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Céline Duhamel, ..., Virginie Montiel,
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SUMMARY
Human CD8 tumor-infiltrating lymphocytes (TILs) with impaired effector functions and PD-1 expression are
categorized as exhausted. However, the exhaustion-like features reported in TILs might stem from their acti-
vation rather than the consequence of T cell exhaustion itself. Using CRISPR-Cas9 and lentiviral overexpres-
sion in CD8 T cells from non-cancerous donors, we show that the T cell receptor (TCR)-induced transcription
factor interferon regulatory factor 4 (IRF4) promotes cell proliferation and PD-1 expression and hampers
effector functions and expression of nuclear factor kB (NF-kB)-regulated genes. While CD8 TILs with
impaired interferon g (IFNg) production exhibit activation markers IRF4 and CD137 and exhaustion markers
thymocyte selection associated high mobility group box (TOX) and PD-1, activated T cells in patients with
COVID-19 do not demonstrate elevated levels of TOX and PD-1. These results confirm that IRF4+ TILs are
exhausted rather than solely activated. Our study indicates, however, that PD-1 expression, low IFNg pro-
duction, and active cycling in TILs are all influenced by IRF4 upregulation after T cell activation.
INTRODUCTION

In mouse models of chronic lymphocytic choriomeningitis virus

(LCMV) infection and cancer, antigen persistence causes mem-

ory precursor CD8 T cells to differentiate into exhausted CD8

T cells.1–7 These cells have a specific transcriptomic and epige-

netic program that confers them a stable identity; altered effector

functions, such as diminished cytokine production; and expres-

sion of inhibitory receptors, such as PD-1.8 In patients with

cancer, high PD-1 expression identifies the tumor-infiltrating

lymphocytes (TILs) with the weakest ability to produce cyto-

kines.9–11 Furthermore, the transcription factor TOX, which is

critical for exhausted T cell development, is coexpressed in

CD8 T cells with high PD-1 expression in patients with cancer

and those chronically infected with the hepatitis C virus.12–14

However, TOX is also expressed in functionally competent

effector memory CD8 T cells from the blood of healthy donors,

thus suggesting that the sole detection of TOX is not a proof of

exhaustion.15 Moreover, single-cell RNA sequencing (RNA-

seq) analysis of human TILs revealed that cells expressing genes

encoding exhaustion markers, like PD-1 or TIM-3, are clonally

expanded and cycling and express genes encoding activation

markers like CD137.11,16–21 These observations raise the ques-

tion of whether TILs are exhausted or simply activated and illus-
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trate the difficulty of distinguishing activated from exhausted

T cells. This is because important overlap exists between T cell

activation and exhaustion, as the latter originates in T cell recep-

tor (TCR) signaling.13,14,22 Thus, assessment of T cell functions is

classically performed to discriminate activated from exhausted

CD8 T cells.

In both the mouse model of LCMV chronic infection and

patients with cancer, PD-1+ CD8 T cells expressing several

inhibitory receptors are more dysfunctional than simple PD-1+-

expressing cells.10,23–25 As expression of multiple inhibitory re-

ceptors is tightly associated with T cell activation,11,16–21 this

again raises the question of whether the observed defect is not

simply due to recent T cell activation. Interestingly, when ex-

hausted CD8 T cells are left to rest several weeks, they partially

recover their effector functions and have lower inhibitory recep-

tor expression, and their transcriptomic profile diverges from the

exhaustion signature.26 Thus, exhaustion-like features reported

in human TILs could partly be the reflection of their activation

rather than the consequence of bona fide T cell exhaustion.

The transcription factor IRF4 is well known to be quickly upre-

gulated after TCR activation, and the magnitude of IRF4 expres-

sion is proportional to the strength of TCR activation.27,28 How-

ever, contradictory reports have been published as to the role

of IRF4 in mouse T cells. During acute viral infection, IRF4 is
uly 23, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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required for CD8 T cell function, as its expression sustains naive

T cell differentiation into effector cells, as well as their expansion

and glycolysis.27,28 Similarly, in amodel of transplant rejection by

CD4 T cells, IRF4 is required for allograft rejection by sustaining

T cell function and restraining PD-1 expression.29 Conversely,

during chronic viral infection, IRF4 impairs exhausted CD8

T cell function and glycolysis and is required for PD-1 expres-

sion.30 In addition to these contradictory reports, no data have

been published as to the role of IRF4 in human CD8 T cells,

both in normal and pathological conditions.

In this work, we subjected CD8 T cells from non-cancerous

donors to IRF4 overexpression or knockout (KO) and assessed

the impact of these modifications on T cell functions and

transcriptome. We then correlated our findings with analysis of

human TILs from ovarian carcinoma samples for IRF4 and

exhaustion markers expression. We finally determined whether

expression of these exhaustion markers is not solely due to TIL

activation by comparing them to activated T cells in the blood

of patients with COVID-19.

RESULTS

IRF4 impairs cytokine production in human CD8 T cells
To identify any regulatory function of IRF4 in activated CD8

T cells, we first aimed to force IRF4 expression once the activa-

tion peak of CD8 T-cells was passed and to assess T cell

function upon reactivation. We first tracked the expression dy-

namics of proteins commonly expressed by activated and ex-

hausted T cells, such as PD-1, LAG-3, IRF4, and basic leucine

zipper ATF-like transcription factor (BATF), which showed

synchronized expression with the activation marker CD137

(Figures S1A and S1B). These proteins returned to basal levels

around days 10–12, indicating that the T cell activation peak

was passed. We transduced and amplified CD8 T cells with len-

tiviruses bearing a doxycycline-responsive promoter so as to

control the timing of induction of IRF4 or its control gene encod-

ing the red fluorescent protein (RFP) and triggered gene overex-

pression at day 10 post stimulation for 48 h with doxycycline

(Figures S1C–S1E). Gene overexpression occurred only in

around 45% of GFP-infected cells, so we specifically gated on

RFPdox or IRF4dox cells for analysis requiring cell fixation and per-

meabilization, with the latter degrading GFP (Figures S1D–S1F).
Figure 1. IRF4 impairs cytokine production in CD8 T cells isolated from

(A) Experiment overview. 1b:3T, 1 bead for 3 T cells.

(B) Representative examples of cytokine production.

(C) Percentage of cells producing the indicated cytokine. The fold change of IRF4

and 95% confidence interval (orange area) (8 donors, 3 independent experiment

(D) mRNA levels assessed by RT-qPCR after FACS sorting of RFP or GFPhi (IRF

indicate mean + 95% confidence interval (7 donors, 2 independent experiments

(E) Cytokine production in samples used for RT-qPCR.

(F) Experiment overview. 1b:3T, 1 bead for 3 T cells.

(G) Representative examples of cytokine production.

(H) Percentage of cells producing the indicated cytokine. The fold change of IRF4

and 95% confidence interval (orange area) (11 donors, 3 independent experimen

(I) mRNA levels assessed by RT-qPCR after FACS sorting of control (ctrl) or KO CD

indicate mean + 95% confidence interval (7 donors, 2 independent experiments

(J) Cytokine production in samples used for RT-qPCR.

*p < 0.05, **p < 0.01, ***p < 0.001 (Wilcoxon matched pairs). See also Figure S1.
For sorting of live cells by fluorescence-activated cell sorting

(FACS), we used high GFP expression as a proxy to enrich for

IRF4-overexpressing cells since gene overexpression triggered

by doxycycline occurs in GFPhi cells (Figure S1G).

CD8 T cells cultured for 48 hwith doxycycline were reactivated

with anti-CD3 (Figure 1A). Compared with their RFPdox counter-

parts, fewer IRF4dox cells produced cytokines (Figures 1B and

1C). Furthermore, FACS-sorted IRF4-infected GFPhi cells (Fig-

ure S1G) had downregulation of cytokine-encoding mRNA,

which resulted in diminished cytokine production (Figures 1D

and 1E). Thus, ectopic expression of IRF4 in CD8 T cells impairs

cytokine production, suggesting that TCR-induced expression

of IRF4 might also impair cytokine production.

We performed CRISPR-Cas9 before T cell stimulation to pre-

vent IRF4 upregulation and expanded the cells for 5 days, when

activation markers were highly expressed (Figures 1F and S1B).

IRF4KOCD8 T cells exhibited increased cytokine production (Fig-

ures 1G, 1H, S1H, and S1I). We then used an optimized CRISPR-

Cas9 protocol to reach 90% KO (Figures S1J–S1L), allowing us

to FACS-sort live T cells for RNA extraction and RT-qPCR. Upon

anti-CD3 reactivation, IRF4KO cells had increased cytokine pro-

duction and upregulated the corresponding mRNA (Figures 1I

and 1J). Thus, IRF4 acts as a regulator of cytokine production

in recently activated T cells.

To confirm these findings in the tumoral context, we transduced

two human tumoral cell lines with a lentiviral construct encoding a

single-chain variable fraction (scFv) of the OKT3 anti-CD3 anti-

body (Figures 2A and 2B).31 Coculture of human CD8 T cells

with the tumor cell lines showed that IRF4KO T cells produced

more cytokines and have improveddegranulation ability, suggest-

ing that IRF4 may also impair T cell cytotoxicity (Figures 2C–2F).

Of note, no allogeneic reaction toward tumor cells was observed

within the 5-h incubation time, thus testifying that the observed

differences only came from CD3 cross-linking by the anti-CD3

scFv displayed on the tumor cell surface. Altogether, our data

demonstrate that the presence of IRF4 restricts the effector func-

tions of recently activated CD8 T cells.

IRF4 promotes human CD8 T cell proliferation and
expansion
During culture of IRF4KO CD8 T-cells, these cells seemed to pro-

liferate slower than their control counterparts. Fluorescent cell
non-cancerous donors

dox cells producing cytokines is shown with the error bars depicting mean value

s).

4) cells. The fold change was calculated with each reference gene. Error bars

).

KO cells producing cytokines is shown with the error bars depicting mean value

ts).

8 T cells. The fold change was calculated with each reference gene. Error bars

).
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Figure 2. IRF4 impairs cytokine production and degranulation in human CD8 T cells activated by tumor cells

(A) Lentiviral construct to express anti-CD3 scFv on the tumor cell surface.

(B) The human tumoral cell lines LB33-MEL.A.1 and MZ2-MEL.43 transduced with the OKT3 scFv construct (purple) or control vector (green) were cloned.

Surface expression of OKT3 scFv was measured with an allophycocyanine (APC)-coupled goat anti-immunoglobulin G antibody.

(legend continued on next page)
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tracker dilution confirmed this observation, as 4 days after acti-

vation with anti-CD3/CD28 beads, the expansion and number of

divisions of IRF4KO cells were 2.4 times lower (Figures 3A–3C).

The proliferation pace of the IRF4KO cells that divided was

close to their normal counterparts, suggesting that once a

cell committed to proliferation, the absence of IRF4 had mild

effects. Rather, IRF4 seemed to be involved in initiating cell

proliferation, as the fraction of cells that initially divided was 2

times lower in IRF4KO cells (Figure 3C). Similar results were ob-

tained when cells were activated with anti-CD3 alone or in

combination with anti-CD28 (Figures S2A–S2I). Lower prolifera-

tion metrics calculated with cell tracker dilution ultimately re-

sulted in lower IRF4KO cell yield (Figure S2J). Altogether, the

promotion of cell proliferation and expansion by IRF4 is associ-

ated with molecular events downstream of TCR signaling rather

than CD28 signaling.

We also investigated whether IRF4 overexpression enhances

proliferation of CD8 T cells. We thawed and re-activated lentivir-

ally transduced CD8 T cells. Despite its abundance in IRF4dox

cells, IRF4 did not increase their proliferation (Figures S2K–

S2M). These data suggest that the levels of endogenously syn-

thetized IRF4 upon TCR activation were not limiting for T cell

proliferation.

IRF4 is required for sustained PD-1 and TOX expression
IRF4 plays a dual role in activated CD8 T cells by inhibiting

their effector functions while promoting their proliferation.

Regulation of the function of proliferating T cells is reminiscent

of the action of PD-1, for whom the effect of IRF4 on PD-1

expression is unclear in mice.29,30 Since IRF4 facilitates the

TCR-induced proliferation of CD8 T cells, any modification

of PD-1 expression that might be observed could be attrib-

uted to an activation defect of CD8 T cells rather than a direct

role of IRF4 in regulation of PD-1 expression. We thus tracked

the expression of activation markers along the stage of cell di-

vision by labeling cells with a fluorescent cell tracker and

monitoring Ki67 to distinguish between quiescent and cycling

cells.

In response to anti-CD3/CD28 bead activation, both control

and IRF4KO cells that had not entered the cell cycle (Ki67� G0

cells) upregulated the activation markers CD137 and CD69 and

the transcription factor BATF (Figures 3D and 3E). Upon entry

into the cell cycle, BATF and CD137 were further upregulated

in both conditions (Figures 3D and 3E). Interestingly, undivided

IRF4KO cells showed stronger CD69 upregulation, and the return

to baseline expression was delayed in dividing IRF4KO cells (Fig-

ure 3E). A similar trend was observed with CD137. Thus, IRF4KO

cells showed signs of activation, whether they are proliferating

or not. However, while PD-1 upregulation was observed in

undivided IRF4KO cells, their ability to further increase PD-1

expression after cell division was impaired (Figures 3D and 3E).
(C) Experiment overview.

(D) Representative examples of cytokine production and degranulation (CD107).

(E) Percentage of cells producing the indicated cytokine or performing degranu

experiments). *p < 0.05 (Wilcoxon matched pairs).

(F) The fold change of the IRF4KO cells producing cytokines or performing degran

(orange area). Graphs were made based on data from (E), pooling data obtained
Furthermore, fewer IRF4KO cells upregulated TOX after activa-

tion (Figures 3F–3H).

Using our optimized CRISPR-Cas9 protocol, we sorted alive

CD8 T cells 45 h after activation (Figures S3A and S3B). We

found lower PD-1 protein and mRNA in IRF4KO cells (Figures

S3C and S3D). Altogether, our findings demonstrate that IRF4

is required for PD-1 and TOX expression in activated and prolif-

erating human CD8 T cells.

Abundance of IRF4 exacerbates PD-1 expression and
requires nuclear factor of activated T-cells (NFAT)
activity
We observed that CD8 T cell activation with coated anti-CD3

supplemented or not with anti-CD28 triggered less PD-1 expres-

sion than anti-CD3/CD28 bead activation. Consequently, the dif-

ference in PD-1 expression between normal and IRF4KO cells

was less prominent compared with anti-CD3/CD28 bead-acti-

vated T cells (Figures S3E–S3I). At the same time, IRF4 expres-

sionwas lower in response to coated anti-CD3 as comparedwith

bead activation (Figures S3J and S3K). We thus wondered

whether amounts of IRF4 synthetized upon TCR activation

modulate PD-1 abundance.

We thawed and re-activated lentivirus-transduced CD8

T cells, which had baseline levels of PD-1 expressed before re-

activation (Figures 4A and 4B). After 72-h reactivation, IRF4dox

T cells exhibited significantly higher PD-1 levels, while TOX,

which also increases PD-1 when overexpressed, remained un-

changed (Figures 4C–4E). Thus, the IRF4-mediated increase of

PD-1 was not due to TOX upregulation. We then analyzed the

role of NFAT, a well-described transcriptional partner of IRF4,

in the regulation of PD-1 by IRF4. T cells activated in the pres-

ence of the NFAT inhibitor FK506 had lower PD-1 expression

(Figures 4G and 4H). However, IRF4 upregulation was also

impaired by FK506. By contrast, addition of the nuclear factor

kB (NF-kB) inhibitor IKK16 had much less impact on PD-1 and

IRF4 upregulation (Figures 4G and 4H), despite showing inhibi-

tion of NF-kB signaling, as indicated by CD69 downregulation.

Consequently, impaired PD-1 expression could also result

from blunted IRF4 upregulation rather than solely NFAT inhibi-

tion. We thus used IRF4-overexpressing T cells that maintain

high IRF4 levels in the presence of an NFAT inhibitor (Figures

4I and 4J). Upon activation in presence of FK506, these cells

lost PD-1 expression, while IKK16 had less and variable effect

(Figures 4I–4K). Thus, our data indicate that IRF4 requires

NFAT activity for PD-1 expression.

While therewas a strong correlation between heightened PD-1

on the surface of IRF4dox cells and increased PDCD1 express-

ion, IRF4dox cells with more PD-1 protein did not necessarily

have higher PDCD1 mRNA (Figures S3L–S3N). Furthermore,

we observed that, for two samples, there was lower PDCD1

mRNA and PD-1 protein at 45 h after activation (Figures S3N
lation upon activation by OKT3-expressing targets (7 donors, 2 independent

ulation with the error bars depicting mean value and 95% confidence interval

with the 2 targets.
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and S3O). However, at 72 h of activation, IRF4dox cells in these

two samples displayed higher PD-1 levels than control RFPdox

cells (Figure S3P). Thus, heightened levels of PD-1 proteins

mediated by IRF4 are not solely the consequence of increased

PDCD1 gene transcription.

IRF4 regulates cell cycle gene expression and impairs
NF-kB-regulated gene expression
To explore the molecular pathways involved in IRF4-dependent

regulation of T cells proliferation and function, we used amethod

for analysing RNA following intracellular sorting to analyze the

transcriptome of fixed and permeabilized CD8 T cells.32 Day-5

IRF4KO and day-12 IRF4 overexpressing (IRF4dox) CD8 T cells

were reactivated or not, FACS sorted, and subjected to RNA-

seq (Figures S4A–S4D).

Transcriptional changes were observed in IRF4KO cells, reg-

ardless of T cell reactivation (Figures 5A, 5B, S4E, and S4F).

This was partially reflected by altered proliferation of cultured

IRF4KO cells before sorting, as evidenced by negative enrich-

ment score of cell cycle genes analyzed by gene set enrichment

analysis (GSEA). Conversely, IRF4 overexpression was sufficient

to increase expression of these genes without reactivation of

IRF4dox T cells (Figure 5C; Tables S1 and S2). This cell cycle

gene set is regulated by E2F transcription factors, whose activity

peaks at G1/S phase transition and is regulated by cyclin-CDK

(cyclin-dependent kinase) complexes.33 In line with this observa-

tion , IRF4 upregulated CDK2, which promotes G1/S phase tran-

sition by associating with cyclin E (Figure 5D). Furthermore, IRF4

downregulated CDKN1A, which inhibits CDK2-cyclin E activity,

and IRF4KO cells also had increased CDKN2A, which inhibits

CDK4/6-cyclin D activity (Figure 5E). The methyltransferase

EZH2, a repressor of CDKN2A,34 was also upregulated by

IRF4 (Figure 5F). These findings indicate that IRF4 balances

gene expression in favor of cell cycle progression, consistent

with its role in CD8 T cell proliferation.

Upon reactivation, IRF4KO T cells exhibited enriched expres-

sion of NF-kB-regulated genes, while the opposite was observed

in IRF4dox T cells (Figure 5G; Tables S1 and S2). Similar data

were observed in non-reactivated T cells, but with a lower

enrichment score (Table S2). We confirmed this GSEA with

another set of NF-kB target genes (Figure 5H; Tables S1 and

S2). The enrichment score obtained with the two NF-kB signa-

tures tested was not solely due to genes that are common to

both signatures (Figure S4G). These findings indicate that IRF4

inhibits expression of NF-kB-regulated genes, consistent with

our results demonstrating that IRF4 impairs cytokine production
Figure 3. IRF4 promotes human CD8 T cell proliferation and PD-1 exp

(A) Experiment overview. 1b:3T, 1 bead for 3 T cells.

(B) Examples of cell tracker dilution.

(C) Different proliferation metrics were calculated for each donor. The fold change

(red area). ***p < 0.001 (Wilcoxon matched pairs). 21 donors, 6 independent exp

(D) Example of activation markers and PD-1 abundance during CD8 T cell prolife

(E and F) Averagedmedian fluorescence intensity (MFI) of indicated proteins, with

the fold change is shown with the error bars depicting the mean and 95% confide

way ANOVA followed by Bonferroni test). 11–17 donors, 3–5 independent exper

(G) A dotted line shows the gate for cells that upregulated TOX after activation. F

(H) Frequency of TOXup cells in ctrl or IRF4KO cells. ***p < 0.001 (Wilcoxon match
(Figure 1). Interestingly, IRF4 led to decreased expression of the

NF-kB transcription factor c-Rel (Figure 5I). Furthermore, in non-

reactivated cells, IRF4 upregulated Trib1 (Figure 5J), which has

been shown to impair the formation of the CARMA1-Bcl10-

MALT1 complex essential for NF-kB signal propagation.35

Thus, IRF4 might impair NF-kB signaling upon TCR activation.

We assessed whether IRF4 overexpression impairs the ca-

nonical NF-kB signaling pathway by analyzing the nuclear

translocation of the NF-kB subunit RelA (Figures S5A and

S5B). We monitored the translocation after 30-min to 3-h

TCR activation. As a control of impaired RelA translocation,

we used the NF-kB signaling inhibitor IKK16, which indeed

decreased RelA translocation and cytokine production in con-

trol RFPdox CD8 T cells (Figures S5C–S5F). When IRF4dox cells

were compared to RFPdox cells, no difference in RelA translo-

cation was detected despite diminished cytokine production

in IRF4dox cells, as shown previously (Figures S5E–S5G). Our

observations thus indicate that decreased expression of NF-

kB-regulated genes by IRF4 does not come from altered NF-

kB signaling to RelA.

IRF4 is expressed in human CD8 TILs with exhaustion
and activation markers
Our transcriptomic analysis also revealed that IRF4 did not pro-

mote enrichment of a core exhaustion-specific gene signature

validated in individuals with lung cancer and HIV36 (Figures 5K

and 5L; Tables S1 and S2). An exception stood out in IRF4dox

cells, where genes downregulated in exhausted T cells were

also found to be downregulated in IRF4dox cells (Figure 5L;

Tables S1 and S2). Furthermore, IRF4 promoted the enrichment

of a cluster of genes associated with the cell cycle, cell division,

and cell proliferation, which are upregulated in non-small cell

lung cancer (NSCLC) PD-1hi TILs11 (Figure 5M; Tables S1 and

S2). Thus, we thoroughly analyzed by FACS the presence of

IRF4 in TILs from ovarian carcinoma samples using activation,

cycling, and exhaustion markers (Figures S6A and S6B).

We found distinct T cell subsets based on PD-1 or TOX exp-

ression levels, proteins used to identify exhausted T cells (Fig-

ures 6A and 6B). As reported, PD-1hi and TOXhi cells were the

same cells (Figures 6C, S6C, and S6D).13,14 We also detected

TOX and PD-1 in the blood of non-cancerous donors,15 but the

PD-1hi TOXhi populationwas found exclusively in tumor samples,

where it accounted for 50% of CD8 TILs (Figures S6C and S6D).

These findings highlight that TOX expression levels reported in

blood CD8 T cells from healthy donors differs from levels de-

tected in TILs.15 Thus, by using this PD-1 stratification strategy,
ression

is shown with the error bars depicting mean value and 95% confidence interval

eriments. See also Figure S2.

ration.

error bars representingmeanwith SEM. For each cell generation of each donor,

nce interval. Ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001 (two-

iments.

MO = fluorescence minus one.

ed pairs). 11 donors, 3 independent experiments.
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we reliably identified ‘‘exhausted’’ CD8 TILs, in which we

analyzed IRF4 expression.

Approximately 80% of IRF4+ TILs were PD-1hi cells, suggest-

ing that IRF4 is mainly present in TILs with an exhausted pheno-

type (Figure 6D). However, 40% of IRF4� cells were also PD-1hi,

and overall, 30% of PD-1hi TILs expressed IRF4 (Figures 6D and

6E). Since IRF4 is transiently detectable after TCR activation, this

suggests that PD-1hi IRF4+ TILs were recently activated. Indeed,

the proportion of CD137+ cells in PD-1hi TILs paralleled the pro-

portion of IRF4+ cells in PD-1hi TILs (Figures 6F–6H). These data

show that a fraction of TILs expressing exhaustion markers are

also activated. Conversely, an averaged 50% of PD-1hi TILs

did not express Ki67, suggesting that these cells were quiescent.

Accordingly, very few Ki67� PD-1hi cells expressed IRF4, in

contrast to their Ki67+ counterparts (Figures 6I and 6J). However,

not all Ki67+ cells expressed IRF4 (Figure 6I). Overall, PD-1hi CD8

TILs are a heterogeneous population of quiescent and activated

cells, and IRF4 expression reflects one of these activation states.

High PD-1 and TOX are not solely due to activation and
identify dysfunctional TILs
We then assessed PD-1 subsets in CD8 TILs for their ability to

produce interferon g (IFNg). Upon anti-CD3 activation, fewer

PD-1hi TILs produced IFNg (Figures S6E–S6G). IFNg production

in PD-1hi TILs could be forced with phorbol 12-myristate

13-acetate and ionomycin, but per cell, IFNg remained lower

than in the PD-1neg and PD-1int IFNg producers (Figures S6H–

S6J). Thus, high PD-1 and TOX expression identified less func-

tional TILs, which could reflect exhaustion and/or activation.

To determine whether high PD-1 and TOX expression was

solely due to TIL activation state, we compared them to CD8

T cells responding to severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2) infection in the blood of patients with

COVID-19 (Figure 6K). High CD38 expression identified virus-

activated CD8 T cells with frequent IRF4 and Ki67 expression

(Figures 6L–6P). However, PD-1hi cells rarely exceeded 10% of

CD38hi cells despite their activation status (Figure 6Q). Besides,

among the 8 samples for which enough PD-1hi CD38hi cells were

detectable, only 3 had PD-1hi CD38hi expressing TOX levels

within the lower range observed in TILs (Figures 6R–6T). Since

SARS-CoV-2 activated CD8 T cells were rarely TOXhi PD-1hi,

the high expression of PD-1 and TOX in TILs could not solely
Figure 4. Abundance of IRF4 exacerbates PD-1 expression and requir

(A) Experiment overview.

(B) Abundance of IRF4 and PD-1 after CD8 T cell thawing, before reactivation. G

PD-1).

(C and D) Representative examples of PD-1 (C) and TOX (D) abundance 3 days

(E and F) MFI for each donor. The no-stim control data shownwere the same in RF

the error bars depicting the mean value and 95% confidence interval (orange ar

pairs). See also Figure S3.

(G) Representative flow cytometry plots of activation markers for cells treated w

(H) MFI fold change of the indicated proteins.

(I) Experiment overview and representative flow cytometry plots of RFPdox (red) o

indicated TCR signaling inhibitor.

(J) Gating strategy on IRF4dox cells to quantify PD-1 MFI.

(K) The fold change of PD-1 MFI is plotted for each IRF4dox sample treated with in

experiments).

Error bars in (H), (J), and (K) show mean + SEM, and each dot represents one sa
be attributed to their activation. We conclude that PD-1hi TOXhi

CD8 TILs in which IFNg production is impaired and IRF4 ex-

pressed are not solely activated but also exhausted.

DISCUSSION

Our work reports, for the first time, the roles of IRF4 in human

CD8 T cells. We showed that IRF4 promotes T cell proliferation

and PD-1 expression while restraining T cell effector functions.

Transcriptional programs associated with T cell proliferation

and effector function were consistently affected by IRF4.

Another important finding of our work comes from the unprece-

dented comparison of CD8 TIL phenotype to activated T cells in

patients with COVID-19. This allowed us to conclude that PD-1hi

TOXhi TILs, in which IRF4 is partially expressed, are exhausted.

The fact that these TILs express PD-1, have low IFNg produc-

tion, and are actively cycling (Ki67+) are all attributes that are

IRF4 dependent, as reported in this study.

By triggering IRF4 expression either via our inducible lentivi-

ral system or by simple TCR activation, we showed that IRF4

restrains cytokine production and degranulation in CD8

T cells from blood of non-cancerous donors. This regulatory

role of IRF4 was not uncovered in studies done in viral acute

infection models, as in these models, IRF4 expression is not

maintained due to rapid antigen clearance. Consequently,

IRF4’s role was confined to the naive and effector T cell stage,

where IRF4 is required for CD8 T cell differentiation and func-

tions.27,28 Later work in the chronic viral infection mouse model

showed that sustained expression of IRF4 impairs CD8 T cell

function and glycolysis and promotes PD-1 expression, thus

leading us to conclude that IRF4 promotes T cell exhaustion.30

Our findings are in line with IRF4 impairing T cell function and

promoting PD-1 expression, but we show that simple T cell

activation mimics these attributes of exhaustion in an IRF4-

dependent manner. Regulatory mechanisms of T cell functions

are thus systemically at work to adapt T cell activity against an

antigen independently of T cell exhaustion and may share some

transcriptional regulation with exhaustion since downregulated

genes during T cell exhaustion were also downregulated in

IRF4-overexpressing T cells.

Our work suggests that part of the low effector functions

conventionally attributed to exhaustion could derive from simple
es NFAT activity

ray histograms represent control staining (control isotype for IRF4, or FMO for

after reactivation (stim 3d) or not (unstim).

Pdox or IRF4dox T cells. The fold change of PD-1 (E) or TOX (F) MFI is shown with

ea) (11 donors, 3 independent experiments). ***p < 0.001 (Wilcoxon matched

ith TCR signaling inhibitors.

r IRF4dox (orange) activation markers after treatment or no treatment with the

hibitors relative to untreated activated IRF4dox cells (10 donors, 2 independent

mple.
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IRF4 upregulation after T cell activation. Similarly, when ex-

hausted CD8 T cells from chronically infected mice rest into an-

tigen-free mice, they partially recover effector functions and

have decreased PD-1 expression.26 Similarly, human T cells

transduced with a chimeric antigen receptor (CAR) that triggers

tonic antigen-independent signaling have improved functionality

after transient rest.37 Interestingly, the same research group

showed that tonically activated CAR T cells also have improved

IFNg secretion if IRF4 expression is knocked out.38 Altogether,

this highlights a direct link between T cell activation, IRF4

expression, and T cell function.

Our transcriptomic analysis revealed that IRF4 impairs the

expression of NF-kB-regulated genes, which could explain

partially why IRF4 repressed cytokine production and transcrip-

tion of the corresponding genes. In a mouse model of melanoma,

CD8 TILs overexpress the protein A20, a NF-kB pathway inhibi-

tor, and have impaired IFNg and tumor necrosis factor alpha

(TNF-a) production. Deletion of A20 improved cytokine produc-

tion and tumor control. This was associated to improved nuclear

translocation of RelA and c-Rel.39 Our data did not extend these

findings to IRF4 in human CD8 T cells, as we did not observe

impaired RelA translocation by IRF4. Whether IRF4 inhibits trans-

location of c-Rel was not investigated, since c-Rel is not rapidly

mobilized by TCR signals due to its association with IkBb40.

Furthermore, non-naı̈ve c-Rel�/� T cells have intact cytokine pro-

duction upon 4-h activation.40 Therefore, it is likely that IRF4 af-

fects the expression of NF-kB-regulated genes by transcriptional

regulatory mechanisms rather than through faulty NF-kB

signaling. Specifically, the NF-kB1-RelA complex binds to the

kB cis motif on the IFNg gene to enhance its expression.41,42

Whether IRF4 hinders this binding warrants further investigation.

NFAT proteins interact with structurally unrelated Jun-Fos

(AP-1) transcription factors to form cooperative NFAT-AP-1

complexes that are critical for the induction of cytokine genes

and other activation-associated genes. Several pieces of evi-

dence point toward altered NFAT-AP-1 activity by IRF4. We

observed that REL (c-Rel) and CSF2 (GM-CSF [granulocyte-

macrophage colony-stimulating factor]) expression was

impaired by IRF4 upon TCR activation. Upregulation of c-Rel is

RelA independent and instead requires NFAT-AP-1 activity.43,44

GM-CSF expression also requires NFAT-AP-1 activity.45,46 In

chronically activated CAR T cells, IRF4 abundance leads to

the formation of c-Jun-IRF4 complexes rather than activating

c-Jun-c-Fos (AP-1) complexes on DNA. Besides, c-Jun-c-Fos

binding sites are instead occupied by JunB-BATF-IRF4 com-

plexes.38 Upon c-Jun overexpression, these complexes are dis-

placed from their AP-1-IRF element (AICE), which leads to
Figure 5. IRF4 regulates cell cycle gene expression and impairs NF-kB

(A and B) Principal-component analysis (PCA) plots of 16,493 genes expressed in

cells (B) that were reactivated or not for 5 h. Each dot on the PCA represents a s

(C) GSEA on gene set Hallmark_E2F_Target.

(D–F) Selected gene expression values for each donor in the indicated condition

(G and H) GSEA on gene set Hallmark_TNFA_signaling_by_NF-kB (G) and gene

(I and J) Selected gene expression values for each donor in the indicated condit

(K and L) GSEA on differentially expressed genes in exhausted T cells as describ

(M) GSEA on a cluster of genes upregulated in PD-1high TILs fromNSCLC as descr

GSEA settings.
enhancement of CAR T cell function such as IFNg secretion,

and this effect can be reproduced by IRF4 KO.38 Such a mech-

anism could also account for the repression of cytokine produc-

tion by IRF4 reported in our work.

The role of IRF4 for human CD8 T cell proliferation was prob-

ably our most expected finding, since, during both an acute and

a chronic viral infection, IRF4 is required for CD8 T cell expan-

sion.27,28,30 It is worth noting that, in these studies, IRF4 is

already deficient in naive T cells and thus appears to be required

for T cell expansion during effector differentiation. Our experi-

ments used amixture of naive and non-naive CD8 T cells isolated

from human blood. We observed a proliferation defect in IRF4KO

T cells after anti-CD3 activation, irrespectively of CD28 co-stim-

ulation. Since anti-CD3 activation without co-stimulation fails to

induce proliferation of naive T cells,47 our results indicate that

IRF4, which was known to support murine T cell proliferation

from the naive to the effector stage, also support memory

T cells proliferation in humans. Similarly, a mousemodel in which

partial KO of IRF4 is induced once memory T cells are formed

showed that Irf4+/� memory T cells have reduced proliferation

upon reactivation.48

Our transcriptomic analysis suggests that IRF4 promotes

T cell proliferation by favoring progression in the cell cycle. Pre-

cisely, IRF4 could control the G1/S phase transition, as the cell

cycle gene set upregulated by IRF4 is involved in this process.

Previous data in mice support this notion, as Irf4�/� CD8

T-cells responding to acute viral infection have lower incorpora-

tion of the thymidine analog bromodeoxyuridine and upregu-

lated expression of the Cdkn1a and Cdkn2a inhibitors of G1/S

phase transition.28 Similarly, we showed that IRF4 upregulates

CDK2, which promotes G1/S phase transition by associating

with cyclin E, and that IRF4 downregulates CDKN1A and

CDKN2A inhibitors of cell cycle progression. IRF4 also upregu-

lated EZH2, a transcription factor that promotes CD8 T cell

expansion and inhibits CDKN2A.34,49 Interestingly, EZH2 is a

target of BATF-IRF4 and is upregulated in BATF-overexpressing

CAR T cells. Overexpression of a mutant form of BATF that

cannot interact with IRF4 leads to defective CAR T cell expan-

sion.50 Thus, regulation of cell cycle genes in favor of T cell pro-

liferation by IRF4 was probably the result of collaboration with its

transcriptional partner BATF. This could also apply to human

TILs in vivo, since we found that IRF4 promotes the expression

of cell cycle and proliferation genes that are overexpressed in

NSCLC PD-1hi TILs.11

While lentiviral induction of IRF4 drove expression of cell cycle

genes, it did not result in improved T cell proliferation upon 3-day

reactivation of these IRF4-overexpressing cells. In mice, CD8
-regulated gene expression

control and IRF4KO cells (A) or 18,261 genes expressed in RFPdox and IRF4dox

ample from the indicated donor.

.

set NF-kB_target_genes signature from the Gilmore lab (H).

ion. *adjusted p < 0.05; ns, adjusted p > 0.05 (DESeq2 paired test).

ed previously.36

ibed previously.11 See also Figure S4, Tables S1 and S2, and STARMethods for
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T cells receiving a weak TCR stimulus causing low IRF4 expres-

sion benefit from IRF4 retroviral transduction for proliferation.

But when a higher amount of IRF4 is synthetized after stronger

TCR stimuli, supplemental amounts of IRF4 supplied by retro-

viral transduction barely improve T cell proliferation.28 Conse-

quently, it is possible that we did not observe any positive effect

on cell proliferation by overexpressing IRF4 because endoge-

nous amounts of IRF4 synthetized after TCR reactivation were

enough for efficient cell proliferation.

However, we did observe that overexpression of IRF4 was

able to increase PD-1 expression and that there was a dose-

dependent effect of IRF4 on resulting levels of PD-1. The fact

that TCR-induced amounts of IRF4 can be on one side sufficient

for efficient T cell proliferation, but, on the other side, limiting for

PD-1 expression suggests uncoupled regulation of T cell prolif-

eration and PD-1 expression by IRF4. Indeed, complete lack of

PD-1 was observed on the surface of IRF4KO T cells, even the

proliferating ones. Insights into transcriptional control of gene

expression by IRF4 may explain these observations. In associa-

tion with its main transcriptional partner BATF, IRF4 binds to

AICEs on its target genes.51,52 In mouse CD4 T cells, it has

been shown that, depending on nucleotide context of type 2

AICEs, their affinity for IRF4-BATF changes.53 High-affinity

AICEs are contained in genes whose expression is induced by

IRF4 and BATF even when IRF4 levels are low. Low-affinity

AICEs are contained in genes whose expression is induced

only when sufficient amounts of IRF4 are synthetized.53 Conse-

quently, it is likely that the genes regulated by IRF4 for cell pro-

liferation are genes with high-affinity AICE motifs. Expression

of these genes changes proportionally to the amount of IRF4

due to the high sensitivity of high-affinity AICEs. This would

explain the close relationship between the amount of IRF4 syn-

thesized and the resulting level of proliferation and why, when

a given endogenous level of IRF4 is reached, overexpressing

IRF4 does not improve proliferation anymore, as our data and

others have shown. Conversely, the PDCD1 gene could contain

a low-affinity AICE motif that accommodates IRF4 recruitment

only in the presence of high amounts of IRF4, hence the fact
Figure 6. IRF4 is expressed in human CD8 TILs displaying exhaustion

(A and B) Gating strategy to stratify CD8 T cells in 3 subsets based on FMO con

(C) Example showing that TOXhi CD8 TILs (green) fall into the PD-1hi gate (top) a

(D–F) Gating strategy to identify IRF4+ cells (D) or CD137+ (F) cells in CD8 TILs (lef

(right).

(E–G) Proportion of IRF4+ (E) or CD137+ (G) CD8 T cells in the indicated PD-1 su

(H) Correlation between CD137 and IRF4 abundance in PD-1hi CD8 TILs.

(I) Gating strategy to identify Ki67+ cells in CD8 T cells (left) and proportion of IR

(J) Proportion of Ki67+ CD8 T cells in the indicated PD-1 subset from blood and tu

(Spearman test) for (H).

(K) Experiment overview to compare phenotype of CD8 T cells from blood of pa

(L) Gating strategy to stratify CD8 T cells based on CD38 detection.

(M) Proportion of the indicated CD38 subset in CD8 T cells from blood (ICU, inte

(N) Proportion of Ki67+ (left) or IRF4+ cells (right) within the indicated CD38 subs

(O and P) Proportion of Ki67+ (O) or IRF4+ cells (P) in the indicated subset of CD

(Q) Example of PD-1 stratification in CD8 TILs or in CD38hi CD8 T cells from CO

(R) Proportion of PD-1hi cells within the indicated CD38 subset in blood of patien

(S) Example of patients with COVID-19 in which the CD38hi PD-1hi cells had sim

(T) TOX MFI in the indicated CD8 T cell subsets.

Data are from 3 (A–K) or 2 (L–S) independent experiments. Each dot represents o

Dunn test).
that lentiviral transduction of IRF4 amplified PD-1 expression.

This hypothesis may, however, not hold true in every situation,

since we also found samples with increased PD-1 levels without

increased PDCD1 mRNA levels. Interestingly, TOX has been

shown to increase surface PD-1 levels in human CD8 T cells

by facilitating endocytic recycling of PD-1, while PD-1 gene

expression was unchanged.54 However, we showed that IRF4

overexpression did not change TOX levels. How IRF4 over-

expression increases PD-1 protein levels warrants further

investigation.

While IRF4 and BATF could collaborate on AICE to exacerbate

PD-1 expression, our data also showed that IRF4 collaborates

with NFAT for PD-1 gene transcription. NFAT is known to co-

regulate gene transcription with IRF4 in human CD4 T cells.55,56

Furthermore, chromatin immunoprecipitation sequencing (ChIP-

seq) data in mouse CD8 T cells showed that BATF, IRF4, and

NFAT bind together to Pdcd1 during viral infection.30 Murine

NFAT is known to drive Pdcd1 expression,57,58 and correspond-

ingly, our data demonstrate that IRF4 requires NFAT activity for

PD-1 expression. In turn, our data show that NFAT requires

IRF4 activity for the amplification of PD-1 expression. Indeed,

while PD-1 could be detected before cell division, further upre-

gulation of PD-1 was proportional to IRF4 expression as T cells

proliferated. Our data also showed that NF-kB had less impor-

tance for PD-1 expression than NFAT or IRF4, which is compat-

ible with our observation that IRF4 represses NF-kB-regulated

genes while promoting PD-1 expression.

In silico analysis of public ChIP-seq data reported binding of

IRF4 and NFAT-1 to the Tox locus in mouse T cells.22 In mice,

NFAT is required for TOX expression by CD8 T cells.13,22 Simi-

larly to PD-1, we showed that sustained TOX expression

required IRF4, which aligns with IRF4 binding to the Tox locus

in mice. Thus, NFAT also requires IRF4 to mediate TOX upregu-

lation. Whether high, sustained TOX levels leading to T cell

exhaustion require IRF4 as well warrants further investigation.

The transcription factor IRF4 displays several properties that

allow its exquisite control of T cell response. Indeed, there is a

direct connection between TCR activation strength and the
and activation markers

trol and protein signal measured in non-cancerous and cancerous situations.

nd that the PD-1hi CD8 TILs (pink) fall into the TOXhi gate (bottom).

t) and proportion of PD-1hi (D) or CD137+ (F) cells in IRF4+ or IRF4� cell subsets

bset from blood and tumor.

F4+ cells in PD-1hi Ki67� or PD-1hi Ki67+ CD8 TILs (right).

mor. **p < 0.01 (Wilcoxon matched pairs) for (C), (F), and (I) and ****p < 0.0001

tients with COVID-19 to CD8 TILs from patients with ovarian cancer.

nsive care unit).

et in blood CD8 T cells compared with PD-1hi TILs.

8 T cells from patients with COVID-19.

VID-19 samples.

ts with COVID-19 compared with CD8 TILs.

ilar TOX levels as PD-1hi TILs.

ne sample. *p < 0.05, **p < 0.01, ***p < 0.001 (Kruskal-Wallis test followed by
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abundance of IRF4, and the cis elements recognized by IRF4

exist with different affinities that respond to different doses of

IRF4.27,53 This places IRF4 at the core of a circuit in which the

input signal is integrated by IRF4 so that the output signal pro-

duced by a T cell is correctly adjusted. Illustrating this notion,

95% of genes that are differentially expressed between a T cell

activated with a low-affinity peptide and a high-affinity peptide

are under the control of IRF4.27 This illustrates how important

IRF4 could be to calibrate a CD8 T cell response according to

the nature of an antigen. This is of outmost importance, since

an exacerbated immune response is detrimental to the organ-

ism. For instance, PD-1�/� or PD-L1�/� mice infected with a

high viral load of LCMV succumb to the infection within a

week, which is not observed following infection with a low viral

load.59,60 The mortality resulting from the infection is correlated

with abnormally high levels of IFNg and TNF-a in the serum of

PD-1�/� mice and the exaggerated presence of lesions in in-

fected tissues and is CD8 T cell dependent.59,61 Our work shows

that, in human CD8 T cells, IRF4 promotes the expression of

PD-1 and attenuates the function of the CD8 T cells whose pro-

liferation is favored by IRF4. By doing so, IRF4 would allow

tempering an immune response that could otherwise be detri-

mental if a massive pool of clonally expanded T cells had un-

leashed activity.

From a therapeutic view, it is conceivable that IRF4 expression

in human CAR T cells could be finely modulated to achieve

different goals. Inducing moderate expression of IRF4 would

limit its effect on CAR T cell function while promoting their prolif-

eration, thus maximizing their activity in the tumor. Conversely,

overexpressing IRF4 would also increase the number of CAR

T cells but mitigates the amount of inflammatory cytokines

they produce and their lytic activity. This strategy would limit ma-

jor inflammatory side effects that are often caused by CAR T cell

administration in patients with cancer.62

Limitations of the study
Our study shows that IRF4 is necessary for T cell proliferation.

However, increasing its levels did not impact proliferation. We

reached these conclusions through fluorescent cell tracker dilu-

tion experiments, allowing us to calculate various proliferation

metrics. While these metrics were lower in cells lacking IRF4, re-

sulting in reduced T cell yield, proliferation metrics remain un-

changed in cells overexpressing IRF4. However, we could not

estimate the total T cell yield due to the fact that overexpression

of IRF4 with doxycycline was variable and limited to around 40%

of cells. It remains plausible that IRF4 overexpression could pro-

mote T cell expansion despite similar proliferation rates, possibly

by reducing death, as observed in mouse T cells.27,28

We found that increased PD-1 levels in IRF4-overexpressing

T cells were not necessarily due to elevated PDCD1 mRNA

levels. Our analysis was limited to a 45-h activation time point

to corroborate our findings with our CRISPR-Cas9 system.

Analyzing multiple and earlier time points than 45 h could have

yielded different results.

We used blood CD8 T cells from non-cancerous donors that

display a transcriptional and epigenetic landscape that differs

from those found in exhausted TILs. Whether the effects pro-

duced by IRF4 in our work would apply to human TILs remains
14 Cell Reports 43, 114401, July 23, 2024
uncertain. However, it is remarkable that cell-cycle and prolifer-

ation genes upregulated by IRF4 are overexpressed in PD-1hi

TILs and that IRF4 overexpression downregulated core exhaus-

tion genes that are also found to be downregulated in mouse and

human exhausted T cells.
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57. Martinez, G.J., Pereira, R.M., Äijö, T., Kim, E.Y., Marangoni, F., Pipkin,

M.E., Togher, S., Heissmeyer, V., Zhang, Y.C., Crotty, S., et al. (2015).

The transcription factor NFAT promotes exhaustion of activated CD8⁺

T cells. Immunity 42, 265–278. https://doi.org/10.1016/j.immuni.2015.

01.006.

58. Oestreich, K.J., Yoon, H., Ahmed, R., and Boss, J.M. (2008). NFATc1 Reg-

ulates PD-1 Expression upon T Cell Activation. J. Immunol. 181, 4832–

4839. https://doi.org/10.4049/jimmunol.181.7.4832.

59. Frebel, H., Nindl, V., Schuepbach, R.A., Braunschweiler, T., Richter, K.,

Vogel, J., Wagner, C.A., Loffing-Cueni, D., Kurrer, M., Ludewig, B., and

Oxenius, A. (2012). Programmed death 1 protects from fatal circulatory

failure during systemic virus infection of mice. J. Exp. Med. 209, 2485–

2499. https://doi.org/10.1084/jem.20121015.

60. Barber, D.L., Wherry, E.J., Masopust, D., Zhu, B., Allison, J.P., Sharpe,

A.H., Freeman, G.J., and Ahmed, R. (2006). Restoring function in ex-

hausted CD8 T cells during chronic viral infection. Nature 439, 682–687.

https://doi.org/10.1038/nature04444.

61. Mueller, S.N., Vanguri, V.K., Ha, S.J., West, E.E., Keir, M.E., Glickman,

J.N., Sharpe, A.H., and Ahmed, R. (2010). PD-L1 has distinct functions

in hematopoietic and nonhematopoietic cells in regulating T cell re-

sponses during chronic infection in mice. J. Clin. Invest. 120, 2508–

2515. https://doi.org/10.1172/JCI40040.

62. Lim, W.A., and June, C.H. (2017). The Principles of Engineering Immune

Cells to Treat Cancer. Cell 168, 724–740. https://doi.org/10.1016/j.cell.

2017.01.016.

63. Lehmann, F., Marchand, M., Hainaut, P., Pouillart, P., Sastre, X., Ikeda, H.,

Boon, T., and Coulie, P.G. (1995). Differences in the antigens recognized

by cytolytic T cells on two successive metastases of a melanoma patient

are consistent with immune selection. Eur. J. Immunol. 25, 340–347.
64. Van Den Eynde, B., Hainaut, P., Hérin, M., Knuth, A., Lemoine, C., Weyn-
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Antibodies

Mouse APC/Cyanine7 anti-human CD19 BioLegend Cat# 363010; RRID:AB_2564193

Mouse APC/Cyanine7 anti-human CD20 BioLegend Cat# 302314; RRID:AB_314262

Mouse APC/Cyanine7 anti-human CD33 BioLegend Cat# 366613; RRID:AB_2566415

Mouse APC/Cyanine7 anti-human CD326 BioLegend Cat# 324245; RRID:AB_2783193

Mouse BV480 anti-human CD2 BD Biosciences Cat# 746538; RRID:AB_2743830

Mouse PerCP Cy5.5 anti-human CD8b BD Biosciences N/A (custom order, 2ST8.5H7 clone as the

CD8b BV421 and APC antibodies below)

Mouse BV421 anti-human CD8b BD Biosciences Cat# 742390; RRID:AB_2740746

Mouse APC anti-human CD8b BD Biosciences Cat# 641058; RRID:AB_1645723

Mouse BV650 anti-human CD197 (CCR7) BioLegend Cat# 353233; RRID:AB_2562041

Mouse PE anti-human CD197 (CCR7) Biolegend Cat# 353204; RRID:AB_10913813

Mouse FITC anti-human CD45RA Biolegend Cat# 304148; RRID:AB_2564157

Mouse Alexa 700 anti-human CD45RA Biolegend Cat# 304119; RRID:AB_493762

Mouse BV785 anti-human CD279 (PD-1) Biolegend Cat# 329930; RRID:AB_2563443

Mouse PE/Cyanine7 anti-human CD279 (PD-1) Biolegend Cat# 329918; RRID:AB_2159324

Mouse PE/Cyanine7 anti-human CD223 (LAG-3) Biolegend Cat# 369310; RRID:AB_2629753

Mouse BV421 anti-human CD137 (4-1BB) Biolegend Cat# 309819; RRID:AB_10895902

Mouse PE anti-human CD137 (4-1BB) Biolegend Cat# 309803; RRID:AB_314782)

Mouse BV650 anti-human CD69 Biolegend Cat# 310934; RRID:AB_2563158

Mouse BV480 anti-human CD38 BD Biosciences Cat# 566137; RRID:AB_2739535

Mouse FITC anti-human CD107a (LAMP-1) BD Biosciences Cat# 555800; RRID:AB_396134

Recombinant APC anti-human/mouse TOX Miltenyi Biotec Cat# 130-11-335; RRID:AB_2751485

Rat PE/Cyanine7 anti-human/mouse IRF4 BioLegend Cat# 646414; RRID:AB_2728480

Rat Alexa 647 anti-human/mouse IRF4 BioLegend Cat# 646408; RRID:AB_2564048

Rabbit Alexa 488 anti-human/mouse BATF Cell Signaling Technology Cat# 8638; RRID:AB_11141425

Rabbit PE anti-human/mouse BATF Cell Signaling Technology Cat# 8638; RRID:AB_11141425

Mouse Alexa 488 anti-human Ki-67 BD Biosciences Cat# 558616; RRID:AB_647087

Mouse BV421 anti-human Ki-67 BD Biosciences Cat# 562899; RRID:AB_2686897

Mouse Alexa 700 anti-human IFNg BioLegend Cat# 502520; RRID:AB_528921

Mouse BV421 anti-human TNFa BioLegend Cat# 502931; RRID:AB_10898321

Mouse Alexa 700 anti-human TNFa BioLegend Cat# 502927; RRID:AB_2561314

Rat APC anti-human GM-CSF BioLegend Cat# 502310; RRID:AB_11150231

Mouse Alexa 488 anti-human Histone H1 Santa-Cruz Biotechnology Cat# sc-8030; RRID:AB_675641

Mouse Alexa 647 anti-human Histone H1 Santa-Cruz Biotechnology Cat# sc-8030; RRID:AB_675641

Rabbit Alexa 647 anti-human NF-kB (p65) Cell Signaling Technology Cat# 8801; RRID:AB_2797670

PE/Cyanine 7 Rat IgG1, k isotype ctrl BioLegend Cat# 400416; RRID:AB_326522

Alexa Fluor 647 Rat IgG1, k isotype ctrl BioLegend Cat# 400418; RRID:AB_389341

Rabbit (DA1E) mAb IgG XP Isotytpe Control (PE Conjugate) Cell Signaling Technology Cat# 5742; RRID:AB_10694219

Rabbit (DA1E) mAb IgG XP Isotytpe Control (Alexa 488 Conjugate) Cell Signaling Technology Cat# 2975; RRID:AB_10699151

Brilliant Violet 421 Mouse IgG1, k isotype ctrl BioLegend Cat# 400158; RRID:AB_11150232

Purified NA/LE Mouse anti-human CD28 BD Biosciences Cat# 555725; RRID:AB_396068

Ultra-LEAF Purified anti-human CD3 BioLegend Cat# 317352; RRID:AB_11150592

FcR Blocking Reagent, human Miltenyi Biotec Cat# 130-059-901; RRID:AB_2892112

CD8 MicroBeads, human Miltenyi Biotec Cat# 130-045-201; RRID:AB_2889920
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Bacterial and virus strains

2ND generation lentiviral particles (RFP/IRF4 ind) Home-made N/A

2ND generation lentiviral particles (RFP/IRF4 ind) VectorBuilder Custom Order

CD5L-OKT3scFv-CD14 lentiviral

particles of 2ND generation

Home-made N/A

Biological samples

Hemochromatosis blood samples Clinique Saint-Luc N/A

COVID-19 blood samples Clinique Saint-Luc N/A

Ovarian cancer tumor and blood samples Clinique Saint-Luc N/A

Chemicals, peptides, and recombinant proteins

Fixable Viability Dye eFluor 780 eBioscience Cat# 65-0865-14

Iscove’s Modified Dulbecco’s Medium (IMDM) ThermoFisher Cat# 21980065

Dulbecco’s Modified Eagle Medium (DMEM) ThermoFisher Cat# 31885023

GlutaMAX Supplement ThermoFisher Cat# 350500038

Fetal Bovine Serum (FBS) Sigma-Aldrich Cat# F7524

2-Mercaptoethanol Sigma-Aldrich Cat# M3148

Penicillin-Streptomycin Sigma-Aldrich Cat# P4333

Dynabeads Human T-Activator CD3/CD28 ThermoFisher Cat# 11132D

LymphoPrepTM Serumwerk Cat# 1858-1

EDTA ThermoFisher Cat# 15575-038

Liberase DL Research Grade Sigma-Aldrich Cat# 5466202001

Liberase TL Research Grade Sigma-Aldrich Cat# 5401020001

Deoxyribonuclease I (DNase I) Worthington Cat# LS002060

IL-2 (aldesleukine (Proleukine)) Novartis Cat# CNK 1185-958

Dimethyl sulfoxide (DMSO) Santa Cruz Biotechnology Cat# sc-358801

Gentamicin solution Sigma-Aldrich Cat# G1397

Lenti-X Concentrator Takara Cat# 631232

Trypan blue Sigma-Aldrich Cat# T8154

T€urk’s solution Merck Cat# 109277

Opti-MEM I Reduced Serum Medium ThermoFisher Cat# 11058021

Doxycycline hyclate Sigma-Aldrich Cat# D9891

DEPC-treated water ThermoFisher Cat# AM9906

TrueCut Cas9 Protein v2 ThermoFisher Cat# A36499

Brefeldin A Sigma-Aldrich Cat# B7651

Phorbol 12-Myristate 13-Acetate (PMA) LC Laboratories Cat# P-1680

Ionomycin calcium salt Sigma-Aldrich Cat# I0634

IKK16 MedChemExpress Cat# HY-13687

FK506 MedChemExpress Cat #HY-13756

Hoechst 33342 Solution ThermoFisher Cat# 62249

RNasin Plus Ribonuclease Inhibitor Promega Cat# N2615

Sodium Acetate (3M), pH 5.5, RNase-free ThermoFisher Cat# AM9740

Glycogen, RNA grade ThermoFisher Cat# R0551

Ethanol absolute >99,8%, AnalaR NORMAPUR VWR Cat# 20821.296P

SuperScript II Reverse Transcriptase ThermoFisher Cat# 18064071

KAPA HiFi HotStart DNA Polymerase Roche Cat# 07958897001

AMPure XP Paramagnetic beads Beckman Coulter Cat# A63881

CaCl2 Home-made N/A

HeBS Home-made N/A
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Critical commercial assays

RecoverAll Total Nucleic Acid Isolation Kit FFPE ThermoFisher Cat# AM1975

P3 Primary Cell 4D-Nucleofector Lonza Cat# V4XP-3024

CellTrace Violet Cell Proliferation Kit ThermoFisher Cat# C34557

eBioscience Foxp3/transcription

factor staining buffer set

ThermoFisher Cat# 00-5523-00

QuantiFluor dsDNA System Promega Cat# E2670

Nextera XT DNA Library Preparation Kit Illumina Cat# FC-131-1096

Nextera XT Index Kit v2 Set D Illumina Cat# FC-131-2004

DNA ScreenTape Analysis Agilent Cat# 5067-5588

DNA ScreenTape Analysis Agilent Cat# 5067-5589

TakyonTM ROX Probe 23 MasterMix dTTP Eurogentec Cat #UF-RPMT-B0701

Deposited data

RNAseq data of IRF4dox, RFPdox, ctrl, IRF4KO Gene expression Omnibus Database GEO: GSE245739

Results of GSEA on Hallmark gene collections

and on Exhaustion gene signatures (Table S1)

N/A N/A

List of leading-edges genes for GSEA (Table S2) N/A N/A

Experimental models: Cell lines

LB33-MELA.1 Lehmann et al.63 De Duve Institute

MZ2-MEL.43 Van Den Eynde et al.64 De Duve Institute

HEK293T/17 ATCC CRL-11268

Oligonucleotides

TrueGuide sgRNA Negative Control ThermoFisher Cat# A35526

TrueGuide synthetic sgRNA CRISPR 998515_SGM ThermoFisher Cat# A35533

TrueGuide synthetic sgRNA CRISPR 998503_SGM ThermoFisher Cat# A35533

RT-qPCR and RNAseq library primers Eurogentec N/A

Recombinant DNA

CD5L-OKT3scFv-CD14 gBlocks gene fragment IDTdna Custom Order; sequence in Table S3

pCMV-VSV-G Stewart et al.65 RRID:Addgene_8454

psPAX2 Didier Trono lab RRID:Addgene_12260

pCW57-MCS1-P2A-MCS2 (RFP) Barger et al.66 RRID:Addgene_80923

Plenti-CAG-IRF4-FLAG-IRES-GFP Krönke et al.67 RRID:Addgene_107389

pTM941-hPGK-TOX Home-made N/A

pLV-TRE3G>MCS-hPGK>EGFP:T2A:Tet3G VectorBuilder Custom Order

Software and algorithms

Qlucore Omics Explorer Qlucore, Lund https://qlucore.com/

FlowJo 10.9.0 FlowJo https://www.flowjo.com/

IDEAS ImageStream Cytek Bioscience https://cytekbio.com/pages/imagestream

Prism 8.0 GraphPad https://www.graphpad.com/features

DSEeq2 Bioconductor https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Other

High-binding 96-well flat-bottom plates Greiner Cat# 655061
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Thibault

Hirsch (thibault.hirsch@uclouvain.be).
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Materials availability
This study generated new plasmids, which would be available from the lead contact upon request and, if necessary, the signing of a

Material Transfer Agreement.

Data and code availability
d The RNAseq data are available at Gene Expression Omnibus database under accession number GSE245739.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Table 1 below: Hemochromatosis non-cancerous donors whose blood was used in this study.
Donor Age Gender Purpose

LB-3149 63 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9847 28 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-6019 43 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-5660 54 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9481 69 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-3419 53 na Generate IRF4dox or IRF4ko CD8 T-cells

LB-3318 49 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9928 63 F Generate IRF4dox or IRF4ko CD8 T-cells

LB-833 54 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9862 52 F Generate IRF4dox or IRF4ko CD8 T-cells

LB-1117 66 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-3329 58 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9853 69 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9335 59 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-3305 64 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-9288 61 M Generate IRF4dox or IRF4ko CD8 T-cells

LB-6002 73 F Generate IRF4dox or IRF4ko CD8 T-cells

LB-9898 45 M Generate IRF4dox or IRF4ko CD8 T-cells

LB2960 49 M Generate IRF4dox or IRF4ko CD8 T-cells

LB6000 58 M Generate IRF4dox or IRF4ko CD8 T-cells

LB9991 60 M Generate IRF4dox or IRF4ko CD8 T-cells

LB3380 F 69 Generate IRF4dox or IRF4ko CD8 T-cells

LB5992 M 50 Generate IRF4dox or IRF4ko CD8 T-cells

LB-9443 61 M Compare with COVID-19 or ovarian cancer samples

LB-569 74 M Compare with COVID-19 or ovarian cancer samples

LB-5949 67 M Compare with COVID-19 or ovarian cancer samples

LB-6022 44 M Compare with COVID-19 or ovarian cancer samples

LB-3329 58 M Compare with COVID-19 or ovarian cancer samples

LB-9335 59 M Compare with COVID-19 or ovarian cancer samples
Table 2 below: Patients with ovarian cancer whose blood or tumor were used in this study.
Patient Age Pathology FIGO Neoadjuvant chemotherapy

LB-6151 75 Endometrioid carcinoma IIA No

LB-9189 35 Grade 3 serous carcinoma IIIC No

(Continued on next page)
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Patient Age Pathology FIGO Neoadjuvant chemotherapy

LB-9280 70 Grade 3 serous carcinoma IIIC No

LB-9256 72 Grade 3 serous carcinoma IIIC No

LB-9227 58 Grade 3 serous carcinoma IIIC No

LB-9168 54 Grade 3 serous carcinoma IIIC No

LB-9269 63 Grade 3 serous carcinoma IIIA2 No

LB-9207 83 Low grade serous carcinoma IIIC No

LB-9238 60 Grade 3 serous carcinoma IIIC No

LB-9148 56 Grade 3 serous carcinoma IVB No

LB-9202 72 Grade 3 serous carcinoma IIIC Yes

LB-9240 55 Grade 3 serous carcinoma IVB Yes

LB-9257 49 Grade 3 serous carcinoma IIIC no
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Table 3 below: Patients with COVID-19 whose blood was used in this study. Non-ICU = sample retrieved from patient not hospi-

talized in intensive care unit. Pre-ICU = sample retrieved from patient before hospitalization in intensive care unit. ICU = sample

retrieved from patient hospitalized in intensive care unit.
Patient Age Gender Sample Hospitalisation stage

LB-9379 67 M 1 Non-ICU

LB-9333 39 M 1 Non-ICU

LB-9358 61 na 1 Non-ICU

LB-9405 68 M 1 ICU

LB-9367 59 M 1 ICU

LB-9313 59 M 1 ICU

LB-9310 62 M 1 Pre-ICU

LB-9387 68 M 1 ICU

LB-9381 73 M 1 Non-ICU

LB-9322 51 M 1 Non-ICU

LB-9325 50 M 1 Non-ICU

LB-9395 63 M 1 Pre-ICU

LB-9395 63 M 2 ICU

LB-9309 27 M 1 Non-ICU

LB-9309 27 M 2 Non-ICU

LB-9319 74 F 1 Non-ICU

LB-9319 74 F 2 Non-ICU

LB-9342 50 na 1 Pre-ICU

LB-9342 50 na 1 Pre-ICU

LB-9342 50 na 2 ICU
METHOD DETAILS

Cell culture and media
Tumor line LB33-MEL.A.163 was cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) (ThermoFisher, #21980065) supple-

mented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, #F7524), 1.5mM GlutaMAX (ThermoFisher, #350500038), 50mM

2-mercaptoethanol (Sigma-Aldrich, #M3148), 100U/mL penicillin and 100 mg/mL streptomycin (Sigma-Aldrich, #P4333). Cells

were maintained at 37�C, 8% CO2. Tumor line MZ2-MEL.4364 was cultured in Dulbecco’s Modified Eagle Medium (DMEM)

(ThermoFisher, #31885023) supplemented with 10% FBS, 1.5mMGlutaMAX, 100U/mL penicillin and 100 mg/mL streptomycin. Cells

were maintained at 37�C, 8% CO2. The HEK293T line was cultured in DMEM medium supplemented with 10% FBS, 1.5mM

GlutaMAX, 1mM sodium pyruvate (J.T Baker), 100U/mL penicillin and 100 mg/mL streptomycin. CD8 T cells isolated from blood of
22 Cell Reports 43, 114401, July 23, 2024
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donors with hemochromatosis were amplified with anti-CD3/CD28 beads (ThermoFisher, #11132D) at a ratio of 1 bead per 3 cells in

IMDM medium supplemented with 10% human serum (HS) (Ludwig Institute for Cancer Research (LICR), Brussels Branch), 1.5mM

GlutaMAX, 100U/mL penicillin, 100 mg/mL streptomycin, and 500IU/mL of interleukin-2 (IL-2) (Proleukine, Novartis, #CNK 1185-958).

Cells were maintained at 37�C, 8% CO2. Whenever necessary, T cells were divided in 2 and IL-2 refreshed in the medium.

Tumor and peripheral blood mononuclear cells isolation from patients
The samples were obtained from the Cliniques Universitaires Saint-Luc (CUSL) with approval of the CUSL ethical committee (2017/

11OCT/478 – Belgian n�: B403201734113, 2020/27AVR/246 and 2022/14NOV/423 – Belgian n�: BE4032022000129), and was carried

out in accordance with the principles expressed in the Declaration of Helsinki. Patients gave written informed consent, and their re-

cords were anonymized prior to the analysis. The cohorts of patients are described in Tables 2 and 3. Peripheral blood mononuclear

cells (PBMCs) from patients with COVID-19 or ovarian carcinoma were isolated by density gradient. Blood was layered over a solution

of Lymphoprep (Serumwerk, #1858) and centrifuged at 870g for 20 min with minimal acceleration and deceleration. The ring of mono-

nuclear cells was recovered and washed 3 times with PBS + 1mM EDTA (ThermoFisher, #15575-038) to remove platelets. The 1st

centrifugation was performed at 400g for 10 min, and the following two at 300g for 7 min. Ovarian tumor samples were cut into small

pieces and transferred to PBS containing the enzymes liberase low dispase (Sigma-Aldrich, #5466202001) and liberase low thermo-

lysin (Sigma-Aldrich, #5401020001) at the recommended concentrations, plus 10 Kunitz/mLDNase I (Worthington, #LS002060). A first

mechanical dissociation with MACS dissociator (Miltenyi) was performed, then samples were incubated for 45 min at 37�C. A second

mechanical dissociation with MACS dissociator was performed, then cells were washed with PBS EDTA 1mM before being centri-

fuged for 10 min at 400g. Cells were resuspended in PBS EDTA 1mM, filtered through 40mM mesh, and washed with PBS EDTA

1mM. Cells were then layered on a solution of Lymphoprep and processed as described above. Once obtained, PBMCs and tumor

mononuclear cells suspensionswere countedwith T€urk’s solution (Merck, #109277) and trypan blue (Sigma-Aldrich, #T8154), respec-

tively, using a hematimeter. Cells were centrifuged for 7 min at 300g and resuspended in 50% IMDM, 40%HS and 10%DMSO (Santa

Cruz Biotechnology, #sc-358801 for freezing at �80�C. Frozen cells were then stored at �180�C in liquid nitrogen.

CD8 T-cell isolation from non-cancerous donors
PBMCs from non-cancerous control individuals were obtained from blood of hemochromatosis patients by density gradient as

described above. The cohort of patients is described in Table 1. The PBMCs obtained were resuspended at 2.108/mL in PBS

EDTA 1mM HS 1% containing 20% FcR block (Miltenyi, #130-059-901) and 20% CD8 microbeads (Miltenyi, 130-045-201) for

15min at 4�C. Cells were filtered through 40mMmesh, volume adjusted to 0.5mL, and cells sorted by AutoMACS (Miltenyi) in possel_s

mode in PBS EDTA 1mM HS 1% Gentamicin 15 mg/mL (Sigma-Aldrich, #G1397). The positive fraction containing CD8 T cells was

counted with trypan blue. Cells were washed with IMDM and frozen in 50% IMDM, 40% HS and 10% DMSO.

Plasmids and lentiviral production
For lentiviral particle production, the plasmids pCMV-VSV-G (Addgene, #8454) and psPAX2 (Addgene, #12260) were used with the

transfer plasmid pLV-TRE3G>MCS-hPGK>EGFP:T2A:Tet3G (VectorBuilder, custom order) encoding RFP or IRF4 or TOX. The RFP-

encoding sequence was cloned from the plasmid pCW57-MCS1-P2A-MCS2 (Addgene, #80923), the IRF4-encoding sequence was

cloned from the plasmid plenti-CAG-IRF4-FLAG-IRES-GFP (Addgene, #107389), and the TOX-encoding sequencewas cloned using

the cDNA from activated human PBMCs. These sequences were then ligated into the multiple cloning site (MCS) of the transfer

plasmid. For all experiments except the ones for analysis of NF-kB translocation, lentiviral particles were produced as follow. The

day before transfection, 107 HEK293T were plated in 175cm2 flasks in 20mL antibiotic-free complete medium. For each flask, the

following mixture was made: 15mg pCMV-VSV-G plasmid, 30mg psPAX2 plasmid, and 45mg transfer plasmid (inducible IRF4 or

RFP), 400mL calcium chloride (CaCl2) 2M, and water to adjust the volume to 2.5mL. To this mixture was added dropwise 2.5mL

of HeBS. The 5mL plasmid-CaCl2-HeBS mixture was then transferred dropwise to HEK293T cells and incubated for 6h at 37�C
8% CO2 before replenishing the flask with 20mL antibiotic-free complete medium. After 3 days at 37�C 8% CO2, the supernatant

containing viral particles was collected and centrifuged at 500g for 10 min at 4�C. The supernatant was harvested and deposited

on 0.5 volume of Lenti-X Concentrator (Takara, #631232) before being incubated for 30 min at 4�C and then centrifuged at 1400g

for 45 min at 4�C. The virus particle pellet was resuspended in Opti-MEM (ThermoFisher, #11058021) and frozen at �180�C. An
aliquot of the virus particle solution was systematically used to estimate the concentration of effective virus particles obtained.

For this purpose, the infection efficiency of the particles was estimated by incubating HEK293T cells for 48hwith decreasing volumes

of particles, then the proportion of infected cells for each condition was evaluated by flow cytometry.

For experiments to analyze the impact of IRF4 on NF-kB translocation, high number of cells was necessary, thus requiring to trans-

duce many T cells at start. To have sufficient particles from a same batch, we outsourced lentiviral particles production to

VectorBuilder Inc. that performed the operation using our inducible IRF4 and RFP transfer vectors. These lentiviral particles were

used to transduce CD8 T cells for NF-kB translocation experiments.

CD8 T cell lentiviral transduction and doxycycline induction
CD8 T cells from donors with hemochromatosis were thawed, washed, and resuspended at 107/mL for 4h at 37�C 8% CO2 in com-

pletemedium in the presence of 5 Kunitz/mLDNAse I. Cells were counted using trypan blue. In 96-well round-bottom plates (Corning,
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#3799), 50,000 cells were plated, along with 500,000 lentiviral particles (1.106 particles for NF-kB experiments) and 16,666 anti-CD3/

CD28 beads, in a final volume of 100 mL complete medium with IL-2 at 500UI/mL. The plate was then centrifuged for 2h at 400g and

placed at 37�C 8%CO2 for 4 days. Cells were then washed 3 times with complete medium, before being labeled in PBS EDTA 1mM

HS 1% with anti-CD8b PerCP-Cy5.5 antibody (BD Biosciences, clone 2ST8.5H7) and viability probe eFluor780 (eBioscience, #65-

0865-18) for 20 min at 4�C and then washed 2 times with PBS EDTA 1mM HS 1%. Live CD8b+ GFP+ T cells were sorted with

FACS ARIA III (BD Biosciences) and amplified in complete medium in the presence of 500UI/mL IL-2. After 6 days, T cells were

incubated for a further 48hwith 1 mg/mL doxycycline (Sigma-Aldrich, #D9891) and 500UI/mL IL-2 before analyzing their effector func-

tions, proliferation, activation markers expression, transcriptome, NF-kB translocation. Doxycycline was maintained at 1 mg/mL

throughout the assays except in the experiments during which we activated T cell to induce NF-kB translocation since doxycycline

emits fluorescence in the channel that was used to visualize cell nuclei.

CRISPR/Cas9
CD8 T cells from donors with hemochromatosis were thawed, washed, and resuspended at 107/mL for 4h at 37�C 8% CO2 in com-

plete medium in the presence of 5 Kunitz/mL DNAse I. Cells were counted with trypan blue and resuspended at 2.106 cells per 100mL

in P3 electroporation buffer (Lonza, #V4XP-3024). Cas9-guide RNA complexes were prepared in RNAse free 1.5mL eppendorf tube

by incubating for 5min at RT�C in RNAse-free water (Ambion, #AM9906) 5mg of Cas9 (ThermoFisher, #A36499) with 150pmol of guide

RNA control (ThermoFisher, #A35526) or 150pmol of guide RNA targeting IRF4 exon 2 (ThermoFisher, #CRISPR 998515_SGM). This

mixture was then added to the 2.106 cells to be nucleofected. After 2 min incubation at RT�C, the cell-Cas9-gRNAmixture was trans-

ferred into nucleocuvettes (Lonza, #V4XP-3024), and the cells were electroporated with the "T cell human unstim high-efficiency

(FI115)" program from 4D Nucleofector (Lonza). Immediately after electroporation, 1mL of complete medium containing 500UI/mL

IL-2 was added, and cells were transferred to 24-well plates to rest for 3h at 37�C 8% CO2. After resting, 1mL of complete medium

with 500UI/mL IL-2 and 666,666 anti-CD3/CD28 beads was added, and cells were incubated at 37�C 8% CO2 for 5 days before

analyzing their effector functions or transcriptome. Alternatively, cells that had recovered from electroporation were immediately

used to initiate a proliferation assay and track activation markers expression.

For improved knock-out efficacy, we adapted an optimized version of CRISPR/Cas9 RNP transfection to our needs.68 CD8 T cells

from donors with hemochromatosis were thawed, washed, and resuspended at 2.106 cells/mL/cm2 in a 24-well plate with 5 Kunitz/

mL DNAse I. After overnight incubation at 37�C 8% CO2, cells were counted with trypan blue, washed with 6 volumes of warm PBS,

and resuspended at 1,5.106 cells per 100mL in P3 electroporation buffer. Cas9-guide RNA complexes were prepared in RNAse-free

1.5mL ependorf by incubating for 10 min at room temperature 5 mg of Cas9 with 150pmol of guide RNA targeting IRF4 exon 2

(ThermoFisher, #CRISPR 998515_SGM) + 150pmol of guide RNA targeting IRF4 exon 2 (ThermoFisher, #CRISPR 998503_SGM),

or with 300pmol of guide RNA control. In a round-bottom 96-well plate, 1,5.106 cells in 100 mL P3 electroporation buffer were mixed

with 5 mL of Cas9:gRNA mix. After 2 min incubation at RT�C, the cell-Cas9-gRNA mixture was transferred into nucleocuvettes, and

the cells were electroporated with the "T cell human unstim high-efficiency (FI115)" program from 4DNucleofector. Immediately after

electroporation, 500 mL of pre-warmed complete medium containing 500UI/mL IL-2 was added, and cells were transferred to 48-well

plates that had been preincubated for 20 min 37�C 8% CO2 with 500 mL complete medium + 500UI/mL IL-2. After 4h–6h of rest at

37�C 8%CO2, cells were counted and activated as 40,000 T cells per well with 13,333 anti-CD3/CD28 beads, and incubated 2 days

for PDCD1 RT-qPCR experiments, 3 days for analysis of IRF4 knock-out efficacy and expression of activation markers by flow cy-

tometry, and 5 days for cytokine gene expression analysis by RT-qPCR and flow cytometry.

Cytokine production assay
The day before the assay, 100 mL of PBS containing 1 mg/mL OKT3 anti-CD3ε antibody (Biolegend, #317326) were plated in

high-binding 96-well flat-bottom plates (Greiner, #655061). The plate was incubated overnight at 4�C. On next day, PBS was

removed and 100mL complete medium containing 500UI/mL IL-2 was immediately added. CD8 T cells at day 5 after

CRISPR/Cas9 or at day 2 after doxycycline induction were counted with trypan blue and 100mL containing 75,000 T cells

and 500UI/mL IL-2 were added. For stimulation with tumor lines LB33-MELA.1 and MZ2-MEL.43 OKT3-CD14, 75,000 T cells

were cocultured with 75,000 tumor cells in round-bottom 96-well plates in 200mL with 500UI/mL IL-2. Activation was initiated

after a brief centrifugation for 1 min at 400g and incubation at 37�C 8% CO2. After 1h, Brefeldin A (BFA) (Sigma-Aldrich, #B7651)

was added to each well at 5 mg/mL final concentration, and cells were incubated for a further 4h at 37�C 8% CO2. Cells were

then placed on ice and transferred to pre-cooled 96-well conical-bottom plates (Corning, #3894) before being washed and

labeled for analysis by flow cytometry.

For tumor and blood PBMC samples from patients with ovarian carcinoma, cells were thawed at 107/mL for 4h at 37�C 8% CO2 in

complete medium supplemented with 5 Kunitz/mL DNAse I. Live cells were counted with trypan blue and resuspended in complete

medium at 2.106/mL. PBS was removed from OKT3 wells and 100mL of complete medium containing or not a cocktail of phorbol 12-

myristate 13-acetate (LC laboratories, #P-1680; final concentration 1 ng/mL) and ionomycin (Sigma-Aldrich, #I0634; final concentra-

tion 1 mg/mL) were immediately added. Then, 100mL containing 200,000 cellswere added. For each condition, the cellswere plated in 5

different wells that would then be pooled together for staining of 1.106 cells. Activation was initiated after a brief centrifugation for 1min

at 400g and incubation at 37�C8%CO2 for 5h in the presence of BFA, as explained above. The platewas placedon ice and cells froma

same condition pooled together in pre-cooled 1.5mL eppendorf tubes. Cells were centrifuged for 5 min 400 g at 4�C, resuspended in
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PBS EDTA 1mM HS 1% and transferred to pre-cooled 96-well conical-bottom plates before being labeled for analysis by flow

cytometry.

Degranulation assay
CD8 T cells at day 5 after CRISPR/Cas9 were counted using trypan blue. In 96-well round-bottom plates, 75,000 T cells were cocul-

tured with 75,000 tumor cells in 200mL with 500UI/mL IL-2 and 1.25 mg/mL anti-CD107a antibody (BD Biosciences, Clone H4A3). The

plate was centrifuged for 1 min at 400g and then incubated for 1h at 37�C 8% CO2. After 1h incubation, 5 mg/mL BFA was added to

each well, and cells were incubated for a further 4h at 37�C 8% CO2. Cells were then placed on ice and transferred to pre-cooled

96-well conical-bottom plates before being labeled for analysis by flow cytometry.

Proliferation assay and concomitant measurement of activation markers expression
The day before the proliferation assay, 100mL of PBS containing 1 mg/mL OKT3 anti-CD3ε antibody was plated in 96-well round-bot-

tom plates. The plate was incubated overnight at 4�C. Frozen CD8 T cells on day 2 after induction with doxycycline were thawed in

1mL complete medium (up to 107/cells ml) with 5 Kunitz/mL DNAse I and live cells counted with trypan blue after 4h. Live CD8 T cells

at 3h after CRISPR/Cas9 were counted with trypan blue, centrifuged, and loaded with 5mM CellTrace Violet (CTV) (ThermoFisher,

#C34557) following manufacturer instructions. Cells were resuspended at 3.105/mL in complete medium with 500UI/mL IL-2. PBS

containing OKT3 antibody was removed from the wells and 30,000 cells in 100 ml were added per well. When indicated, 2 mg/mL sol-

uble anti-CD28 was added (BD Biosciences, #555725, Clone CD28.2). Cells were centrifuged for 1 min at 400g before being incu-

bated for 3 to 4 days at 37�C 8% CO2. On day 3 or 4 after activation, cells were placed on ice and transferred to pre-cooled 96-well

conical-bottom plates before being labeled for flow cytometry analysis. The metrics used to assess T cell proliferation were calcu-

lated by the Flowjo proliferation platform.69

For assessment of PD-1 regulation by NF-kB or NFAT, CD8 T cells after CRISPR/Cas9 editing or at day 2 post doxycycline induc-

tion were activated for 3 days at 37�C 8% CO2, as described. Activation occurred in the presence of absence of the NFAT inhibitor

FK506 (MedChemExpress, #HY-13756) or the NF-kB inhibitor IKK16 (MedChemExpress, #HY-13687). While FK506 had little toxicity

over 3 days of culture even at 3mM final concentration, IKK16 could not be used at more than 2-3mM for 3 days culture.

Extracellular and intracellular stainings for flow cytometry
Cells were harvested and transferred to pre-cooled 96-well conical-bottom plates. The plate was centrifuged at 400g for 4min at 4�C.
Cells were washed with 150mL PBS EDTA 1mM HS 1% and centrifuged for 4 min at 400g 4�C. Cells were resuspended in 50mL PBS

EDTA 1mM HS 1% containing the appropriate antibodies. After 20 min, cells were washed 23 with 150mL PBS EDTA 1mM HS 1%

and centrifuged for 4 min at 400g, 4�C. If intracellular staining was then performed, cells were washed one last time with 150mL PBS

and centrifuged for 4 min at 400g, 4�C. Cells were then resuspended in 100mL fixation and permeabilization buffer (eBiosciences,

#00-5523-00) before being incubated between 12h and 16 h at 4�C. Fixed and permeabilized cells were centrifuged for 5 min at

870g, 4�C. Cells were then washed 33 with 100mL permeabilization buffer (eBiosciences, #00-5523-00) and centrifuged for 5 min

at 870g, 4�C. Cells were resuspended in 30mL blocking solution (permeabilization buffer + HS 8%) and incubated for 15 min at

4�C. Then, 20mL of permeabilization buffer containing the appropriate 2,53 concentrated antibodies was added. Cells were homog-

enized and incubated for 2h at 4�C. Cells were washed 3 times with 150mL permeabilization buffer and centrifuged for 5 min at 870g,

4�C. Cells were resuspended in permeabilization buffer and analyzed by flow cytometry using BD LSRII Fortessa (BD Biosciences).

Data were analyzed on Flowjo (BD Biosciences). Proper cell fixation and permeabilization to reach nucleus was systematically

controlled by histone H1 staining as depicted in Figure S1A.

For experiments in which we simultaneously compared the phenotype of CD8 T cells in ovarian carcinoma and COVID-19 sam-

ples, we thawed the cryotubes in water bath at 37�C, and immediately transferred the cell suspension in pre-cooled 15mL falcon

tubes. 9mL cold PBS EDTA 1mM HS 1% was quickly added, and cells were centrifuged 7 min at 300g 4�C. All the rest of the

procedure was done at 4�C. Transfer of cells to pre-cooled 96-well conical-bottom plates and extracellular staining were per-

formed in presence of 5 Kunitz/mL DNase I. Fixation/permeabilization and subsequent steps were then performed as described

above.

For experiment in which we simultaneously track the expression of activation markers over time after T cell stimulation, CD8 T cell

were frozen at each timepoint and once all collected, thawed and processed in the same way as indicated right before.

NF-kB translocation assay
The day before the assay, 100 ml of PBS containing 1 mg/mLOKT3 anti-CD3ε antibody were plated in high-binding 96-well flat-bottom

plates. The plate was incubated overnight at 4�C. On next day, PBS was removed and 100mL complete medium containing 500UI/mL

IL-2 with or without the NF-kB inhibitor IKK16 (MedChemExpress, #HY-13687; final concentration 5mM) was immediately added. CD8

T cells at day 2 after doxycycline induction were counted with trypan blue and 100mL containing 200,000 T cells and 500UI/mL IL-2

were added. For each condition, the cells were plated in 4–5 different wells that would then be pooled together for staining of 8.105

to 1.106 cells. Activationwas initiated after a brief centrifugation for 1min at 400g and incubation at 37�C8%CO2. After each activation

timepoint was reached, the plate was placed on ice and cells from a same condition immediately pooled together in pre-cooled 1.5mL

eppendorf tubes. Cells were centrifuged for 5 min 400 g at 4�C, resuspended in 200mL PBS, and kept at 4�C in pre-cooled 96-well
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conical-bottom plate. Once cells from each activation timepoint were all harvested, the 96-well plate was centrifuged 4 min 400 g at

4�C, and cells were resuspended in 100mL fixation and permeabilization buffer before being intracellularly stained for IRF4 and RelA on

the next day, as explained above. At the end of the staining, cells were resuspended in 50mL PBS with 1 mg/mL Hoechst 33342

(ThermoFisher, #62249), transferred to 1.5mL eppendorf tubes, and shipped at 4�C to the Flow Cytometry Facility of the University

Lausanne (UNIL).

Samples were acquired on a 2 camera, 12 channel ImageStreamX imaging flow cytometer (Cytek Biosciences) at low speed and

highest magnification (603). Cells were excited using a 405 nm laser (40mW), a 561 nm laser (200mW), a 642 nm laser (150mW) and a

785nm Side Scatter (SSC) laser (1.5 mW). Only events with a bright field area greater than 1 mm2 (to exclude cell debris) and non-

saturating pixels (Raw max pixel values below 4096) were collected. Data was acquired for at least 10,000 events/sample. Experi-

mental samples contained images for brightfield (Channels 1 and 9), RFP (Channel 3), IRF4-PECy7 (Channel 6), Hoechst 33342

(Channel 7), NF-kB AF647 (Channel 11) and Side Scatter (Channel 12). Data analysis was done using Image Data Exploration and

Analysis Software (IDEAS) version 6.3 (Cytek Biosciences). NF-kB nuclear translocation was analyzed using the Nuclear Trans-

location Wizard in IDEAS software, which creates an analysis template for measuring the nuclear translocation of a probe, in this

case NF-kB. This wizard uses the Similarity score which calculates a pixel-by-pixel correlation of the nuclear Hoechst 33342 image

to the NF-kBAF647 image. The similarity score quantifies the correlation between two spectrally distinct images of a single cell and is

derived from the Pearson’s correlation coefficient of the pixel intensities of the image pair.70,71 It represents how similar the NFkB

image is to the Hoechst image in the same cell. Negative similarity scores indicate the images are opposite (NFkB is in cytosol)

whereas high similarity scores (R1) indicate the images are positively correlated (NFkB is translocated to the nucleus). Scores close

to zero indicate uncorrelated images.70,71

Intracellular staining prior to RNA extraction
When cells were sorted to extract their RNA, the RNase inhibitor RNasin Plus (Promega, #N2615) was used once the cells had

been permeabilized. Precisely, following labeling with the eFluor780 viability probe and anti-CD8b antibody, cells were washed

23 with PBS EDTA 1mM HS 1% and then resuspended in PBS, as previously explained. From there, cells were transferred to

a new sterile RNase-free 96-well conical-bottom plate, and all further manipulations were carried out under RNase-free conditions.

Fixation/permeabilization for 12h–16 h at 4�C was carried out in the presence of 2U/mL RNAsin Plus, washes were done in pres-

ence of 0.04U/mL RNAsin Plus, intracellular labeling in presence of 2U/mL RNAsin Plus. During FACS ARIA III sorting (BD Biosci-

ences), cells were kept in permeabilization buffer with 0.4U/mL RNAsin Plus, and cells were collected in 1.5mL eppendorf tubes in

permeabilization buffer with 0.04U/mL RNAsin Plus. RNAse-free water (Ambion, #AM9906) was used to prepare permeabilizations

buffer.

RNA extraction from fixed and permeabilized cells
Fixed and permeabilized sorted cells collected in 1.5mL eppendorf tubes were centrifuged at 870g for 10 min at 4�C. Cells were

resuspended in protease digestion buffer (ThermoFisher, #AM1975) and incubated for 1h at 60�C. Samples were homogenized by

vortexing, flash-frozen in liquid nitrogen, and kept at�80�C until RNA extraction. To extract RNA, the RecoverAll Total Nucleic Acid

Isolation kit (ThermoFisher, #AM1975) was used according to manufacturer instructions. RNA eluted in 60mL RNAse-free H2O was

then precipitated with 6mL of sodium acetate 3M (ThermoFisher, #AM9740), 20ng glycogen (ThermoFisher, #R0551), and 200mL of

glacial ethanol 100% (VWR, #20821.310). Samples were incubated overnight at�20�C and then centrifuged at 14,000g for 30 min

at 4�C. Samples were washed twice with glacial ethanol 75% and centrifuged at 14,000g for 10 min at 4�C. After removal of the

supernatant, samples were dried at room temperature and then resuspended in 4.5mL RNAse-free water (ThermoFisher,

#AM9906).

RNAseq libraries construction, sequencing, and analysis
Libraries were homemade using the SMART-Seq2 protocol.72 Briefly, 1.5mL RNA isolated from fixed and permeabilized cells was

retrotranscribed for 90 min at 42�C followed by 10 cycles of 2 min at 50�C and 2 min at 42�C in the presence of 10U/mL

SuperScript II reverse transcriptase (ThermoFisher, #18064071), 1mM of 50 biotin-TEG oligo-dT (AAG-CAG-TGG-TAT-CAA-CGC-

AGA-GTA-CTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TTT-TVN) and 1mM of 50 biotin-C6 template switch oligo (TSO) (AAG-CAG-

TGG-TAT-CAA-CGC-AGA-GTA-CAT-997 with 9 = RNA G and 7 = LNA G) (Eurogentec). The resulting cDNA was amplified over

14 cycles of 20 s at 98�C, 15 s at 67�C and 6 min at 72�C, in the presence of 0.02U/mL KAPA HiFi HotStart DNA polymerase (Roche,

#07958897001) and 100nM of 50 Biotin-TEG oligo IS PCR (AAG-CAG-TGG-CAA-CGC-AGA-GT) (Eurogentec). Amplified cDNA was

purified with 0.9 volume of AMPure XP paramagnetic beads (Analis, #A63881) for 1 volume of sample, then assayed with the

QuantiFluor dsDNA System kit (Promega, #E2670). DNA was tagged for 5 min at 55�C in the presence of Tn5 transposase and

the primers supplied with the tagging kit (Illumina, #FC-131-1096). The tagged DNA was then amplified over 11 cycles of 10 s at

95�C, 30 s at 55�C, and 30 s at 72�C in the presence of the indexed primers supplied with the kit (Illumina, #FC-131-2004). The ampli-

fied and indexed product was purifiedwith 0.8 volume of AMPure XP paramagnetic beads per 1 volume of sample, then assayedwith

the QuantiFluor dsDNA System kit. Concentrations were normalized and an equal quantity of each sample was pooled to obtain an

equimolar library of up to 16 samples pooled together. The resulting library size was verified by capillary electrophoresis on the

TapeStation (Agilent, #5067–5588, #5067–5589). The libraries were sequenced by Genewiz on the Illumina HiSeq platform.
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Approximately 380.106 pairs of 150bp reads per sequencing line were obtained, which means around 20–25 million pairs of 150bp

reads per sample.

RNAseq data analysis and GSEA
After a quality check of the FASTQ files, adaptor sequences were removed, and nucleotides of low read quality removed from

the reads using Trimmomatic. File quality was checked again. Trimmed reads were aligned to the GRCh38 human reference

genome with HISAT2. Reads count was determined with featuresCount, and normalization of reads count and analysis of differ-

entially expressed genes were performed using DESeq2. Data were visualized with Qlucore Omics Explorer (Qlucore, Lund,

Sweden). Gene set enrichment analyses (GSEA) were performed with Qlucore Omics Explorer on 51 gene set. We ran a first

GSEA analysis on the ‘‘hallmark’’ gene collection (50 gene sets),73 version h.all.v2023.2, from the MSigDB database (UC San

Diego, Broad Institute), along with the NF-kB target gene signature curated and maintained by the Gilmore Lab at Boston Uni-

versity. From the latter signature, we removed genes that have not clearly been shown to be controlled by NF-kB, as indicated

(https://www.bu.edu/nf-kb/gene-resources/target-genes). We ran another independent GSEA analysis on an ‘‘exhaustion’’ gene

collection that we compiled from published works.11,17–20,36,74 GSEA settings were as follows: gene ranking was done by paired

t test and the significance of the enrichment score calculated using the gene permutation method (1000 iterations done) rather

than the phenotype permutation method, given our limited number of samples. We consequently used a more stringent FDR

cutoff (q < 0.01). The results of the hallmark gene collection and the exhaustion gene collection can be found in supplemental

information as Table S1. List of leading-edges genes that contributed to enrichment score of the GSEA showed in Figure 5 are

available in supplemental information as Table S2. The RNAseq data are available at Gene Expression Omnibus database under

accession number GSE245739.

Preparation of RNA for RT-qPCR of IFNG, TNFA, CSF2 and PDCD1

Human CD8 T cells were subjected to CRISPR/Cas9 (optimized protocol described in dedicated section) and 40,000 cells were

activated in round-bottom 96-well plate for 2 days with 13,333 anti-CD3/CD28 beads in 200 mL complete medium supplemented

with 500IU/mL IL-2. Frozen human CD8 T cells at day 2 post doxycycline induction were thawed overnight at 37�C 8% CO2 with

500IU/mL IL-2, 1 mg/mL doxycycline, 5Kunitz/mL DNAse I, and 40,000 cells were activated in anti-CD3 (OKT3 1 mg/mL) coated

wells of a round-bottom 96-well plate for 2 days. Cells were labeled at 4�C with viability dye, anti-CD8b and anti-PD-1 antibodies

for 20 min. After 2 washes, cells were resuspended in PBS EDTA 1mM HS 1% and FACS-sorted with the Sony MA900 sorter

(Sony Biotechnology). Cells were sorted through 100 mm chips in semi-purity mode, and collected in 1.5mL eppendorfs tubes con-

taining 700 mL PBS. Temperature was maintained at 4�C throughout the whole sorting procedure. We usually collected between

15,000 and 30,000 cells.

For cytokine genes expression measurement, 40,000 nucleofected cells were activated in round-bottom 96-well plate for

5 days with 13,333 anti-CD3/CD28 beads in 200 mL complete medium supplemented with 500IU/mL IL-2. Cells were counted

and reactivated or not for 4h in high-binding 96-well flat-bottom plates coated or not the night before with 100 mL PBS contain-

ing 1 mg/mL anti-CD3 (OKT3 1 mg/mL). The same procedure was used for lentivirally-transduced CD8 T cells, except that these

were activated for 4h at 37�C the day after overnight resting from thawing. At the end of activation, cells were labeled at 4�C,
washed, resuspended in PBS EDTA 1mM HS 1% and FACS-sorted with the Sony MA900 sorter (Sony Biotechnology), as ex-

plained. We usually collected around 25,000 cells. In parallel, cytokine production was measured at the protein level (see dedi-

cated section).

Sorted cells in PBS were centrifuged at 880g for 5 min RT�C, and resuspended in 100 mL of Extraction Buffer from the PicoPure

RNA isolation kit (ThermoFisher, #KIT0204). RNA extraction was performed following manufacturer instructions. RNA was eluted in

11 mL RNAse-free water and frozen at �80�C.

RT-qPCR for IFNG, TNFA, CSF2 and PDCD1

From RNA preparations, 8 mL of RNA was incubated for 5 min at 65�C in presence of 14,6 ng/mL of Random Hexamer Primer

(ThermoFisher, #SO142) and 36,5 ng/mL of Oligo(dT)18 Primer (ThermoFisher, #SO132) in nuclease-free water (ThermoFisher,

#R0581). Then was added a mix containing 13 Reaction Buffer for RT (ThermoFisher, #EP0442), 20U/mL RevertAid Reverse

Transcriptase (ThermoFisher, #EP0442), 1 mM of dNTP Mix (ThermoFisher, #R1121) and 1U/mL RNAsin Plus Ribonuclease In-

hibitor (Promega, #N261B). Addition of this mix led to a 10 ng/mL final concentration of random hexamer primer and 25 ng/mL

final concentration of Oligo(dT)18 primer. From there, retro transcription was initiated and run for 90 min at 42�C. The resulting

cDNA was diluted 2:3 with Ambion Nuclease-Free water DEPC Treated (ThermoFisher: #AM9906). From the diluted cDNA, 1 mL

was mixed in 96-well plate in the presence of 0.3 mM forward primer and 0.3 mM reverse primer (Table S3), 0.16 mM of Probe 50

6-FAM 30 TAMRA, 13 Takyon ROX Probe and 13 MasterMix dTTP blue (Eurogentec: #UF-RPMT-B0701) in Ambion Nuclease-

Free Water DEPC Treated (ThermoFisher: #AM9906). The qPCR program was 2 min at 95�C followed by 40 cycles of 10 s at

95�C and 1 min at 60�C and was run on a Quantstudio 3 Real-Time PCR System (Applied Biosystems). The data obtained by the

Quantstudio 3 Real-Time PCR System were then processed in excel. Technical triplicates were made for each gene expression

measurement, and the averaged value was used. If one Ct value in a triplicate deviated from the averaged Ct value with more

than 0,5 Ct, this value was discarded. The averaged Ct value for IFNG, TNFA, GCSF2 and PDCD1 was then normalized to each
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reference gene (SDHA, EEF1A1, RPS18). The 2�DDCT value was then used to calculate fold-change between experimental and

control condition. Unstimulated T-cells samples were always used to control for the upregulation of IFNG, TNFA, GCSF2 and

PDCD1 upon TCR activation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism (GraphPad, San Diego, California), except for RNA-seq data for which

paired samples analysis was done with DESeq2 and GSEA performed in Qlucore Omics Explorer. Statistical tests used are indicated

in the figure legends.
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