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RELA tunes innate-like interferon I/III responses in
human T cells
Nadia Jeremiah1, Hermine Ferran1, Konstantina Antoniadou1, Kevin De Azevedo1, Jovan Nikolic1, Mathieu Maurin1, Philippe Benaroch1,
and Nicolas Manel1

In innate immune cells, intracellular sensors such as cGAS-STING stimulate type I/III interferon (IFN) expression, which
promotes antiviral defense and immune activation. However, how IFN-I/III expression is controlled in adaptive cells is poorly
understood. Here, we identify a transcriptional rheostat orchestrated by RELA that confers human T cells with innate-like
abilities to produce IFN-I/III. Despite intact cGAS-STING signaling, IFN-I/III responses are stunted in CD4+ T cells compared
with dendritic cells or macrophages. We find that lysine residues in RELA tune the IFN-I/III response at baseline and in response
to STING stimulation in CD4+ T cells. This response requires positive feedback driven by cGAS and IRF7 expression. By
combining RELA with IRF3 and DNA demethylation, IFN-I/III production in CD4+ T cells reaches levels observed in dendritic
cells. IFN-I/III production provides self-protection of CD4+ T cells against HIV infection and enhances the elimination of tumor
cells by CAR T cells. Therefore, innate-like functions can be tuned and leveraged in human T cells.

Introduction
The classic paradigm of immunology describes a division of la-
bor between the innate and adaptive immune cell types (Iwasaki
and Medzhitov, 2010). Innate immune cells armed with germ-
line encoded pathogen recognition receptors (PRRs) sense the
presence of pathogens or danger and respond by producing
cytokines, upregulating costimulatory molecules, and present-
ing antigens. Adaptive immune cells are subsequently clonally
stimulated by antigenic peptide presentation to mediate helper
and effector functions. Even though it is now recognized that
PRRs are also expressed in adaptive cells, these cells are not
generally recognized for having the capacity to efficiently detect
and signal pathogens or danger the way innate immune cells do.
The mechanisms that differentiate innate and adaptive cells
downstream of PRR are elusive.

Type I and type III interferons (IFN) are crucial cytokines
that activate antiviral defenses and contribute to inflammation
downstream of PRR. IFN-I/III expression is controlled by the
transcription factors NF-κB, IRF3, IRF7, ATF2, and c-Jun, which
are tightly controlled by multiple posttranslational mod-
ifications (PTM) to ensure directed and timely expression of
target genes. Detection of intracellular nucleic acids by PRRs—
dsRNA by RIG-I and MDA5, and dsDNA by the cGAS–cGAMP–
STING pathway—potently stimulates IFN-I/III expression. IFN-I
is also expressed constitutively at low levels, resulting in tonic
IFN signaling that is crucial for antiviral defenses (Gough et al.,

2012; Schoggins et al., 2014). cGAS activation by endogenous
DNA has been implicated in constitutive IFN production
(Härtlova et al., 2015; Gentili et al., 2019). RELA (p65 subunit of
NF-κB) is also required for autocrine IFN-I production at base-
line (Basagoudanavar et al., 2011).

While antigen-presenting cells readily produce IFN-I/III in
response to PRR stimulation, lymphocytes are not generally
considered a significant source of IFN-I/III. For example, CD4+

T cells are not able to produce IFN-I in response to HIV infection,
resulting in their inability to control virus infection, while
monocyte-derived dendritic cells do so in similar conditions
(Manel et al., 2010; Elsner et al., 2020). However, IFN produc-
tion by T cells has been associated with desirable functional
outcomes, including spontaneous resistance to HIV infection
(Angin et al., 2019) and antitumor activity of chimeric antigen
receptor (CAR) T cells (Zhao et al., 2015).

T cells express a wide range of IFN-inducing PRR at the
protein level, including cGAS, STING, and RIG-I (Li et al., 2016;
Cerboni et al., 2017). Infection with Sendai virus that activates
RIG-I leads to detectable levels of IFN-I protein production by
activated T cells (Manel et al., 2010). In one study, IFN-I pro-
duction has been detected following cGAS–STING stimulation by
electroporation of DNA or cGAMP, or following infection with a
herpes simplex virus type 1 mutant (Elsner et al., 2020), while
another study failed to detect IFN-I production and IFN
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responses after DNA transfection (Berg et al., 2014). IFN pro-
duction by T cells has also been observed in pathogenic con-
ditions. Splenic T cells with a pathogenic mutation in TREX1
produce elevated levels of IFN-I (Simpson et al., 2019). IFN-I
expression in T cells has also been described in the context of
cancer but the upstream signaling was not evaluated (Kagamu
et al., 2020; Chen et al., 2021). PRR activation in T cells addi-
tionally leads to IFN-independent responses in T cells. Endoge-
nous cGAS–STING-driven IFN-I signaling contributes to
stemness maintenance in CD8+ T cells in the context of cancer
immune responses (Li et al., 2020), while STING activation by
exogenous agonists leads to cell death in murine T cells (Cerboni
et al., 2017; Gulen et al., 2017; Wu et al., 2019). There exist im-
portant species-specific differences in activation and response to
STING signaling between murine and human T cells. For in-
stance, pathogenic variants in STING lead to T cell imbalances in
peripheral naive and memory compartments and a block in
proliferation in humans, whereas the mouse model develops a
severe combined immunodeficiency phenotype (Jeremiah et al.,
2014; Liu et al., 2014; Cerboni et al., 2017; Bouis et al., 2019;
Luksch et al., 2019). Individually, these findings illustrate the
notion that CD4+ T cells have the capacity to produce IFN-I/III,
but a general mechanism to explain the regulation of IFN-I/III
expression in these cells is lacking. As a result, this ability has yet
to be exploited for functional applications.

Results
Restricted IFN-I/III production in human CD4+ T cells
benchmarked to dendritic cells
To assess the IFN response of human blood CD4+ T cells to STING
stimulation, we benchmarked their response to donor-matched
human blood plasmacytoid dendritic cell (pDC) subsets (Fig. 1 A).
Stimulation with soluble synthetic STING ligands, namely 2939-
cGAMP (cGAMP) or the cyclic dinucleotide (CDN) analog and
clinical candidate ADU-S100 (Corrales et al., 2015), revealed that
pDC produces significant amounts of IFN-III and IFN-I, while the
IFN-I/III response to STING ligands in resting CD4+ T cells was
undetectable (Fig. 1 B). Key signaling proteins STING, TBK1,
IRF3, and RELA were expressed at similar levels in both cell
types (Fig. 1 C).We noted that IRF7was highly expressed in pDCs
as reported (Honda et al., 2005), while CD4+ T cells barely ex-
pressed it. It has been previously proposed that T cell receptor
(TCR) stimulation is required to detect IFN-I expression fol-
lowing STING stimulation of murine CD4+ T cells (Imanishi
et al., 2019). Stimulation of TCR-activated human cells with
ADU-S100 induced IFN-III but no detectable IFN-I (Fig. 1, D and
E), while donor-matched monocyte-derived dendritic cells
(MDDCs) produced both a 10-fold more IFNλ1 and high levels of
IFNβ. Therefore, TCR stimulation is not sufficient to enable DC-
like IFN-I production in human CD4+ T cells.

DCs might be more efficient at taking up synthetic ligands
than CD4+ T cells. We forced STING ligand entry from the media
into cells using a well-established digitonin-mediated mem-
brane permeabilization protocol throughout the rest of the study
(Woodward et al., 2010; Fig. 1 F). Using this method, we found
that CD4+ T cells remained 10- to 100-fold less capable of

producing IFNλ1 mRNA and protein than MDDC, and IFNβ
protein remained undetectable in CD4+ T cells (Fig. 1 G and Fig.
S1 A). The phosphorylated levels of STING, TBK1, and IRF3 were
identical between CD4+ T cells and MDDCs in this assay. While
we do not exclude kinetic signaling differences between the cell
types, these results indicate that there is no general defect in the
activation of these key signaling proteins by cGAMP in CD4+

T cells (Fig. 1 H).
We also asked if different ex vivo culture conditions between

the donor-matched CD4+ T cells and MDDCs could impact the
IFN-I/III response. To test this possibility, STING stimulation
was carried out in activated CD4+ T cells exposed to MDDC-
conditioned media or in MDDCs exposed to CD4+ T cell-
conditioned media. The IFN-I and IFN-III responses to cGAMP
in CD4+ T cells did not change, while they further increased in
MDDCs exposed to CD4+ T conditioned media (Fig. S1 B). Type II
IFNγ is produced by activated CD4+ T cells, and we found that
treatment of MDDCs with IFNγ was sufficient to enhance their
IFN-I/III response to cGAMP. This indicates that the environ-
ment of CD4+ T cells does not contain suppressive but rather
stimulatory signals for IFN-I/III production in other cells, in-
dicative of a cell-intrinsic restriction in CD4+ T cells.

To identify intrinsic factors that could regulate the IFN-I/III
response of T cells in response to cGAMP, we performed RNA-
seq analysis. This revealed the enrichment of antiviral and IFN-I–
related gene sets in the upregulated genes, indicating that the low
IFN-I/III production by CD4+ T cells is biologically active (Fig. S1, C
and D and Table S1). The transcripts for IFNL1, IFNL2, IFNL3, and
IFNB were detected, but counts were low relative to other tran-
scripts (Fig. S1 E). We did not detect changes induced by cGAMP
for key signaling components or IFN receptor genes, except the
IFN-stimulated gene IRF7 expression that was induced by cGAMP
(Fig. S1 E). In pDCs, IRF7 dictates their ability to produce a strong
IFNα response (Honda et al., 2005). To test if IRF7 induction could
be sufficient to lift the restriction of IFN-I/III production in
CD4+ T cells, we treated cells with IFNα2a prior to cGAMP
stimulation in CD4+ T cells (Fig. S1, F and G). This treatment led
to an increase in IFNα2 production by CD4+ T cells in response
to high doses of cGAMP, but no induction of IFNβ and no in-
crease of IFNλ1. Therefore, while increasing IRF7 can have a
positive impact, it does not lift the restriction.

To determine if the IFN-I/III restrictionwas specific to STING
activation, activated CD4+ T cells were infected with Sendai vi-
rus sensed by the RIG-I-MAVS pathway. Sendai virus induced
both IFN-III and IFN-I in T cells; however, the magnitude was
10- to 100-fold lower in comparison to donor-matched MDDCs
expressing similar levels of viral proteins (Fig. S1, H–J). These
results indicate that human CD4+ T cells have the potential to
produce IFN-I/III, but that it is restricted in response to external
stimuli compared with DCs. This restriction occurs downstream
of the phosphorylation events of STING–TBK1–IRF3 proteins.

RELA is a key regulator of IFN expression in CD4+ T cells
We hypothesized that the regulation or availability of tran-
scription factors could be restricting IFN expression in CD4+

T cells. In model systems, overexpression of NF-κB subunits is
sufficient to induce the IFN-β promoter (Apostolou and Thanos,
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2008). Therefore, we increased the availability of RELA, a key
NF-κB subunit that directly binds DNA implicated in IFN-I ex-
pression, through overexpression in CD4+ T cells and MDDCs
(Freaney et al., 2013; Fig. 2 A). However, simply increasing RELA
in CD4+ T cells and MDDCs did not significantly enhance the
IFN-I/III response to cGAMP neither at RNA nor protein levels
(Fig. 2 B and Fig. S2 A). It was recently demonstrated that the
expression of zebrafish STING strongly activates NF-κB when
expressed in human cells (de Oliveira Mann et al., 2019). We,
therefore, tested if zebrafish STING would enhance IFN-I/III
expression by CD4+ T cells. We confirmed that zebrafish STING
strongly activates an NF-κB reporter in response to cGAMP but
not an IFNB reporter (Fig. S2 B). In CD4+ T cells, expression of
human STING enhanced IFN-I/III production, in agreement
with previous results (Cerboni et al., 2017; Fig. S2 C). In contrast,
zebrafish STING, however, did not enhance IFN-I/III produc-
tion, despite the presence of endogenous human STING.

Therefore, increasing NF-κB activation by STING is not suffi-
cient to enhance the production of IFN-I/III by T cells in response
to cGAMP.

These results suggested that RELA might be regulated in
T cells to limit IFN promoter induction at the posttranslational
level. PTM of lysine residues in RELA such as acetylation and
methylation are reported to impact transcriptional activity
(Chen et al., 2002; Li et al., 2012; Ziesché et al., 2013).We focused
on two RELAmutants converting five lysine residues distributed
in the REL homology domain (K122, K123, K310, K314, and K315)
either to glutamine (RELA K5Q) or arginine (RELA K5R). The
RELA K5Q is predicted to mimic acetylation while RELA K5R is
predicted to maintain a non-acetylated basic state, and both are
reported to impact TNFα- and IL1α-driven gene expression in
cell lines (Buerki et al., 2008; Li et al., 2012; Ziesché et al., 2013).
Overexpression of RELA, RELA K5R, or RELA K5Q had no impact
on endogenous RELA expression (Fig. 2 C). The IFN-I/III

Figure 1. IFN-I/III production is stunted in CD4+ T cells compared to dendritic cells. (A) Stimulation with extracellular STING ligands in primary blood
cells, experimental outline. (B) IFN-I/III concentrations after treatment of enriched total resting CD4+ T subsets and FACS-sorted pDC, with cGAMP or ADU-
S100 (1 or 2.5 µg) (n = 4 donors combined from two independent experiments). (C) Western blot of key signaling proteins involved in STING signaling and
control proteins in the indicated resting primary cell types (representative of two independent experiments). (D) Delivery of STING ligands in media, ex-
perimental design. (E) IFN-I/III concentrations after stimulation of TCR-activated CD4+ T cells (CD4T) and MDDCs with ADU-S100 (2.5 µg) stimulation (n = 8
donors combined from four independent experiments). (F) Delivery of STING ligands by permeabilization, experimental design. (G) IFN-I/III concentrations
after treatment of TCR-activated CD4+ T cells and MDDCs with cGAMP (0.06, 0.6, and 6 µg/ml) delivered by digitonin-mediated membrane permeabilization
(n = 10 donors combined from five independent experiments). (H)Western blot of key signaling proteins involved in STING signaling and control proteins 6 h
following cGAMP (6 µg/ml) stimulation in TCR-activated CD4+ T cells and MDDCs (representative of three independent experiments). Each symbol represents
one donor, bars represent geometric mean, paired one-way ANOVA with Tukey’s multiple comparison test, **P ≤ 0.01, ****P ≤ 0.0001. Figure was generated
using Biorender. Source data are available for this figure: SourceData F1.
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Figure 2. RELA enhances IFN-I/III expression in CD4+ T cells. (A) STING ligand stimulation in cells transduced with RELA, experimental outline. (B) IFN-I/III
concentration following cGAMP (6 µg/ml) stimulation of TCR-activated CD4+ T cells and MDDCs transduced with control (GFP) or RELA lentivectors (n = 8
donors combined from four individual experiments). (C)Western blot of RELA and actin in CD4+ T cells and MDDCs transduced with either control, RELA, RELA
K5Q, or RELA K5R (representative of two independent experiments). (D) IFN-I/III concentration after cGAMP (6 µg/ml) stimulation of CD4+ T and MDDCs
transduced with control (GFP), RELA, RELA K5Q, or RELA K5R (n = 4 donors combined from two individual experiments). (E)Western blot of RELA and actin 4 d
after lentiviral transduction of CD4+ T cells as indicated (representative of two independent experiments). (F) IFN-I/III concentration following cGAMP (0.06,
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response to cGAMP in MDDCs remained unchanged following
RELA, RELA K5Q, and RELA K5R overexpression compared with
the control condition (Fig. 2 D). In contrast, in CD4+ T cells, the
non-acetylated RELA K5R increased baseline IFNλ1 expression,
and this response was augmented in response to cGAMP
(Fig. 2 D). This baseline increase in IFNλ1 was not related to
increased proliferation rate or survival of CD4+ T cells expressing
RELA K5R (Fig. S2 D). Notably, IFNα2 but not IFNβ was now
detectable in response to cGAMP when CD4+ T cells expressed
RELA K5R. The increase in IFNλ1 at baseline upon RELA K5R
expression was not observed in MDDCs, monocyte-derived
macrophages (MDMs), or THP-1 cells (Fig. 2 D and Fig. S2, E
and F). It was also not observed with RELA K5Q in CD4+

T cells. Together, this data suggests that endogenous RELA reg-
ulation in activated CD4+ T cells differs from monocyte-derived
cells in a manner that negatively impacts IFN-I/III expression.
Notably, the lysine residues K122, 123, 310, 314, and 315 in RELA
are important in determining the magnitude of IFN expression,
specifically in CD4+ T cells.

K310 has been individually identified to modulate the tran-
scriptional activity of RELA and can also impact the PTM of
surrounding lysine residues (Yang et al., 2010). This raised the
possibility that K310 might be non-redundant among the five
lysine residues responsible for controlling IFN-I/III expression
in CD4+ T cells. To determine its importance, IFN response to
cGAMP was compared between RELA K310R and RELA K5R in
CD4+ T cells. K310R overexpression in CD4+ T cells increased
baseline IFNλ1 similar to RELA K5R and the response was aug-
mented in the presence of cGAMP (Fig. 2, E and F). IFNα2 was
also detected in K310R overexpressing cells stimulated with
cGAMP, similar to RELA K5R overexpressing cells. We hypoth-
esized that the pool of acetylated RELA K310 might differ between
CD4+ T cells and MDDCs. Pull-down experiments of GFP-RELA
in donor-matched CD4+ T cells and MDDCs revealed a signifi-
cant increase in K310-acetylated RELA (K310ac) in CD4+ T cells
(Fig. 2, G and H). This data highlights the crucial role of K310 in
RELA in tuning not only cGAMP-driven but also tonic IFN-I/III
expression in CD4+ T cells.

To assess the relative impact of RELA vs. RELA K5R on NF-
κB–driven transcription, we analyzed the transcriptome of CD4+

T cells expressing RELA or RELA K5R. We detected upregulated
or downregulated genes that were either unique or shared be-
tween RELA and RELA K5R (Fig. 3 A and Table S1). Accordingly,
enrichment analyses revealed hallmark gene sets that were
overlapping or exclusive to RELA or RELA K5R (Fig. 3, B and C).
Gene sets annotated as the NF-κB response to TNFα, apoptosis,
and p53 were most enriched in the upregulated genes over-
lapping for RELA and RELA K5R. The IFN-I response gene set
was more strongly enriched in RELA K5R. Additionally, RELA

K5R-expressing cells induced genes related to the UV response,
IFNγ signaling, the JAK–STAT3 pathway, glycolysis, and hy-
poxia. Altogether, these data indicate that RELA and RELA K5R
are both active and induce a common NF-κB–related gene pro-
gram, but they also regulated distinct genes, characterized by a
heightened IFN-I signature for RELA K5R.

IRF3 and 5-azacytidine synergize with RELA K5R to unlock
IFN-I/III production by CD4+ T cells
Since RELA K5R partially unlocks the restriction to IFN-I/III
production in a T cell–specific manner, we asked whether ad-
ditional factors that generally control IFN-I/III production could
synergize to fully unlock the system.

We first overexpressed IRF3 alone in CD4+ T cells andMDDCs
(Fig. 4 A). Increasing IRF3 augmented cGAMP-mediated IFNλ1,
IFNα2, and IFNβ production by 10-fold in MDDCs. In contrast,
IRF3 only increased the IFNα2 response to a small extent in CD4+

T cells and IFNβ remained undetectable (Fig. 4 B). IFNL1 and
IFNB transcripts were increased by IRF3 in CD4+ T cells in re-
sponse to cGAMP (Fig. S3 A), indicating that the promoters were
responsive, but insufficiently. IRF3 overexpression resulted in a
massive increase in the phospho-IRF3 levels in response to
cGAMP that were equivalent in CD4+ T cells and MDDCs, and
other components of the pathway remained unchanged (Fig. 4
C). These results show that IRF3 is a limiting factor for IFN-I/III
production, but its full potential observed inMDDCs is restricted
in CD4+ T cells.

IFN expression is also subject to epigenetic regulation by
histone modifications, DNAmethylation, and acetyl transferases
(Salvi et al., 2010; Chen et al., 2012; Chiappinelli et al., 2015;
Marié et al., 2018). A counter-intuitive feature of IFN and IFN-
stimulated gene expression is a requirement for histone
deacetylase (HDAC) activity, commonly associated with gene ex-
pression silencing (Marié et al., 2018).To identify the dominant
class of epigenetic regulation in CD4+ T cells, the IFN response
to cGAMP was screened in the context of histone deacetylase
inhibition by Trichostatin A (TSA) and DNA methylation in-
hibition by 59azacytidine (5AZA; Fig. 4 D and Fig. S3 B). TSA
reduced the already low IFNλ1 production in CD4+ T cells (Fig.
S3 B). cGAMP-mediated STING signaling was intact in TSA-
treated cells, consistent with an effect at the transcriptional
level (Fig. S3 C). In contrast, 5AZA enhanced the IFNλ1 re-
sponse to cGAMP (Fig. 4 E). This enhancement did not occur
through a detectable increase in STING signaling, in accordance
with a transcriptional effect (Fig. 4 F).

These results revealed that IRF3 and 5AZA can enhance IFN-
I/III expression in response to cGAMP stimulation but not at
baseline, like RELA K5R. Next, we combined IRF3 and 5AZA
with RELA K5R to assess synergy in IFN-I/III at the basal level

6 µg/ml) stimulation of CD4+ T cells transduced with control (GFP), RELA, RELA K310R, or RELA K5R (n = 4 donors combined from two independent ex-
periments). (G) Western blot of RELA K310ac and total RELA in CD4+ T cells and MDDCs following immunoprecipitation of GFP-RELA 4 or 5 d after lentiviral
transduction (representative of three independent experiments). (H) Quantification of the ratio of GFP-RELA K310ac over total GPP-RELA (n = 6 donors
combined from three independent experiments, Wilcoxon test). Each symbol represents one donor, bars represent geometric mean, paired one-way ANOVA
with Tukey’s multiple comparison test except indicated otherwise, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Figure was generated using Biorender.
Source data are available for this figure: SourceData F2.
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and after cGAMP stimulation (Fig. 4, G and H). RELA K5R and
IRF3 expression did not compromise cell viability, while 5AZA
significantly reduced it (Fig. S3, D and E). Combining RELA K5R,
IRF3, and 5AZA gradually increased the production of all tested
IFN-I/III in CD4+ T cells in response to cGAMP (Fig. 4 H). IFNλ1
was produced at similar levels to the MDDCs benchmark in re-
sponse to cGAMP (Fig. 4 I). IFNα2a was also induced by >100-
fold by CD4+ T cells, while it remained undetectable in MDDCs
(Fig. 4 I). This difference could be associated with a difference in
levels of IRF7 between MDDCs and CD4+ T cells in these con-
ditions (Fig. S3 F). IFNβ reached significant levels of production
in CD4+ T cells, although they remain below MDDCs (Fig. 4 I).
The expression of endogenous and overexpressed RELA and
IRF3 was similar in all conditions evaluated (Fig. S3 F). Ex-
pression of Ki67, a marker of cell proliferation, was not impacted
by RELA K5R, but was reduced under 5AZA treatment (Fig.
S3 G). The signaling response to TCR stimulation, as measured
by phospho-PLCγ, phospho-ZAP70, phospho-ERK, and phospho-
RELA, was not altered by 5AZA, IRF3, or RELA K5R (Fig. S3 H).
The levels and phosphorylation of endogenous IRF3, TBK1,
STING, RELA, and ERK in response to cGAMP were also unaf-
fected by 5AZA, RELA K5R, and IRF3 (Fig. S4 A). Of note, ERK1
(p44) was more phosphorylated in CD4+ T cells, while ERK2
(p42) was more phosphorylated in MDDCs. As a control, we

verified using reverse transcriptase inhibitors azidothymidine
and nevirapine that the synergistic effects of IRF3 and RELA K5R
expression in CD4+ T cells were specifically due to the lentivirus-
mediated overexpression and not to confounding factors asso-
ciated with the viral lentivirus particles in the first place, such
as cGAMP transferred in viral particles (Fig. S4, B and C;
Bridgeman et al., 2015; Gentili et al., 2015). Altogether, these
results establish that the combination of RELA K5R, IRF3, and
5AZA in CD4+ T cells, which will be referred to as type I/III-IFN
producing CD4+ T cells (iCD4+ T cells), unlocks their ability to
produce type I and type III IFN to the same level as the dendritic
cell benchmark in response to cGAMP.

An IRF7-positive feedback drives IFN-I/III production in iCD4+
T cells
The enhanced expression of IRF7 in iCD4+ T by RELA K5R (Fig.
S3 F) suggested that positive feedback from IFN-I signaling
might be important for IFN-I production in these cells. To test
this, iCD4+ T cells were treated with decoy IFN-I receptor B18R
protein prior to cGAMP treatment (Hernáez et al., 2018). Adding
B18R to iCD4+ T cells blocked cGAMP-dependent IFN-I response
(Fig. 5 A). The IFNλ1 response was not significantly impacted by
B18R exposure. To test if IRF7 was required for the positive
feedback loop of IFN-I, IRF7 was knocked down using two

Figure 3. Transcriptional profile of CD4+

T cells expressing RELA or RELA K5R. (A) Venn
diagram of differentially expressed genes com-
mon or exclusive to CD4+ T cells transduced with
either RELA or RELA K5R (n = 4 donors from
three independent experiments). (B) Enrichment
of MySigDB Hallmark gene sets in upregulated
genes of CD4+ T cells transduced with RELA or
RELA K5R (n = 4 donors from three independent
experiments). (C) Enrichment of gene sets in
downregulated genes.
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different shRNA in the context of CD4+ T cells expressing only
RELA K5R. As the basal level of IRF7 is low in CD4+ T cells,
IFNα2a was added to the culture media to visualize IRF7 ex-
pression. This allowed a validation of IRF7 knock-down in CD4+

T cells (Fig. 5 B). Both shRNA reduced IRF7 expression, and
shRNA1 was more potent (Fig. 5 B). shRNA1 abolished the in-
duction of IFNα2 by cGAMP stimulation (Fig. 5 C). The IRF7
shRNAs also reduced the production of IFNλ1 at baseline and
after cGAMP stimulation. Notably, in the absence of RELA K5R,
increasing IRF7 was not sufficient to enhance the IFNλ1 and

IFNβ response in CD4+ T cells (Fig. S1, F and G). Therefore, IRF7
mediates positive feedback to enable IFN-I andmaximize IFN-III
production by iCD4+ T cells.

cGAS drives the IRF7 positive feedback in iCD4+ T cells
The expression of RELA K5R in CD4+ T cells was consistently
sufficient to induce the expression of IFNλ1 and IRF7. This raised
the possibility that an upstream innate sensor could be active in
CD4+ T cells to activate RELA K5R. We first tested the func-
tionality of cGAS in T cells. cGAS overexpression is sufficient for

Figure 4. IRF3 and a DNA methylation inhibitor synergize with RELA K5R to fully lift the IFN-I/III restriction in CD4+ T cells. (A) cGAMP stimulation in
CD4+ T cells and MDDCs transduced with IRF3 lentivectors, outline of the experiment. (B) IFN-I/III concentration after cGAMP (6 µg/ml) stimulation of CD4+

T cells and MDDCs transduced with either control or IRF3 (n = 12 donors combined from six independent experiments). (C) Western blot of key signaling
proteins involved in STING signaling and actin 6 h following cGAMP (6 µg/ml) stimulation of CD4+ T cells and MDDCs transduced with either control or IRF3
lentivectors (representative of two independent experiments). (D) cGAMP stimulation in CD4+ T cells treated with a DNA methylation inhibitor (5AZA), outline
of the experiment. (E) Viability (mean + SEM) and IFNλ1 concentration (geometric mean) following 5AZA (2 µM) treatment and cGAMP (0.06, 6 µg/ml)
stimulation of CD4+ T cells (n = 6 donors from three independent experiments). (F)Western blot of key signaling proteins involved in STING signaling and actin
6 h following cGAMP (6 µg/ml) stimulation of CD4+ T cells pretreated for 48 h with 5AZA (2 µM; representative of two independent experiments). (G) cGAMP
stimulation in CD4+ T cells treated with a DNA methylation inhibitor (5AZA) and transduced with RELA K5R and IRF3 lentivectors, outline of the experiment.
(H) Heat-map showing IFN-I/III concentration following cGAMP (6 µg/ml) stimulation of CD4+ T cells transduced with control (GFP), IRF3, RELA K5R, and
pretreated for 48 h with 5AZA (2 µM; n = 8 donors combined from four independent experiments, geometric mean). (I) IFN-I/III concentration following cGAMP
(6 µg/ml) stimulation of untransduced MDDCs and CD4+ T cells transduced with control (GFP), IRF3, RELA K5R and treated for 48 h with 5AZA (2 µM; n = 4
donors combined from two independent experiments). Each symbol represents one donor, bars represent geometric mean, paired one-way ANOVA with
Tukey’s multiple comparison test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Figure was generated using Biorender. Source data are available for this
figure: SourceData F4.
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cGAMP production due to the promiscuous detection of endog-
enous nucleic acids, in particular in the nucleus (Gentili et al.,
2019). CD4+ T cells contained a low but detectable quantity of
endogenous cGAMP (Fig. S4 D). Overexpression of cGAS or
nuclear localization signal (NLS)-cGAS in CD4+ T cells increased
intracellular cGAMP levels by 10–20-fold (Fig. S4 E). IFN-I/III
remained undetectable (Fig. S4 D). We next examined the
functionality of endogenous cGAS and other DNA sensors by
nucleofecting a plasmid DNA coding for GFP. Intracellular
cGAMP increased by 50-fold and minimal levels of IFNλ1 were
induced by DNA transfection, while IFN-β remained undetected
(Fig. S4 E). Therefore, endogenous cGAS is functional in T cells
but not sufficient, even after overexpression, to unlock IFN-I/III
expression, consistent with a downstream bottleneck at the level
of RELA. Next, we evaluated the role of cGAS in the context of
iCD4+ T cells. Knock-out (KO) of cGAS had no impact on IRF3 or
RELA expression (Fig. 6 A). However, cGAS KO iCD4+ T cells
were unable to upregulate IRF7 (Fig. 6 A). cGAS KO also

inhibited the basal production of IFNλ1 and the IFNα2 response
to cGAMP (Fig. 6 B). To evaluate if cGAS activity was enhanced
in cells expressing RELA K5R or IRF3, cellular cGAMP was
quantified, but no significant increase was observed, indicating
that cGAS is activated upstream of RELA K5R and IRF3 (Fig. 6 C).
To understand how cGAS was activated, we examined its lo-
calization since it determines its ability to be activated by en-
dogenous DNA ligands (Barnett et al., 2019; Gentili et al., 2019; Li
et al., 2021). In activated CD4+ T cells, we found that cGAS is
predominantly nuclear and this remained unchanged in cells
overexpressing IRF3 or RELA K5R (Fig. 6, D and E and Fig. S4 F).
These results show that tonic cGAS activation by endogenous
ligands is required to drive the IRF7 loop leading to IFN-I/III
expression in iCD4+ T cells.

RELA K5R increases the antitumor activity of CAR T cells
We next aimed to assess the functional impact of endowing
CD4+ T cells with strong IFN-I/III responses. Transient induction

Figure 5. IRF7 positive feedback is required for IFN-I/III expression in iCD4+ T cells. (A) IFN-I/III concentration following cGAMP (6 µg/ml) stimulation of
CD4+ T cells transduced with control (GFP), RELA K5R, IRF3, in the presence of control or B18R and pretreated for 48 h 5AZA (2 µM; n = 4 donors combined
from two independent experiments). (B)Western blot of RELA, IRF7, and actin in CD4+ T cells transduced with either LacZsh, IRF7sh1, or IRF7sh5 and treated
with IFNα2a (1,000 U/ml) for 18–24 h (n = 4 independent donors in two experiments). (C) IFN-I/III concentration following cGAMP (6 µg/ml) stimulation of
CD4+ T cells cotransduced with control (GFP) or RELA K5R and LacZsh, IRF7sh1, or IRF7sh5 (n = 4 independent donors in two experiments). Each symbol
represents one donor, bars represent geometric mean, paired one-way ANOVA with Tukey’s multiple comparison test, ****P ≤ 0.0001; ns, not significant.
Source data are available for this figure: SourceData F5.
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of IRF7-dependent IFN induction has been previously shown to
be required for the optimal antitumor activity of CD19-targeting
CAR T cells (Zhao et al., 2015). Since IFN-I/III enhancement by
RELA K5R was dependent on IRF7, we evaluated if RELA K5R
could improve CAR T-mediated tumor killing using a spheroid
tumor model using A549 cells expressing CD19 (Fig. 7 A). T cells
transduced with CD19-targeting CARTwith control GFP or RELA
K5R were added to tumors and tumor growth was monitored for
5–6 d. Since the rate of CAR transduction varied slightly when
cotransduced with GFP or RELA K5R vectors, the cell numbers
were adjusted to normalize the CAR-positive cells (Fig. S5, A and

B). The spheroids grew with time when cultured alone and re-
duced in size partially when cocultured with CD19-targeting
CAR T cells (Fig. 7, B and C). When CAR T cells coexpressed
RELA K5R, tumor cells were significantly more efficiently
eliminated when compared with CAR T cells alone (Fig. 7 C and
Fig. S5C). Notably, the RELAK5R delay of tumor growthwas also
observed with lower numbers of CAR T cells (Fig. 7 C, left panel).
IFNλ1 was detected at the end of the 6-d coculture in all dilutions
of CART and RELA K5R cells (Fig. S5 D). Since RELA K5R T cells
are characterized by a IFN-I signature (Fig. 3 B), we next sought
to test the contribution of IFN-I in the elimination of tumor cells

Figure 6. Tonic cGAS activity is required for IFN expression in iCD4+ T cells. (A) Western blot of cGAS, IRF3, IRF7, RELA, and actin in CD4+ T cells
nucleofected with either control or cGAS targeting guides and subsequently transduced with control (GFP), RELA K5R or IRF3 lentivectors (n = 4 independent
donors in two experiments). (B) IFN-I/III concentration following cGAMP (6 µg/ml) stimulation of CD4+ T cells nucleofected with control or cGAS gRNA and
transduced with control, RELA K5R, or IRF3 lentivectors. Cells were pretreated with 5AZA (2 µM) for 48 h prior to cGAMP stimulation (n = 4 donors combined
from two independent experiments). Each symbol represents one donor, bars represent geometric mean, paired one-way ANOVA with Tukey’s multiple
comparison test. (C) cGAMP quantification by ELISA in CD4+ T cells transduced with either control (GFP), RELA K5R, or IRF3 lentivectors (n = 4 donors
combined from two independent experiments). (D) DAPI, cGAS staining, and GFP localization by confocal microscopy in CD4+ T cells transduced with control
(GFP), RELA K5R, or IRF3 lentivectors. Scale bar at 10 µm. Right: Magnification of cGAS channel showing contours used to delineate nuclear and cellular
contents, scale bar at 5 µm (n = 4 donors combined from two independent experiments). (E) Quantification of the ratio of average intensity of nuclear to
cytoplasmic cGAS signal in CD4+ T cells transduced with either control (GFP), RELA K5R, or IRF3 lentivectors (n = 4 donors combined from two independent
experiments). Each symbol represents one cell, line represents median, mixed-effect analysis, *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001, ns, not significant.
Source data are available for this figure: SourceData F6.
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Figure 7. RELA K5R enhances CAR-mediated tumor killing. (A) CAR-T tumor spheroid killing assay, experimental outline. (B) Representative images of
mKate2+CD19+ A549 cells (red) alone or in coculture with CAR+ GFP+ or CAR+ RELA K5R+ T cells acquired over 5 d. (C) Fluorescence intensity of
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by CAR T cells, specifically its action on tumor cells vs. T cells.
The addition of IFNα induced IFN-stimulated gene (ISG) ex-
pression in both A549 and CAR+ T cells (Fig. 7 D). Interestingly,
however, IFNα enhanced the elimination of tumor cells only in
the presence of CAR+ T cells (Fig. 7 E). To further substantiate
the significance of RELA K5R expression in CAR T cells, we
determined the overlap of gene expression signatures between
our data set of CD4+ T cells expressing RELAK5R and a published
dataset of CAR T cells where IRF7 and IFN-I expression was
crucial for optimal antitumor efficacy (Zhao et al., 2015). We
found that gene signatures of IFN-I and IFN-II responses were
shared and were the most significantly overlapping among the
upregulated genes (Fig. 7 F). Next, we examined the expression
of T cell effector proteins Granzyme B and IFNγ. RELA K5R
significantly increased the expression of IFNγ in CD4+ T cells
(Fig. 7 G). Altogether, these results demonstrate that RELA K5R
enhances the antitumor activity of CAR T cells and they establish
a concordance with IFN-I activity in T cells.

iCD4+ T cells autonomously resist HIV infection
To extend these findings, we moved to HIV infection. CD4+

T cells are the primary targets of HIV infection. CD4+ T cells are
unable to mount an antiviral IFN-I response following infection,
therefore failing to protect themselves (Manel et al., 2010). We
tested if iCD4+ T cells could now autonomously resist HIV-1 in-
fection. Activated CD4+ T cells transduced with either control,
IRF3, RELA K5R, IRF3, or RELA K5R in the presence of 5AZA
were challenged with single-round HIV-1 and HIV-2 reporter
viruses (Fig. 8 A). After 48 h, infection rates and IFN levels were
quantified. The rates of HIV-1 and HIV-2 infections were the
lowest in iCD4+ T cells (IRF3+RELA K5R+5AZA; Fig. 8 B). No-
tably, the levels of infection negatively correlated with baseline
IFNλ1 levels detected across conditions (Fig. 8 C and Fig. S5 E).
There was no further detectable increase in IFN-I/III response
upon infection (Fig. S5 E). Blocking type I IFN with B18R abro-
gated the antiviral state of iCD4+ T cells against HIV-1 and HIV-2
(Fig. 8, D and E). This data provides evidence for the superior
self-defense of iCD4+ T cells in the context of HIV infection.

Discussion
In this study, we addressed the functionality of the cGAS–
STING–IFN innate sensing pathway in human CD4+ T cells. We
identified that the production of IFN-III and to a much larger
extent IFN-I is tightly regulated in CD4+ T cells with several
restrictions at the level of both transcription (RELA, IRF3) and
epigenetic factors (DNA methylation). To understand the basis

of low IFN-I/III responses, we systematically compared the IFN-
I/III response of CD4+ T cells and dendritic cells. We find that
upstream phosphorylation-based signaling by cGAS–STING–
TBK1–IRF3 is intact in CD4+ T cells. Instead, we identified RELA
as a limiting factor of both tonic and inducible IFN-I/III ex-
pression in T cells. IRF3 expression and DNA methylation in-
hibition synergize with RELA K5R to enhance IFN expression,
but unlike RELA K5R, they are not able to promote spontaneous
IFN-III expression. The crucial role of RELA is further supported
by our finding that five lysines (122, 123, 310, 314, and 315), in
particular K310, and not the strength of NF-κB stimulation per
se, as demonstrated with zebrafish STING, are key determinants
of IFN-I/III expression in CD4+ T cells but not in dendritic cells.
Therefore, we propose that RELA is a rheostat for IFN-I/III ex-
pression in lymphocytes (Bardwell, 2008).

The PTM of each of the five lysines of RELA and their mu-
tants have been reported to have variable effects depending on
the target gene and the stimulus. Mutations to acetyl-mimic
glutamine blunted the enhancement of IFNλ1 by RELA, while
mutations to arginine, which mimic a lack of PTM, enhanced
IFN-I/III production. Both RELA K5R and RELA K5Q mutations
have been previously shown to induce p65-dependent genes in
response to stimuli such as TNFα and IL1α (Buerki et al., 2008; Li
et al., 2012). However, the overlap of differentially expressed
genes is low suggesting the differential affinity for cofactors
rather than DNA binding affinity or transactivation potential
(Buerki et al., 2008; Li et al., 2012). In T cells, RELA is activated
downstream of the TCR but the PTM state of these lysines has
not been extensively studied, with the exception of K310. K310 is
reported to be acetylated in response to TCR stimulation in
mouse primary T cells (Clavijo and Frauwirth, 2012) and in re-
sponse to p300 expression in the human Jurkat T cell line (Kwon
et al., 2008). In non-immune cell lines, K310 can be deacetylated
by SIRT1 (Yeung et al., 2004; Kwon et al., 2008). In cell lines,
while acetylation of RELA at K310 and the other lysine residues
has been associated with both activation and repression of gene
expression (Kiernan et al., 2003; Li et al., 2012; Ziesché et al.,
2013), their methylation is reported to negatively impact NF-
κB–mediated gene expression (Yang et al., 2009; Yang et al.,
2010; Levy et al., 2011). Further studies are required to appre-
ciate the roles of the various RELA PTM in the control of IFN-I/
III production by T cells. Interestingly, RELA in MDDCs, MDMs,
and THP-1 cells did not appear to be a limiting factor with nei-
ther RELA lysine mutants impacting IFN-I/III expression at
baseline nor in response to cGAMP. We also identified differ-
ences in the pool of cellular acetylated RELA K310 between CD4+

T cells andMDDCs. It is thus tempting to speculate that, through

mKate2+CD19+ A549 cells over time during coculture with CAR+ GFP+ or CAR+ RELA K5R+ T cells (n = 10 donors combined from five independent experi-
ments). (D)Western blot of MX1, IFIT1, OAS1, and actin expression following overnight treatment of A549-CD19-mKate2 cells or CAR-expressing CD3+ T cells
with IFNα2a (representative of n = 3 independent experiments for A549 cells). (E) Fluorescence intensity of mKate2+CD19+ A549 cells over time during
coculture with CAR+ T cells treated or not with IFNα2a at the time of coculture (n = 7 donors combined from four independent experiments). (F) Enrichment of
MySigDB Hallmark gene sets in shared differentially expressed genes between CD4+ T cells expressing RELA K5R and the comparison of CAR constructs 1928z-
4-1-BBL vs. 1928z in Zhao et al. (2015). (G) Percentage of IFNγ and Granzyme B (GzmB) expressing cells in GFP+ CD4+ and CD8+ T cells also transduced with
the CAR construct (n = 9 donors combined from five independent experiments). Each symbol represents one donor, bars represent mean, paired one-way
ANOVA with Tukey’s multiple comparison test, except if indicated otherwise, *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001, ns, not significant. Figure was generated
using Biorender. Source data are available for this figure: SourceData F7.
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PTM, the pool of endogenous RELA in T cells may be preferen-
tially associated with T-cell–specific gene programs, such as TCR
signaling-induced genes, as opposed to PRR-induced IFN-I/III
genes. Accordingly, the RNA-seq analysis revealed both shared

and specific gene signatures associated with RELA and
RELA K5R.

We found that unlike RELA, overexpression of IRF3 enhances
IFN-I expression in both MDDCs and CD4+ T cells, suggesting

Figure 8. iCD4+ T cells have increased resistance to HIV infection. (A) HIV infection challenge in iCD4+ T cells, experimental outline. (B) Rate of HIV-1 or
HIV-2 infection, 48 h after infection of CD4+ T cells transduced with control (GFP), IRF3, and RELA K5R lentivectors. Cells were transduced, pretreated with
5AZA (2 µM) for 48 h, and subsequently infected with HIV-1 or HIV-2 single-round virus (n = 4 donors combined from two independent experiments). Each
symbol represents one donor, bars represent mean ± SEM of four donors, paired one-way ANOVA with Tukey’s multiple comparison test on the highest dose of
virus. (C) Pearson correlation of infection rates with IFNλ1 concentration of CD4+ T cells transduced and treated with 5AZA as indicated. (D) Western blot of
IRF3, IRF7, RELA, MX1, and Actin in CD4+ T cells transduced with either GFP or RELA K5R and IRF3, and pretreated with 5AZA (2 µM), control or B18R su-
pernatant for 3 d (representative of two independent experiments). (E) Rate of HIV-1 or HIV-2 infection, 48 h after infection of CD4+ T cells transduced with
control (GFP), IRF3, and RELA K5R lentivectors. Cells were transduced, pretreated with 5AZA (2 µM), control, or B18R supernatants for 48 h and subsequently
infectedwith HIV-1 or HIV-2 single-round virus (n = 4 donors combined from two independent experiments). Each symbol represents one donor, bars represent
mean ± SEM of four donors, paired one-way ANOVA with Tukey’s multiple comparison test on the highest dose of virus. (F)Working model. RELA functions as
a rheostat to control IFN-I/III expression levels in CD4+ T cells. IFN-I/III expression requires tonic cGAS activity or PRR stimulation and positive feedback from
IRF7 signaling. *P ≤ 0.05, **P ≤0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Figure was generated using Biorender. Source data are available for this figure: SourceData
F8.
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that IRF3 is a limiting factor in both cell types tested. We also
demonstrate that IRF7 induction by RELA is crucial for inducing
IFN-I and enhancing IFN-III expression in T cells. Importantly,
however, IRF3 and IRF7 are individually insufficient to promote
IFNL1 and IFNB expression in T cells. We also show that treat-
ment of T cells with 5AZA has a positive impact on IFN ex-
pression in T cells. A recent study identified a single cytosine in
the IFNB promoter that, when methylated, negatively impacts
IRF3 recruitment and thus IFN expression in murine macro-
phages (Nishioka et al., 2019). Alternatively, inhibition of DNA
methyltransferases could indirectly enhance IFN-I expression
through the reexpression of endogenous retroelements and ac-
tivation of innate sensors (Chiappinelli et al., 2015). We also
found that TSA inhibits IFN expression at baseline with RELA
K5R and after cGAMP stimulation. HDAC inhibition has been
shown to reactivate HIV expression from latent integrated
proviruses in vitro and advanced to clinical trials in vivo
(Lehrman et al., 2005). We propose that in addition to activating
the viral promoters, HDAC inhibition also diminishes IFN ex-
pression in vivo, thereby promoting viral expression. Alto-
gether, our findings highlight an emerging regulation of IFN
gene expression by epigenetic regulation.

We describe tonic IFN production in T cells that is dependent
on cGAS, RELA, and IRF7 expression. In the assays we used,
baseline IFN production is detectable at the protein level for
IFNλ1 when unlocked by RELA K5R in T cells, but IFN-I remains
below detection limits in accordance with tonic signaling (Gough
et al., 2012). We find that cGAS is largely nuclear in T cells,
therefore its association with nuclear DNA could permit low
levels of cGAS activity as described in other cells (Gentili et al.,
2019). Alternatively, cGAS may be activated by mitochondrial
DNA. Supporting this, we observed the upregulation of the TNF
signaling pathway using RNA-seq, and TNF was recently shown
to release mitochondrial DNA activate cGAS–STING (Willemsen
et al., 2021). Notably, neither the activity nor cellular localization
of cGAS is altered upon RELA K5R overexpression.

Consistent with the restriction of IFN-I/III in T cells, human
T cells have not been previously identified as a cellular source of
IFN-I or IFN-III in patients with interferonopathies so far
(Rodero et al., 2017). Intriguingly, patients carrying mutations in
RELA have been described to have elevated IFN-I and an ISG
signature at a steady state (Barnabei et al., 2020 Preprint).
However, the mechanism of how these RELA mutants might
induce unchecked IFN-I expression, the requirement for up-
stream intracellular sensors and cellular subtypes involved in
the IFN-I induction in the pathology of these patients, is cur-
rently unclear.

We noted qualitative differences in ERK1 and ERK2 phos-
phorylation between CD4+ T cells and MDDCs. Namely, ERK2
was more phosphorylated at baseline in MDDCs than in T cells,
while ERK1 was less phosphorylated in MDDCs over T cells. In
the Huh7 hepatocyte cell line, ERK1 and ERK2 were found to be
collectively required for type I (not type III) IFN induction in
response to Sendai virus infection (Odendall et al., 2014). It is
therefore possible that relative differences between ERK1 and
ERK2 phosphorylation contribute to the regulation of IFN-I vs.
IFN-III in CD4+ T cells vs. MDDCs.

We provide evidence that intrinsic induction of IFN-I/III in
T cells can be beneficial in two contexts. First, it increases re-
sistance to HIV infection. Second, RELA K5R is able to improve
tumor elimination by CAR T cells robustly in vitro. Importantly,
RELA K5R does not reduce cell viability or proliferation. It would
be interesting to evaluate the relevance of RELA K5R CAR+
T cells in tumor models in vivo. Given that RELA lies down-
stream of several receptors and is involved in the protection
from apoptosis and the production of IL-2 (Oh and Ghosh, 2013),
the impact of RELA K5R may also be broader than IFN-I/III
expression in T cells. Therefore, RELA emerges as a target for
enhancing IFN-I/III expression by T cells in these therapeutic
contexts. Expressing RELA K5R may constitute a viable path for
the improvement of CAR-based therapies. Additionally, com-
bining RELA K5R with IRF3 and 5AZA provides maximal IFN-I/
III expression, but the practical use of this combination may be
more challenging.

Our findings show that T cells, unlike antigen-presenting
cells, are specifically programmed to limit IFN-I/III expression,
even if their PRRs get activated. This implies that the ability of
CD4+ T cells to produce IFN-I/III production has been counter-
selected during evolution. In contrast to T cells, pDC are well
appreciated as a major producer of IFN-I in infections and
pathological conditions, and they constitute a minor fraction of
circulating and tissue-resident immune cells. We thus propose
that the restriction of IFN-I/III expression in T cells is a mech-
anism to avoid pathogenic levels of a toxic cytokine from a cell
type that constitutes a large proportion of immune cells.

Materials and methods
Primary cells isolation and culture
Plasmapheresis blood pockets were obtained from healthy adult
volunteers after informed consent from the Establishment of
French blood collection (approved by the Institut National de la
Santé et de la Recherche Médicale ethics committee). Peripheral
blood mononuclear cells were isolated using Ficoll-Paque Plus
(GE-17144003) and left overnight at 4°C in RPMI (#61870-010;
Thermo Fisher Scientific) with 10% heat-decomplemented fetal
bovine serum (FBS; #CVFSVF00-01; Eurobio). CD14+ cells were
enriched by positive selection (#130-050-201; Miltenyi) and the
CD14 negative fraction was subsequently used to isolate total
CD4+ T cells by negative selection (#17952; Stem Cell). CD14+

cells were cultured in RPMI containing 10% FBS, 5% penicillin-
streptomycin (PS; #10378-016; Thermo Fisher Scientifc), 50 μg/
ml Gentamicin (#15750-045; Thermo Fisher Scientific), and
10 mM HEPES (#15630-056; Thermo Fisher Scientific). CD14+

cells were differentiated ex vivo into MDDCs by supplementing
the culture media with 50 ng/ml IL-4 (#130-093-922; Miltenyi)
and 10 ng/ml GM-CSF (#130-093-867; Miltenyi). MDDCs was
used for experiments 3 or 4 d following the start of the culture.
CD14+ cells were differentiated ex vivo into macrophages by
adding 50 ng/ml MCSF (#130-096-492; Miltenyi) to the culture
media containing RPMI with 1% PS, 5% FBS, and 5% human
serum (#H4522; Sigma-Aldrich). MDMs were used 7 d following
culture. Freshly isolated CD4+ T cells were cultured in X-VIVO 15
(#BE02-060F; Lonza) and activated using anti-CD3 and anti-
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CD28 Dynabeads (#10548353; Thermo Fisher Scientific) at a
ratio of 1:5 (bead:cell). 100 U/ml human IL-2 (#1134002; Im-
munotools) was added to cultures 2 d following TCR stimulation
and media with IL-2 was replenished every 48 h. To assess
proliferation, freshly isolated CD4+ T cells were stained with cell
proliferation dye (#65-0840-85; Thermo Fisher Scientific) prior
to TCR stimulation.

Peripheral pDCs were enriched using pan-DC enrichment kit
(#19251; Stem Cell) and subsequently stained with anti-HLA-DR
APCeFluor780, anti-CD123 Viogreen, anti-CD45RA Vioblue
(Miltenyi), anti-AXL PE (Clone #108724; R&D Systems), anti-
CD33 PE-CF594, and with a cocktail of FITC conjugated anti-
bodies against lineage markers CD19 (Miltenyi), CD3, CD14,
CD16, and CD34 (BD), and sorted on a FACSAria as previously
described (Ruffin et al., 2019). pDCs were defined as follows:
Lin−HLA-DR+ CD33− CD45RA+ CD123+ AXL−, Lin− corresponds to
CD19−CD16−CD3−CD34−CD14−. Sorted cells were cultured in
X-VIVO 15 with 5% PS and 3 μg/ml GM-CSF.

Plasmids
pSIV3+, psPAX2, HXB2 env, CMV-VSVG, pTRIP-SFFV-GFP, and
pTRIP-SFFV-GFPIRF3 were previously described (Manel et al.,
2010). pTRIP-SFFV-GFP-RELA was obtained by PCR cloning of
RELA (#23255; Addgene) into the pTRIP-SFFV-GFP backbone.
RELA K5R and RELAK5Qmutants were generated by subcloning
DNA fragments (Twist Biosciences) into the pTRIP-SFFV-GFP-
RELA plasmid, resulting in pTRIP-SFFV-GFP-RELA K5R and
pTRIP-SFFV-GFP-RELA K5Q. RELA K310R mutant was gener-
ated by overlapping PCR mutagenesis in pTRIP-SFFV-GFPRELA
plasmid resulting in pTRIP-SFFV-GFP-RELA K310R. pLKO.1-
puro-IRF7sh1 (IRF7sh1, 59-CCCGAGCTGCACGTTCCTATA-39),
pLKO.1-puroIRF7sh5 (IRF7sh5, 59-CGCAGCGTGAGGGTGTGT
CTT-39), and pLKO.1puro-shLacZ (LacZsh) were previously de-
scribed (Döring et al., 2021). HIV-mTagBFP2 and HIV-2 ROD9
ΔenvΔnef mTagBFP2+ were previously described (Bhargava et
al., 2021). pTRIP-SFFV-GFP (control), pTRIP-SFFV-EGFP-FLAG-
cGAS (cGAS), pTRIP-SFFV-EGFP-NLS (NLS), and pTRIP-SFFV-
EGFP-NLS-FLAG-cGAS (NLS-cGAS) were previously described
(Gentili et al., 2019). pTRIP-SFF-tagBFP-2A, pTRIP-SFFV–
tagBFP-2A-STING, IFNB-pGL3, and pTRH1-NFkB-dscGFP have
been previously described (Cerboni et al., 2017). pTRIP-SFFV-
tagBFP-2A-ZebrafishSTING was subcloned from pCOM37_pcDNA4
ZFish STING (de Oliveira Mann et al., 2019). Human CD19 cDNA
(NCBI accession no. NM_001178098; Genescript) was cloned into
the pCDH-CMV-MCS-EF1-Puro plasmid (System Biosciences) to
create pCDH-CMV-CD19 puro.

Lentivirus production
293FT cells were cultured in DMEM (#61965026; Thermo Fisher
Scientific) with 5% PS and 10% FBS. 293FT cells were plated at
0.8 million cells in a 6-well plate and transfected with 3 μg of
DNA complexed in 8 μl of TransIT-293 (#MIR2706; Mirus Bio)
per well. The ratio of DNA used for transfections was as follows:
0.2 μg HXB2 env, 0.2 μg CMV-VSVG, 1 μg psPAX2, and 1.6 μg of
pTRIP-SFFV or pLKO.1 lentivector. The ratio of plasmids for the
production of HIV-1 and HIV-2 BFP single-round reporter vi-
ruses was 0.2 μg HXB2 env, 0.2 μg CMV-VSVG, and 2.6 μg HIV

plasmid. SIV-VLPs were produced using 0.4 μg CMV-VSVGwith
2.6 μg pSIV3+. Lentiviruses for MDMs were prepared by plating
7 million 293FT cells in T75 flasks and transfected with 8.35 μg
DNA complexed in 116 µl PEImax (0.75 mM; #24765; Poly-
science) per flask. The ratio of DNA used for transfection
includes 3 μg psPAX2, 1.25 μg CMV-VSVG, and 4.10 µg pTRIP-
SFFV-GFP. For SIV-VLP production for MDMs, 2.5 μg CMV-VSVG
with 8.2 μg pSIV3+ was used. 18 h following transfection, media
was removed and replenished with fresh media (3 ml for T cells
and MDDCs or 8.5 ml for MDMs). 24–26 h later, viral super-
natants were harvested, filtered using 0.45 μM filters, and used
fresh or stored at −80°C.

For CAR expression, rLV.EFA.19BBz CAR lentivirus was
produced using pLV, pHIV-GagPol, and pEnv plasmids and
concentrated by ultracentrifugation (Flash Therapeutics). Titer
was determined by serial dilution on activated human T cells.

CRISPR-Cas9 nucleofections
24 h after TCR stimulation, 2 million cells were washed with PBS
and nucleofected using a Lonza kit (#V4XP-3032). Cr-RNA and
TracrRNA (#1072534; IDT) were annealed by heating at 95°C for
5 min. Two gRNAs targeting cGAS were used and 100 pmol of
each gRNA was incubated separately with 66 pmol of Cas9
protein (#1081059; IDT) for 10mins at room temperature (RT) to
form complexes. The two complexes were combined and a final
volume of 5 μl containing 200 pmol of guides and 135 pmol of
Cas9 was used per reaction. Nucleofection was performed using
EH-100 program using the 4D-Nucelofector (Lonza). Following
nucleofection cells were cultured for 3 d in 300 U/ml IL-2. 72 h
following nucleofection, cells were harvested to assess the effi-
ciency of gene knockout. cGAS gRNA targeted the following
genomic sequences 59-AGACTCGGTGGGATCCATCG-39 (IDT#
Hs.Cas9.MB21D1.1.AA) and 59-CGAAGCCAAGACCTCCGCCC-39
(IDT# Hs.Cas9.MB21D1.1.AL). Nucleofections were performed
5–6 h prior to lentivirus transductions.

Lentivirus transductions
CD14+ cells were plated at 1 million cells/ml and transduced with
equal volumes of freshly harvested SIV-VLPs and pTRIP-SFFV
vectors in the presence of 8 μg/ml protamine (#P4020; Sigma-
Aldrich). CD4+ T cells were transduced with lentivectors 24 h
post-TCR stimulation in 100 μl of cells (0.2 million cells) and
100 μl of freshly harvested lentivirus in the presence of 8 μg/ml
protamine. T cells were spinoculated at 1,200 g for 2 h at 25°C.
0.5 million THP-1 cells in 500 μl media (RPMI, 10% FBS, and 1%
PS) were transduced with 500 μl freshly harvested lentivirus in
the presence of 8 μg/ml protamine. 1 μg/ml Puromycin (#ant-
pr-1; Invivogen) was added 2 d after transduction when cells
were transduced with pLKO.1-puro plasmid.

Primary cell stimulations and treatments
For stimulation of STINGby extracellular ligands, 2.5μg of ADUS100
(#tlrl-nacda2r-01; Invivogen) or 2939-cGAMP (#tlrl-nacga23-02;
cGAMP; Invivogen ) was added to 100,000 cells in 100 µl media
either on freshly isolated primary cells or 3–4 d after differentiation
for MDDCs and 3 d after TCR stimulation for CD4+ T cells. Cells and
supernatant were harvested 18–24 h after stimulation.
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For delivery of STING ligands after permeabilization, T cells
were used 3 or 4 d after TCR stimulation, and MDDCs were used
3–4 d following differentiation. 150,000 cells were plated in
round-bottom 96-well plate. Media was removed by centrifu-
gation and 20 µl 2× permeabilization buffer (100 mM HEPES,
200mMKCl, 6 mMMgCl2, 0.2 mMDTT, 170 mM sucrose, 2 mM
ATP, 2 mM GTP, 0.4% bovine serum albumin [BSA], and 20 μg/
ml digitonin) and 20 μl cGAMP (12 μg/ml) was added to cells.
18–20 h following stimulation supernatants and cells were
harvested. Cells were stained with a fixable viability dye (#65-
0865-14; Invitrogen) and acquired on a FACSVerse (BD).

For cGAS stimulation, 2 µg of control GFP plasmid DNA
(provided in the kit) was nucelofected in 2 million T cells 72 h
after TCR stimulation (#VPA-1002; Lonza) using the program
T020 (#Nucleofector 2b; Lonza). Cells were harvested at 4 and
24 h after nucleofection for analysis.

For experiments with conditioned media, CD4+ T cell– and
MDDC-conditioned media refer to 0.45 µM filtered conditioned
media from cultures of activated CD4+ T cell and MDDCs, re-
spectively. CD4+ T cells were pretreated with 100 μl of MDDC-
conditioned media or fresh MDDC culture media, 24 h prior to
cGAMP stimulation. MDDCs were pretreated with 100 μl of
CD4+ T cell-conditioned media or fresh CD4+ T cell culture me-
dia, 24 h prior to cGAMP stimulation. Where indicated, 10 ng/ml
recombinant IFN-γ1b (#130-096-484; Miltenyi) was added.

Where indicated, cells were treated with 5AZA (# A2385;
Sigma-Aldrich) 48 h prior to cGAMP stimulation. Fresh 5AZA
was added daily to cells, and media was replenished with 5AZA
following cGAMP stimulation. 100 nM TSA (# T1952; Sigma-
Aldrich) was added to cells following cGAMP stimulation and
left overnight. 25 µM Azidothymidine (AZT; #A2169; Sigma-
Aldrich) and 10 µM nevirapine (NVP; #SML0097; Sigma-
Aldrich)were added prior to lentiviral transduction and replenished
when cells were expanded. B18R supernatant and control su-
pernatant were produced from baculovirus-infected cells as
described (Fernández de Marco et al., 2010). 10% of super-
natants were added to T cell culture media 2 d after transduc-
tion and fresh supernatants were added every day for the next
2 d and maintained overnight after cGAMP stimulation. Where
indicated, 1,000 U/ml IFNα2a (#11343506; Immunotools) was
added 20–24 h prior to cGAMP stimulation.

To study TCR signaling response in iCD4+ T cells, 0.8 to
1 million CD4+ T cells were washed, resuspended in 150 µl of
RPMI, and rested for 20min at 37°C. Cells were left unstimulated
or stimulated by adding Dynabeads at a ratio of 1:1 for the in-
dicated time points. After activation, cells were centrifuged at
2,000 rpm for 3 min at RT and lysed in 40–50 µl of RIPA buffer
(89901; Thermo Fisher Scientific) supplemented with a protease
inhibitor cocktail (11873580001; Roche) and a phosphatase in-
hibitor cocktail (815-968-0747; Thermo Fisher Scientific). Ly-
sates were processed as described in the protein isolation
section.

Luciferase reporter assays
45,000 293FT cells were plated in a 24-well plate and transfected
the following day with 200 ng IFNB-pGL3 or pTRH1-NFkB-
dscGFP and 300 ng of pTRIP-SFFV-tagBFP-2A, pTRIP-

SFFV-tagBFP-2A STING, pTRIP-SFFV-tagBFP-2A-ZebrafishST-
ING with TransIT-293 (Mirus). The next day the media was re-
moved, and cells were stimulated with 4 µg/ml cGAMP
(Invivogen) complexed with Lipofectamine 2000. 24 h later cells
were lysed with passive lysis buffer (Promega) and 10 µl of the
lysate was used for measuring luciferase activity using Lucifer-
ase Assay Reagent (E1483; Promega). Luminescence was acquired
on a FLUOstar OPTIMA microplate reader (BMG Labtech).

IFN quantification
Culture supernatants were stored at −80°C and thawed prior to
quantification. Concentrations of IFNα2, IFNβ, IFNγ, IFNλ1, and
IFNλ2/3 were measured using LEGENDplex Human Type 1/2/3
Interferon Panel (#740396; BioLegend) according to the manu-
facturer’s protocol. Data were acquired on a BD FACSVerse (BD)
and analyzed with LEGENDplex Software (BioLegend). In fig-
ures, dotted lines indicate limits of detection.

Gene expression analysis
RNA was extracted from 0.4 to 1 million cells using the Nucle-
ospin RNA II kits (#740955.50; Macherey-Nagel). cDNA was
synthesized using random primers (#48190-011; Invitrogen)
from 0.1 μg RNA using Superscript III Reverse transcriptase
(#18080044; Thermo Fisher Scientific). Real-time qPCR (RT-
qPCR) was carried out in 20 μl reactions using SYBR Green I
Master (#4887352001; Roche). Primers used were as follows:
IFNL1 (Fwd: 59-GGTGACTTTGGTGCTAGGCT, Rev: TGAGTGACT
CTTCCAAGGCG-39), IFNB (Fwd: 59-GTCTCCTCCAAATTGCTC
TC, Rev: ACAGGAGCTTCTGACACTGA-39), ACTB (Fwd: 59-GGA
CTTCGAGCAAGAGATGG, Rev: AGCACTGTGTTGGCGTACAG-
39), B2M (Fwd: 59-TCTCTGCTGGATGACGTGAG, Rev: TAGCTG
TGCTCGCGCTACT-39).

Bulk RNA-seq data analysis of CD4+ T cells stimulated with
cGAMP
5 h after cGAMP (6 µg/ml) stimulation of activated CD4+ T cells,
total RNA was extracted (#740955.50; Macherey-Nagel). RNA
integrity was verified using Agilent Bioanalyzer (#5607-1511;
Agilent RNA 6000 Nano kit) and all samples had a RIN >9. RNA
sequencing libraries were prepared from 500 ng of total RNA
using the Illumina TruSeq Stranded mRNA Library preparation
kit. A first step of polyA selection using magnetic beads was
performed to focus sequencing on polyadenylated transcripts.
After fragmentation, cDNA synthesis was performed and re-
sulting fragments were used for dA-tailing and ligated to the
TruSeq-indexed adapters. PCR amplification was performed to
create the final cDNA library (with 13 cycles). After quantifica-
tion of PCR products, sequencing was carried out using 2 × 100
cycles (paired-end reads, 100 nucleotides) on a Novaseq 6000
instrument, targeting 25 M clusters. The data were aligned to
the hg19 (ENSEMBL annotation v.74) genome using the RNA-seq
pipeline of the Curie bioinformatics platform, rnaseq v3.1.1.
Reads were trimmed with TrimGalore (v.0.6.2) and aligned on
the reference genome using STAR (v 2.6.1; Dobin et al., 2013).
Quality control was done with picard (v.2.18.15), RSeQC
(v.2.6.4), and preseq (v.2.0.3; Wang et al., 2012). Read counts
were generated with STAR. Quality reports were generated with
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MultiQC (v.1.7). We filtered the count matrix only keeping genes
that have in at least one sample a transcripts per million value of
1, this strategy left us with 10,671 genes tested of a total of 57,820
genes in the count matrix. Differential expression analysis was
performed using DESeq2 (1.26.0), and a complete list of differ-
entially expressed genes is provided in Table S1 (Love et al.,
2014). A gene was designated as differentially expressed with
an adjusted P value of <0.05 and an absolute log fold change >1. A
list of 625 ISGs was used for annotation (Silvin et al., 2017;
Cerboni et al., 2021). Additionally, Bioconductor package clus-
terProfiler (3.14.3) was used for the pathway over-representation
analysis using public databases GO and Kegg (Yu et al., 2012).
Upregulated and downregulated genes were analyzed separately.
Pathways with an adjusted P value <0.05 and that contained at
least five genes from our dataset were considered significant.
Gene expression data have been deposited at GEO (accession no.
GSE182647).

Bulk RNA-seq data analysis of CD4+ T cells expressing RELA or
RELA K5R
CD4+ T cells transduced with either pTRIP-SFFV-GFP or pTRIP-
SFFV-GFP-RELA or pTRIP-SFFV-GFP-RELA K5R and RNA was
isolated 4 d after transduction. The analysis was performed by
GenoSplice. Analysis of sequencing data quality, reads reparti-
tion (e.g., for potential ribosomal contamination), inner distance
size estimation, genebody coverage, and strand-specificity of the
library were performed using FastQC v0.11.2, Picard-Tools
v1.119, Samtools v1.0, and RSeQC v2.3.9. Reads were mapped
using STAR v2.7.5a on the human hg38 genome assembly and
read count was performed using featureCount from SubRead
v1.5.0. Gene expression was estimated as described previously
(Paillet et al., 2021) using Human FAST DB v2022_1 annotations.
Only genes expressed in at least one of the two compared con-
ditions were analyzed further. Genes were considered as ex-
pressed if their FPKM value was greater than the FPKM of 96%
of the intergenic regions (background). Analysis at the gene
level was performed using DESeq2 using experiment ID in the
DESeq2 GLM model. Genes were considered differentially ex-
pressed for fold changes ≥1.5 and P values ≤0.05. Pathway
analyses were performed using WebGestalt v0.4.4 merging re-
sults from upregulated and downregulated genes only, as well as
all regulated genes. Pathways and networks were considered
significant with P values ≤0.05. The results of this analysis were
compared to those from Zhao et al. (2015) corresponding to the
GSE68329 GEO dataset ID. Regulated genes from Zhao et al.
(2015) were retrieved using GEO2R using adjusted P value
≤0.05 and fold change ≥ 1.5. Gene expression data have been
deposited at GEO (accession no. GSE182647).

Protein isolation, immunoprecipitations, and Western blot
0.5 million cells were lysed for 30 min on ice in 50 µl RIPA
buffer (50 mMTris HCl, 150 mMNaCl, 0.1% SDS, 0.5% DOC, and
1% NP-40) with Protease inhibitor (#1187358001; Roche). To
evaluate, phospho-proteins 50 mM NaF and 1 mM sodium or-
thovanadate were added to the lysis buffer. Protein lysates were
cleared by centrifugation at 12,000 g for 10–12 min at 4°C. 10 µl
of 6× Laemmli buffer (#J61337; Thermo Fisher Scientific) was

added to 50 μl protein lysates and samples were boiled at 95°C
for 15min. For immunoprecipitations, 4 or 5 d after transduction
equal cell numbers were harvested from donor-matched CD4+

T cells andMDDCs transduced with pTRIP-SFFV-GFP-RELA. 5 to
7 million cells were lysed in 250–300 µl of RIPA with protease
inhibitors, 50 mM NaF, and 1 mM sodium orthovanadate for
15 mins on ice and sonicated for 15 min at 4°C. Protein lysates
were cleared by centrifugation at 12,000 g for 10–12 min at 4°C.
10% of lysates were harvested for input and the rest were in-
cubated for 2.5 h with 15 µl of GFP-trap magnetic agarose beads
(Chromotek # gtma-20) at 18 rpm. Beads were washed thrice
with PBS prior to incubation with protein lysates. At the end of
the incubation period, beads were washed thrice with RIPA lysis
buffer using a magnet to remove unbound proteins, resuspended
in 30 µl of lysis buffer and 5 µl of 6× Laemmli buffer, denatured
at 95°C and stored at −20°C. Protein samples were resolved on
4–20% BioRad precast SDS-PAGE gels (#5671125) and transferred
onto PVDF membranes (#1704157; BioRad). Membranes were
blocked in 5% non-fat dry milk in PBS 0.1% Tween or in TBS 5%
BSA 0.1% Tween to detect phosphorylated proteins. Primary
antibodies were used at 1:1,000: phospho-STING (S366; clone-
D7C3S), STING (clone-D2P2F), phospho-TBK1 (S172; clone-
D52C2), TBK1 (clone-D1B4), phospho IRF3 (S396; clone-D6O1M),
IRF3 (clone-D83B9), RELA (clone C22B4, clone D14E12 used for
immunoprecipitation analysis, and clone C-20 used for T cell
signaling analysis), acetyl-NFκB (K310; CST #3045), phospho p65
(S536; clone-93H1), IRF7 (clone-12G9A36), cGAS (clone-D1D3G),
Actin (clone-C4), Sendai viral proteins (# MBL-PD029; Biozol),
phospho-ERK1/2 (T202/Y204; clone-E10), ERK1/2 (clone-
137F5), phospho-PLCγ1 (Y783; clone-D6M9S), PLCγ1 (CST#
2822S), phospho-Zap-70 (Y319)/Syk (Y352; CST#2701S), and
Zap-70 (clone-D1C10E). Secondary anti-rabbit or anti-mouse
antibodies were used at 1:10,000 (#sc-2357, #sc-516102; Santa
Cruz), secondary antibodies for T cell signaling (#111-036-046
or # 115-035-146; Jackson ImmunoResearch) and secondary
antibody for immunoprecipitation analysis (Ebioscience 18-
8816 Rabbit Trueblot) were used at 1:3,000. ECL signal
(#1705061 and #1705062; BioRad) was recorded on a Chem-
iDoc Touch BioRad Imager. Data were analyzed and quantified
with Image Lab software (BioRad). In figures, dotted lines
indicate the reordering of lanes from a single original mem-
brane for visualization purpose.

Confocal microscopy and analysis
4–5 d following transduction, 500,000 cells were plated on 0.1%
poly-L-lysine in water-coated (#8920; Sigma-Aldrich) coverslips
and left for 30 min to attach. Cells were fixed in PBS 4% para-
formaldehyde for 20min at RT. Coverslips werewashed twice in
PBS and quenched with 500 μl of freshly prepared PBS glycine
(375 mg glycine in 50 ml of PBS) for 10 min at RT. Cells were
then permeabilized and simultaneously blocked with PBS,
0.2 % BSA, 0.05% saponin, and 1% goat serum (#G9023; Sigma-
Aldrich) for 30 min at RT. Coverslips were incubated with pri-
mary antibody against cGAS (clone D1D3G) or isotype control
(clone DA1E) at a concentration of 0.085 μg/ml in PBS, 0.2% BSA,
and 0.05% saponin, and left overnight at 4°C in a moist chamber.
Coverslips were washed five times with PBS, 0.2% BSA, and
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0.05% saponin, and incubated in secondary antibody goat anti-
rabbit IgG at 1:400 (#A21246; Invitrogen) for 45 min at RT.
Coverslips were washed five times with PBS, 0.2% BSA, and
0.05% saponin, rinsed in water, and mounted on a glass slide
using 10 µl fluoromount-G with DAPI (#00-4959-520; In-
vitrogen). Glass slides were allowed to dry in a 37°C chamber for
30 min and stored at 4°C. Images were acquired on a Leica DmI8
inverted microscope equipped with an SP8 confocal unit using a
40× (1.3 NA) oil objective. Image analysis was performed using
Fiji software (Schindelin et al., 2012). Homemade scripts were
used to analyze cGAS localization. All images were smoothened
using a filtering of mean radius 1 pixel. For each Z-stacks, an
optical section in the middle of the nuclei was chosen. Then, for
each condition, a binarymask of the nuclei and a mask of the cell
were obtained by applying a threshold respectively on the DAPI
signal or the cGAS signal to define nuclear and cytosolic regions.
To avoid out-of-focus cells and to be sure that measurement will
be done inside nuclei, a filter was applied to keep only cells with
a section larger than 20 µm2 containing a nucleus section larger
than 16 μm2. Finally, average cGAS and GFP intensities were
measured in the whole cell, the nuclei, and the cytosol (defined
by the whole cell excluding the nuclear region).

cGAMP isolation and quantification
Cell pellets were stored at −80°C until extraction. Frozen pellets
were fixed in 80% cold methanol and subjected to five freeze-
thaw cycles in liquid nitrogen. Samples were then centrifuged at
16,000 g for 20 min at 4°C. The supernatants were further
subjected to drying in Savant DNA Speed Vac DNA 110 at 65°C
for 2 h. The pellets were resuspended in 100 μl RNase- and
DNase-free water and cGAMP was quantified by ELISA as per
manufacturer’s protocol (#501700; Interchim). cGAMP quantity
was normalized to cell numbers and represented as picograms/
million cells.

Viral infections
For HIV infections, 4 d after lentivirus transduction and 2 d
following 5AZA treatment, 0.07million cells in 70 μl media were
infected with 70 μl BFP-reporter single-round HIV-1 or HIV-
2 with 8 μg/ml protamine and fresh 5AZA (2 μM). Cells were
pretreated with B18R or control supernatants (10%) for 48 h
prior to viral infections. Fresh B18R or control supernatants
were added at the time of infection and left untouched for 48 h.
Serial dilutions of viruses at 1/3 were performed. GHOST X4R5
cells were infected in parallel to control the viral titer of the
inoculum. Cells and supernatants were harvested 48 h after
infection.

For Sendai virus infections, 100,000 cells in 100 μl were
infected with 100 μl of Sendai virus 200 HA/ml (Charles River,
Cantell Strain) with 8 μg/ml protamine. Culture supernatants
for IFN quantification were harvested 18–24 h after infection.
Cells for RNA and protein extraction were harvested 6 h fol-
lowing infection.

CAR-T tumor spheroid killing assay
CD19+ mKate2+ A549 cells were produced by lentiviral trans-
duction using pCDH-CMV-CD19 puro and ILV-EF1a-mKate-9-

X01(Flash Therapeutics) lentivectors. 1,000 cells were plated 4 d
prior to coculture in low-cluster 96-well plates (#7007; Costar)
and allowed to form spheroids in RPMI, 10% FBS, and 5% PS.
Total CD3+ T cells were isolated by negative selection from pe-
ripheral blood mononuclear cells (#17951; Stem Cell) and stim-
ulated with Dynabeads at a ratio of 1:3 (beads:cell). Cells were
cultured at 1 million per ml in X-VIVO 15 with 5% PS, 5% de-
complemented human serum (Sigma-Aldrich), and 50 mM
2-mercaptoethanol (#31350-010; GIBCO). 24 h following TCR
stimulation, 100,000 cells in 100 μl were cotransduced with
100 μl of lentivector viral particles (pTRIP-SFFV-GFP or pTRIP-
SFFV-GFPRELAK5R) combined with the CAR lentivirus
(rLV.EFA.19BBz; Flash Therapeutics) at a multiplicity of in-
fection (MOI) of 10 (corresponding usually to <1 µl). Spino-
culation was carried out at 1,200 g for 2 h at 25°C. Cells were
expanded for 48 h with fresh media and 300 U/ml IL-2. 3 d
following transduction, T cells were stained with CD19 CAR
detection reagent (130-115-965; Miltenyi) for 15 min at 4°C,
washed twice, and subsequently with streptavidin A647 con-
jugate (#S21374; Invitrogen) for 30 min at 4°C. Cells were
fixed and acquired on a FACSVerse (BD). The next day, Dy-
nabeads were removed by magnetic separation, and 250, 500,
or 1,000 CAR+ cells were added per well of A549 spheroids in
quadruplicates. To evaluate the impact of IFN-I on CART
function, IFNα2a (10,000 U/ml or 1,000 U/ml) was added at
the time of coculture. Plates were then placed in an In-
cuCyteS3 and images were acquired using a 10× objective (1.24
μm/pixel) every 3 h for 5–6 d. Images were analyzed using the
IncuCyte S3 software. At the end of the culture, supernatants
were harvested and assayed for IFN concentrations.

Cell stimulation and intracellular staining
Total CD3+ T cells were cotransduced with CAR lentivirus
and either pTRIP-SFFV-GFP or pTRIP-SFFV-GFP-RELA K5R for
4 d prior to staining. 0.15 million cells were treated with cell-
stimulation cocktail and protein transport inhibitors (#15516286
or 15172069; Thermo Fisher Scientific) for 4 h. Cells were stained
with Fixable Viability Dye eFluor 780 (#15383562; Thermo
Fisher Scientific), CD4 BV510 (#562971; Thermo Fisher Scien-
tific), and CD8a PE (#15506706; Thermo Fisher Scientific), and
then fixed and permeabilized using the eBioscience FOXP3
transcription factor staining buffer set (#11500597; Thermo
Fisher Scientific). Permeabilized cells were stained with anti-
bodies against IFNγ PeCy7 (#13417646; Thermo Fisher Scientific)
and Granzyme B APC (#515405; Biolegend). Samples were ac-
quired on a NovoCyte (Agilent). Isotype controls were used to
define gates.

Statistical analysis
Data were analyzed using PRISM software (version 9, GraphPad
Prism). Statistical tests and parameters including statistical
significance are reported in figure legends.

Online supplemental material
Fig. S1 shows the characterization of the IFN response of T cells
to cGAMP stimulation, IFNα2a pretreatment, and Sendai virus
infection. Fig. S2 shows the impact of RELA on IFN response to
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cGAMP in CD4+ T cells MDDCs, MDMs, and THP-1 cells. Fig. S3
shows the impact of IRF3, TSA, 5AZA, and RELA K5R on IFN re-
sponse to cGAMP, viability, and signaling in CD4+ T cells. Fig. S4
shows the impact of IRF3, 5AZA, and RELA K5R on IFN response
to cGAMP in CD4+ T cells. Fig. S5 shows the functional impact of
iCD4+T cells in the context ofHIV infection and anti-tumor response.
Table S1 provides a complete list of differentially expressed genes.
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Figure S1. Characterization of the IFN response of T cells to cGAMP stimulation, IFNα2a pre-treatment, and Sendai virus infection. (A) RT-qPCR of
IFNL1 and IFNB expression following cGAMP (6 µg/ml) stimulation of TCR-activated CD4+ T cells or MDDCs at indicated time points (n = 4 donors from two
independent experiments). Relative quantities (RQ) normalized to the average of controls, each symbol represents one donor, geometric mean, paired one-way
ANOVA with Tukey’s multiple comparison test. (B) IFN-I/II/III concentrations following cGAMP (0.06, 6 µg/ml) stimulation of TCR-activated CD4+ T cells and
MDDCs. Cells were cultured for 24 h prior to stimulation with the indicated fresh culture media, conditioned media (CM), or treated with IFNγ (10 ng/ml; n = 4
donors from two independent experiments). (C)Heat-map of upregulated genes 5 h following cGAMP (6 µg/ml) stimulation of TCR-activated CD4+ T cells. Data
are shown as color-coded Z-scores of transcripts per million (TPM) values (n = 4 donors combined from two independent experiments). Annotation of ISGs is
indicated. (D) Enriched biological processes among upregulated genes following cGAMP (6 µg/ml) stimulation of CD4+ T cells (n = 4 donors combined from two
independent experiments). (E) Violin plots of expression levels of key proteins involved in STING-IFN signaling pathway (lines denote median and quartiles, n =
4 donors combined from two independent experiments). (F)Western blot of IFIT1, MX2, IRF1, IRF7, and actin 18 h following IFNα2a (1,000 U/ml) treatment of
CD4+ T cells (representative of two independent experiments). (G) IFN-I/III concentrations following cGAMP (6 µg/ml) stimulation of CD4+ T cells pre-treated
for 18 h with IFNα2a (n = 4 donors from two independent experiments, bars represent geometric mean, paired one-way ANOVA with Tukey’s multiple
comparison test). (H) RT-qPCR of IFNL1 and IFNB expression following Sendai virus (SeV 200 HA/ml) infection of CD4+ T cells and MDDCs at indicated time
points post-infection (p.i.; n = 4 donors from two independent experiments). RQ normalized to the average of controls, each symbol represents one donor, bars
represent geometric mean, paired one-way ANOVAwith Tukey’s multiple comparison test. (I)Western blot of Sendai virus proteins and actin following Sendai
virus (SeV 200 HA/ml) infection of CD4+ T cells and MDDCs at indicated time points (representative of two independent experiments). (J) IFN-I/III con-
centrations after infection of TCR-activated CD4+ T cells and MDDCs with Sendai virus (SeV 200 HA/ml; n = 9 donors combined from five independent
experiments). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Source data are available for this figure: SourceData FS1.
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Figure S2. Impact of RELA on IFN response to cGAMP in CD4+ T cells MDDCs, MDMs, and THP-1 cells. (A) RT-qPCR of IFNL1 and IFNB expression 5 h
following stimulation with cGAMP (6 µg/ml) in CD4+ T cells and MDDCs transduced with either control or RELA (n = 3 donors combined from two independent
experiments). RQ normalized to average of controls, each symbol represents one donor, bars represent geometric mean, paired one-way ANOVA with Tukey’s
multiple comparison test. (B) Activity of IFNB promoter and NF-κB promoter luciferase reporter in 293FT following transfection with BFP, human STING or
zebrafish STING and stimulation with cGAMP (4 µg/ml). Each symbol represents one experiment (n = 3 independent experiments). (C) IFN-I/III concentration
following cGAMP (6 µg/ml) stimulation of CD4+ T cells, transduced with control (BFP), human STING, or zebrafish STING (n = 4 donors combined from two
independent experiments). Each symbol represents one donor, bars represent mean, paired one-way ANOVA with Tukey’s multiple comparison test.
(D) Proliferation measured using a cell proliferation dye (CPD) of CD4+ T cells transduced with either control (GFP) RELA or RELA K5R lentivector on day 4 and
6 post TCR stimulation (n = 4 donors combined from two independent experiments). Each symbol represents one donor, bars represent mean + SEM, paired
one-way ANOVA with Tukey’s multiple comparison test. (E)Western blot of RELA and actin in CD4+ T cells, MDMs, and THP-1 transduced with either control,
RELA, or RELA K5R (representative of two individual experiments). (F) IFN-I/III concentration following cGAMP (6 µg/ml) stimulation of (top) CD4+ T cells,
MDMs, and (bottom) THP-1 transduced with control (GFP), RELA, or RELA K5R (n = 4 donors combined from two independent experiments, for THP-1 combined
from three independent experiments). Each symbol represents one donor, bars represent geometric mean, paired one-way ANOVA with Tukey’s multiple com-
parison test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Source data are available for this figure: SourceData FS2.

Jeremiah et al. Journal of Experimental Medicine S3

RELA controls IFN-I/III expression by T cells https://doi.org/10.1084/jem.20220666

https://doi.org/10.1084/jem.20220666


Figure S3. Impact of IRF3, TSA, 5AZA, and RELA K5R on IFN response to cGAMP, viability, and signaling in CD4+ T cells. (A) RT-qPCR of IFNL1 and IFNB
6 h following stimulation with cGAMP (6 µg/ml) of CD4+ T cells and MDDCs transduced with control (GFP) or IRF3 lentivectors (n = 6 donors combined from
three independent experiments). RQ normalized to average of controls, each symbol represents one donor, bar represents geometric mean, paired one-way
ANOVA with Tukey’s multiple comparison test. (B) Viability (mean + SEM) and IFNl1 concentration following TSA (100 nM) treatment and cGAMP (0.06, 6 µg/
ml) stimulation of CD4+ T cells (n = 6 donors combined from three independent experiments). (C) Western blot of key signaling proteins involved in STING
signaling and actin, 6 h following cGAMP (6 µg/ml) stimulation or Sendai virus (SeV 200 HA/ml) infection of CD4+ T cells in combination with TSA (100 nM;
representative of two independent experiments). (D) Viability (mean + SEM) of CD4+ T cells transduced with control or IRF3 and RELA K5R lentivectors
stimulated with cGAMP (6 µg/ml; n = 6 donors combined from three independent experiments). Each symbol represents one donor, bars represent mean +
SEM, paired one-way ANOVA with Tukey’s multiple comparison test. (E) Western blot of IRF3, RELA, and actin in CD4+ T cells transduced as indicated
(representative of n = 8 independent donors in two experiments). (F) Western blot of IRF3, RELA, and actin in CD4+ T cells transduced as indicated and
untransduced MDDCs (representative of n = 4 independent donors in two experiments). (G) Percentage and MFI of Ki67 in CD4+ T cells transduced either with
control (GFP) IRF3 and RELA K5R and pretreated with 5AZA (2 µM; n = 4 donors combined from two independent experiments). Each symbol represents one
donor, bars represent mean + SEM, paired one-way ANOVA with Tukey’s multiple comparison test. (H) Western blot of indicated TCR signaling response
proteins in CD4+ T cells transduced either with control (GFP) IRF3 and RELA K5R and pretreated with 5AZA (2 µM), harvested at the indicated times (rep-
resentative of n = 4 independent donors in two experiments). *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001. Source data are available for this figure: SourceData FS3.
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Figure S4. Impact of IRF3, 5AZA, and RELA K5R on IFN response to cGAMP in CD4+ T cells. (A)Western blot of STING signaling response and ERK1/2 in
CD4+ T cells transduced and treated as indicated, and untransduced MDDCs (representative of n = 2 independent experiments). (B) IFN-I/III concentration
following cGAMP (6 µg/ml) stimulation and 5AZA (2 µM) treatment of CD4+ T cells transduced with control or IRF3 and RELA K5R lentivectors in the presence
of AZT (25 µM) and NVP (10 µM; n = 4 donors, combined from two independent experiments). Each symbol represents one donor, bars represent geometric
mean, paired one-way ANOVA with Tukey’s multiple comparison test. (C) Western blot of IRF3, RELA, IRF7, and actin proteins in CD4+ T cells transduced as
indicated and treated with AZT (25 µM), NVP (10 µM), and 5AZA (2 µM; representative of 4 n = 2 independent donors in two experiments). (D) Percentage of
GFP expression, and cGAMP and IFN-I/III quantification in CD4+ T cells transduced either with control, cGAS, NLS, or NLS-cGAS (n = 4 donors combined from
two independent experiments). Each symbol represents one donor, bars represent mean + SEM (percentage of GFP) or geometric mean (concentrations),
paired one-way ANOVA with Tukey’s multiple comparison test. (E) Percentage of GFP expression, and cGAMP and IFN-I/III quantification in CD4+ T cells
nucleofected with a control GFP plasmid DNA (n = 6 donors combined from three independent experiments). Each symbol represents one donor, bars
represent mean + SEM (percentage of GFP) or geometric mean (concentrations), paired one-way ANOVAwith Tukey’s multiple comparison test or paired t test.
(F) Pearson correlation of GFP intensity with the ratio of average intensity of nuclear to cytoplasmic cGAS signal in CD4+ T cells transduced with either RELA
K5R or IRF3 and RELA K5R. Each point represents a single cell of a donor (n = 4 donors combined from two independent experiments). *P ≤ 0.05, **P ≤ 0.01.
Source data are available for this figure: SourceData FS4.
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Figure S5. Functional impact of iCD4+ T cells in the context of HIV infection and anti-tumor response. (A) Representative cotransduction rates of
control (GFP) or RELA K5R and CAR (CD19-Fc staining) lentivectors in T cells. (B) Rates of CAR+ cells in control (GFP) or RELA K5R transduced T cells (n = 10
donors combined from five independent experiments). Each symbol represents one donor, bar indicates mean, paired one-way ANOVA with Tukey’s multiple
comparison test. (C) Bar plots representation of data shown in Fig. 7 C on days 0, 2, and 5 after coculture of CAR+ GFP+ or CAR+ RELA K5R+ T cells with
mKate2+CD19+ A549 cells (n = 10 donors combined from five independent experiments). (D) IFNλ1 concentration at the end of the coculture period with 1,000,
500, and 250 CAR+ GFP+ or CAR+ RELA K5R+ T cells (n = 6 donors combined from three independent experiments). (E) IFN-I/III concentration 48 h following
HIV-1 or HIV-2 infection of CD4+ T cells transduced with the indicated lentivectors and pretreated with 5AZA (2 µM) for 48 h (n = 4 donors combined from two
independent experiments). Each symbol represents one donor, bar represents geometric mean, paired one-way ANOVA with Tukey’s multiple comparison test,
*P ≤ 0.05, **P ≤0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns, not significant.
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Provided online is one table. Table S1 provides a complete list of differentially expressed genes.
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