared and tittered as described previously (Kao et al., 2011). Female C57BL/6 (5-6 weeks old) were infected with

LCMV Armstrong (2x105 PFU) by intraperitoneal injection (i.p.) or LCMV clone 13 (4x106 PFU) by intravenous injection (i.v.). Mice

were bled and serum was collected to determine viral titers. Mice were euthanized at indicated time points post-infection. Spleens

were harvested and splenocytes isolated for subsequent experiments. For some experiments, CD8 T cells were isolated using a

negative selection kit per the manufacturer’s protocol (Stem Cell Technologies).

Flow Cytometry and Imaging Flow Cytometry
For indicated experiments, MHC class I H-2Db gp276 tetramers were conjugated and used as previously described to identify

LCMV-specific CD8 T cells (Murali-Krishna et al., 1998; Wherry et al., 2003). For flow cytometry and imaging flow cytometry of

mouse splenocytes or tumor infiltrating lymphocytes, cells were stained using a modified staining protocol (Heinen et al., 2014;

Kurachi et al., 2017). For flow cytometry, cells were stained with LIVE/DEAD aqua blue (Invitrogen) for 15 min at 4�C. A cocktail

of surface antibodies and tetramer, when applicable, was incubated for 25 min at 4�C. Cells were washed in FACS buffer and

then fixed in a 2% formaldehyde solution for 15 min at 4�C. Cells were again washed twice in FACS buffer and permeabilized

using the Foxp3 perm solution (eBioscience) for 30 min at 4�C. A cocktail of intracellular antibodies was added and incubated

for 1 hr at 4�C. Cells were then fixed in 1% paraformaldehyde (PFA). Samples were analyzed by either flow cytometry or imaging

flow cytometry.

For flow cytometry, 1,000,000 total events were acquired on a modified flow cytometer (LSRII, BD Immunocytometry Systems)

equipped for the detection of 18 fluorescent parameters. Antibody capture beads (BD biosciences) were used for individual compen-

sation controls for each fluorophore. Data was analyzed in FlowJo version 10.4.2 (TreeStar) and statistical analysis was performed

using Prism Software (Version 7.0).

For imaging flow cytometry, cells were fixed and stained just before imaging with with 4’,6-Diamidino-2-Phenylindole, Dihy-

drochloride (5 mg/mL) for 5 min at room temperature. Samples were then imaged on an ImageStreamX (Amnis Corp). For

each sample, 50,000 events were collected. Antibody capture beads (BD Biosciences) were used as individual compensation

tubes for each fluorophore. Images were captured using a 60x lens with an extended depth of field upgrade through Inspire

software (Amnis Corp). Nuclear and cytoplasmic T-bet and Eomes were defined using masking functions within IDEAS 5.0 as

previously described (McLane et al., 2013; Figures S4A–S4C). Cells which harbored either exclusively nuclear or nuclear and

cytoplasmic T-bet or Eomes were considered ‘‘nuclear’’ while cells with exclusive cytoplasmic T-bet or Eomes were scored

as ‘‘cytoplasmic.’’
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Confocal Microscopy
Isolated CD8 T cells in suspension from d8 p.i. Armstrong and clone 13 mice were placed on coverslips coated with Celltak (Corning

Inc.) and incubated at 37�C for 10 min. Cells were then fixed with 3.7% formaldehyde for 1 hour, permeabilized for 20 min in 0.2%

Triton X-100, and blocked overnight at 4�C in 2% BSA. Immunolabeling was performed by incubating cells for 2 hours at 37�C with

primary antibodies: 1:100 Alexa 488-conjugated mouse anti-T-bet (BD Biosciences) or 1:100 Alexa 488-conjugated rat anti-Eomes

(Affymetrix eBioscience). After 3 washes in PBS, cells were stained with Hoechst dye for 30minutes, washed twice in PBS, and finally

once in ddH20. The coverslips were mounted onto slides with Fluoromount-G (Southern Biotech) and cells were imaged on a Leica

TCS-SP5 inverted confocal microscope.

Human TIL Isolation and Staining
Patients with stage III or IVmelanomawere enrolled for immunotherapy treatment as previously described (Huang et al., 2017). Blood

and tumor samples were collected under University of Pennsylvania Abramson Cancer Center’s melanoma research program tissue

collection protocol UPCC 08607 in accordance with the Institutional Review Board. For the purposes of this study, only peripheral

blood collected from patients before initiation of immunotherapy was analyzed. Tumor samples were procured from the operating

room and processed the same day using manual dissociation into single cell suspension. Tumor samples were then frozen imme-

diately using standard freeze media, and stored in liquid nitrogen.

For imaging flow cytometry, cells were thawed in a 37�Cwater bath andwashed in RPMI. Cells were then stained using a cocktail of

cell surface and intracellular antibodies using the BD staining buffer kit according to the manufacturers protocol.

PD-1 pathway blockade
For chronic LCMV studies, female C57BL/6mice (5-6 weeks old) were infected with clone 13 as described above. Mice were injected

i.p. with either 200 mg aPD-L1 antibody (clone 10F.9G.2, Bio X Cell) or control PBS every 3 days starting at d22 for 5 total treatments

as previously described (Barber et al., 2006). Spleens were harvested on d35 post-infection and splenocytes were stained and

analyzed by flow cytometry and imaging flow cytometry.

Formouse tumor studies, female BALB/Cmice (5-6weeks old) were purchased from theNational Cancer Institute. CT26 cells were

maintained in RPMI1640 supplemented with 10% FCS, 1% Glutamax, and 1% penicillin/ streptomycin and maintained at 5% CO2.

For primary tumor experiments, 2x105 CT26 cells/100 mL were injected subcutaneously into mice. Cohorts of tumor-bearing mice

were then injected with phosphate buffered saline (PBS) or 200 mg of aPD-L1 (clone 10F.9G2, Bio X Cell) on d10, d13, d16, and

d19. Established CT26 tumors were excised from mice on d20 post-tumor injection and processed for flow cytometry analysis as

previously described (Knight et al., 2013). Briefly, tumors were digested with 1 mg/ml collagenase D and 0.02 mg/ml DNase I at

37�C. Digested tumors were passed through a cell strainer to prepare a single cell suspension. Cells were then stained for

ImageStream analysis as described.

Transcriptional profiling of chronic T-bet and Eomes genes
The gene expression profiles of the top 150 chronic-only gene neighbors for both T-bet and Eomes (Doering et al., 2012) was deter-

mined using previously published transcriptional data from clone 13-infected untreated (exhausted) and aPD-L1-treated mice

(Pauken et al., 2016). Genes were clustered into four optimal clusters by K-means using the pheatmap function from the R package

pheatmap_1.0.8. Each of these clusters was then analyzed using metascape (Tripathi et al., 2015; http://metascape.org) for Gene

Ontology Biological Process enrichment usingmeta-analysis for T-bet and Eomes genes separately. Heatmaps of expression values

were created using the pheatmap function with default row-wise and column-wise clustering. Protein expression of candidates iden-

tified in the GO analysis was determined by flow cytometry in chronically-infected mice ± aPD-L1 therapy.

Retroviral transduction of splenocytes followed by tamoxifen treatment in clone 13-infected mice
Retroviral (RV) particles were produced in HEK293T cells with MSCV and pCL-Eco plasmids using Lipofectamine 3000. RV trans-

duction was performed as described (Kurachi et al., 2017). Briefly, CD8+ T cells were purified from spleens of P14 mice using

EasySepTM Mouse CD8+ T Cell Isolation Kit. Cells were stimulated with 100 U/mL recombinant human IL-2, 1 mg/mL anti-mouse

CD3ε, and 5 mg/mL anti-mouse CD28 in RPMI-1640 mediumwith 10% fetal bovine serum (FBS), 10 mMHEPES, 100 mMnon-essen-

tial amino acids (NEAA), 50 U/mL penicillin, 50 mg/mL streptomycin, and 50 mM b-mercaptoethanol. After 18-24 hr of in vitro stimu-

lation, P14 cells were transduced with RV in the presence of polybrene (0.5 mg/ml) using spin infection (2,000 g for 1 hr at 32�C)
followed by an incubation at 37�C for 6 hr. RV-transduced P14 cells were then adoptively transferred into recipient mice. These recip-

ient micewere previously infected intravenously 24 hr prior to transfer with 43 106 PFU LCMV clone 13. Micewere administered 1mg

of tamoxifen dissolved in an ethanol:Kolliphor (1:1) solution orally for four consecutive days starting at day 22 post-infection. Spleens

were harvested at day 32 post-infection and RV-transduced cells (GFP+) were analyzed by flow cytometry.

DNA constructs and T-box alignments
A PD-1 reporter construct containing a regulatory region (PD-1 CR-B+C) upstream of the Pdcd1 transcriptional start site was cloned

into the pGL3Basic vector (Promega) as previously described (Oestreich et al., 2008). T-bet and Eomes were cloned into pCMV-N-

myc or pCMV-C-FLAG (Clontech) expression plasmids. DNA binding mutants of T-bet and Eomes were created (T-bet R163A
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R164A; Eomes R296A R297A) using a QuikChange site-directed mutagenesis kit per the manufacturer’s instructions (Agilent) (Fig-

ure S2A). Sequence alignments of the T-box family members were performed using MegAlign from DNAstar (Lasergene).

Immunoblotting
Exogenous expression of recombinant myc-tagged T-bet or FLAG-tagged Eomes in 293T cells was determined by immunoblotting.

Briefly, transfected 293T cells were pelleted and washed with 1x PBS. Pellets were resuspending in RIPA buffer (Sigma Aldrich) sup-

plemented with protease inhibitor cocktail (Sigma Aldrich) and incubated on ice for 30 min. Lysates were then cleared by centrifu-

gation for 10 min at 4�C. Lysates were quantified using a Qubit protein assay kit (Thermo Fisher). 25 mg of total lysate was resolved

on a 4%–12% NuPage Bis Tris gel (Invitrogen) and transferred to a nitrocellulose membrane with an iBlot (Invitrogen). The nitrocel-

lulose membrane was then blocked in 5% milk (Lab Scientific) in TBST for 1 hr at RT. Primary antibodies were added to 5% milk in

TBST and rocked overnight at 4�C. T-bet was detected using a 1:1000 dilution of a monoclonal a-myc antibody (Cell Signaling).

Eomes was detected using a 1:1000 dilution of a monoclonal a-FLAG antibody. As a loading control, a polyclonal a-b-actin antibody

was used at a 1:2000 dilution. Blots were then washed 3x for 15 min in TBST and secondary a-mouse or a-rabbit HRP antibodies

were added to 5%milk in TBST and rocked for 1hr at RT. Blots were then washed 3x for 15 min in TBST and proteins were detected

using the Ultra ECL detection reagent (KwikQuant).

DNA-protein binding ELISA
293T cells were transfected with wild-type or mutant T-bet and Eomes plasmids described above. After 48 hr, lysates were prepared

in RIPA buffer and quantified using aQubit (Thermo Fisher). Using the TransAMT-bet DNA binding ELISA kit (ActiveMotif), DNA bind-

ing of T-bet and Eomes was measured using a modified version of the manufacturers protocol (Figures S2B and S3A). For compe-

tition studies, 10 mg of lysate containing one transcription factor was allowed to bind to the plate for 1 hr at room temperature. Wells

were then washed three times with wash buffer and 10 mg of lysate containing the other transcription factor was added to individual

wells and allowed to bind for 1 hr at room temperature. Wells were seeded in duplicate. Recombinant T-bet and Eomes binding was

detected using a�myc (T-bet) (9B10, Cell Signaling Technologies) or a�FLAG (Eomes) (M2, Sigma) monoclonal antibodies, respec-

tively. For oligo competition studies, 40 pmol of competing oligos were added following addition of lysate to the wells. Protein binding

was measured at OD450 nm on a BioTek Synergy HT plate reader. Results are plotted as fold change from the uncompeted lysate

containing WT T-bet or Eomes. Oligonucleotide sequences used in competition studies are listed in Table S2.

Cleavage under targets and release using nuclease (Cut & Run) assay
To assess direct binding of Eomes to the Pdcd1 promoter, we used a modified version of Cut & Run (Skene et al., 2018) with a qPCR

readout. EL4 cells were nucleofected using an Amaxa cell line Nucleofector kit L (Lonza) with either pCMV-myc T-bet or pCMV-

Eomes FLAG plasmids. Following a 48 hr incubation to induce recombinant protein expression, 100,000 EL4 cells were used in

the Cut&Run assay. For primary mouse cells, CD8+ splenocytes from d45 Armstrong (TMEM) or d45 clone 13 (TEX) mice were isolated

and 10,000 cells were used in the Cut&Run assay. a-myc (Invitrogen) or a-FLAG (Invitrogen) antibodies were used to IP myc-T-bet or

Eomes-FLAG proteins in EL4 cells. a-T-bet (4B10, eBioscience) or a-Eomes (Dan11mag, eBioscience) was used to IP T-bet or

Eomes from primary mouse splenocytes. Immunoprecipitated DNA was subjected to two rounds of nested PCR using the following

oligo pairs: I–forward 50-actctaacatgccacaaaaccatag, reverse 50-cttccagttttatacctgatcgaag (Cruz-Guilloty et al., 2009), Pdcd1–5’-

ccttgctcctcaccacactgc, reverse 50-cagagcagatcatgaggactg (Kao et al., 2011), and Il4–forward 50-gagttaaagttgctgaaaccaagg,
reverse 50-attttccaattggtctgatttcac (Cruz-Guilloty et al., 2009).

Dual luciferase reporter assay
The dual luciferase reporter assay was performed as previously described (Beima et al., 2006). Briefly, EL4 cells were nucleofected

using an Amaxa cell line Nucleofector Kit L (Lonza) with the pGL3-Pdcd1 CR-B+C-Firefly plasmid, control Renilla plasmid pRL-TK,

and either pCMV-myc T-bet or pCMV-Eomes FLAG plasmids. Cells were rested overnight and stimulated with 50 ng/mL PMA and

2 mM ionomycin for 24 hr to induce expression of the reporter constructs. Cells were then collected, lysed, and the dual luciferase

assay was performed according to the manufacturer’s instructions (Promega). Results were normalized to the expression of the Re-

nilla luciferase control vector and plotted as fold change from empty vector alone.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments shown, n (number of experimental subjects) is indicated in the Figure legends. Data are expressed as mean ±

SEM from at least three independent experiments unless otherwise specified. Prism has been used for analysis. Comparison be-

tween two groups was done using unpaired two-tailed Student’s t test. Two-way ANOVA has been used for multiple comparisons.

The appropriate statistical methods and P-values are indicated in the figure legends.
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SUPPLEMENTAL INFORMATION 

Supplemental Table 1. Demographics of human subjects used in this study.  Related 
to Figure 2.  
Blood samples  
Age Sex 
61 F 
27 M 
79 F 
83 F 
60 M 
TIL samples  
Age Sex 
86 M 
71 M 
66 M 
67 M 
74 M 
61 F 
64 F 
68 M 
63 F 
85 M 

 
  



Supplemental Table 2. Oligonucleotides used in this study. Related to Figure 7. 
Oligonucleotides Source 
IFNa (forward):  
5’ actctaacatgccacaaaaccatag 

(Cruz-Guilloty et al., 
2009) 

IFNa (reverse): 
5’ cttccagttttatacctgatcgaag 

(Cruz-Guilloty et al., 
2009), 

Pdcd1 (forward):  
5’ ccttgctcctcaccacactgc 

(Kao et al., 2011) 

Pdcd1 (reverse):  
5: cagagcagatcatgaggactg 

(Kao et al., 2011) 

IL4 (forward):  
5’ gagttaaagttgctgaaaccaagg 

(Cruz-Guilloty et al., 
2009), 

IL4 (reverse): 
5’ attttccaattggtctgatttcac 

(Cruz-Guilloty et al., 
2009), 

Pdcd1 competitor oligo (forward): 
5’ gatccatgacaacacatcgtcatcactg 

This study 

Pdcd1 competitor oligo (reverse): 
5’ cagtgatgacgatgtgttgtcatggatc 

This study 

T-box half site competitor oligo (forward):  
5’ gatccatgacaacacctcgtcatcactg 

This study 

T-box half site competitor oligo (reverse): 
5’ cagtgatgacgaggtgttgtcatggatc 

This study 

IL-2 T-box competitor oligo (forward): 
5’ gatccatgacatgccacctaagtgtgggccgtcatcactg 

This study 

IL-2 T-box competitor oligo (reverse): 
5’ cagtgatgacggcccacacttaggtggcatgtcatggatc 

This study 

T-bet R163A R164A mutant (forward): 
5’ gatgatcatcactaagcaaggagcggcaatgttcccattcctgtccttcacc 

This study 

T-bet R163A R164A mutant (reverse): 
5’ ggtgaaggacaggaatgggaacatgccgctccttgcttagtgatgatcatc 

This study 

Eomes R296A R297A mutant (forward): 
5’ gatcatcaccaaacagggcgcggccatgtttcctttcttgagc 

This study 

Eomes R296A R297A mutant (reverse): 
5’ gctcaagaaaggaaacatggccgcgccctgtttggtgatgatc 

This study 

 

  



Supplemental Figure Legends 

Supplemental Figure 1. Subcellular localization of T-bet and Eomes (related to 

Figure 1). Confocal microscopy images of T-bet (A) or Eomes (B) in purified CD8+ T 

cells from Armstrong-infected mice are shown.  (C) Median fluorescence intensity of 

DAPI in bulk CD8 T-cells from Armstrong-immune or chronic clone 13 mice is shown.  

(D) Median fluorescence intensity of NFAT2 during acute Armstrong or clone 13 

infection is shown.  Data are represented as mean ± SEM.  P values were determined 

using the unpaired Mann-whitney student T test (**p<0.001).   

 

Supplemental Figure 2. DNA binding ELISA schematics used in this study (related 

to Figure 7).  (A)  Sequence alignment of the T-box binding domains of T-box 

transcription factor family members showing two highly conserved arginine residues 

(bold).  Arginine to alanine substitutions were introduced in T-bet and Eomes to create 

DNA binding mutants of these factors.  (B) HEK293T cells were transfected with 

recombinant wildtype or mutant T-bet or Eomes overexpression vectors and assayed 

for their ability to bind a consensus T-box sequence using the TransAM T-bet DNA 

binding assay (Actie Motif) (top).  Immunoblots show myc-T-bet and FLAG-Eomes 

expression in HEK293T cells using in the DNA binding assay (bottom).  b-actin is shown 

as a loading control.  (C) To assay competition between T-bet and Eomes, we 

optimized a modified version of the TransAM T-bet DNA binding assay.  Briefly, 293T 

cells were transfected with either recombinant T-bet or Eomes overexpression vectors.  

Lysates were prepared and seeded into wells containing an immobilized T-box DNA 



oligo.  Antibodies against epitope tags conjugated to either T-bet or Eomes were then 

used to detect which protein was bound to the T-box sequence. 

 

Supplemental Figure 3. Oligo-DNA competition binding ELISA schematic used in 

this study (related to Figure 7).  (A) Briefly, HEK293T cells were transfected with 

either recombinant T-bet or Eomes overexpression vectors.  Lysates were prepared and 

seeded into wells containing an immobilized T-box DNA oligo.  T-bet and Eomes were 

then competed with oligos containing different T-box sequences.  Antibodies against 

epitope tags conjugated to either T-bet or Eomes were then used to detect which 

protein was bound to the T-box sequence.  (B) T-box sequences used on oligo 

competition study.  (C) As proof of principle for this assay, binding of wildtype T-bet (left) 

or Eomes (right) to immobilized wildtype T-box oligo was assessed when competed with 

either soluble wildtype T-box oligo or mutant T-box oligo.  (D)  EL4 cells expressing 

exogenous T-bet and/or Eomes were analyzed by flow cytometry.  Representative flow 

plots are shown. (E) PD-1 expression in EL4 as analyzed by flow cytometry.  A 

representative histogram of resting EL4 cells (purple), PMA/Ionomycin-stimulated EL4 

cells (blue), and a PD-1 FMO (grey) are shown. Data in bar graphs are represented as 

mean ± SEM.  P values were determined using a one-way ANOVA test (****p<0.0001; 

***p<0.001; **p<0.01). 

 

Supplemental Figure 4. ImageStream gating scheme and subcellular localization 

analysis (related to Figures 1- 4).  (A) Representative gating schematic for analyzing 

LCMV-specific H-2Db gp276+ CD8 T cells is shown in IDEAS software (Amnis).  Single 



cells are first identified followed by those cells that are in focus with both cameras.  

Next, DAPI+ cells are identified followed by CD8+ T cells.  From bulk CD8+ T cells, gates 

for T-bet+, Eomes+, and tetramer+ gp276+ cells are drawn.  T-bet and Eomes gates are 

then plotted on gp276+ cells.  (B)  DAPI signal is used to define the nuclear and 

cytoplasmic compartments of cells.  This is achieved using the masking function 

provided in IDEAS software.  (C)  To plot nuclear versus cytoplasmic T-bet or Eomes, 

nuclear and cytoplasmic masks are used to measure the intensity of the signal of either 

T-bet or Eomes coming from each of these two defined masked regions.  The nuclear 

intensity is then plotted versus the cytoplasmic intensity and gates are drawn first on 

bulk CD8+ T-bet+ or Eomes+ T cells by looking at direct images of the cells.  These 

gates are then overlaid on gp276+ T cells. 
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