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Role of the Orphan Nuclear Receptor
NR4A Family in T-Cell Biology
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and Nathalie Labrecque ""*>%*

1 Laboratory of Immunology, Maisonneuve-Rosemont Hospital Research Center, Montreal, QC, Canada, < Département de
Microbiologie, Infectiologie et Immunologie, Université de Montréal, Montreal, QC, Canada,  Department of Medical
Microbiology and Immunology, University of Alberta, Edmonton, AB, Canada, 4 Département de Médecine, Université de
Montréal, Montreal, QC, Canada

The nuclear orphan receptors NR4A1, NR4A2, and NR4A3 are immediate early genes
that are induced by various signals. They act as transcription factors and their activity is
not regulated by ligand binding and are thus regulated via their expression levels. Their
expression is transiently induced in T cells by triggering of the T cell receptor following
antigen recognition during both thymic differentiation and peripheral T cell responses. In
this review, we will discuss how NR4A family members impact different aspects of the life
of aT cell from thymic differentiation to peripheral response against infections and cancer.

Keywords: NR4A nuclear receptor, CD4 T cell, CD8 T cell, thymus, immune response, Nur77, Nurr1, Nor1

INTRODUCTION TO T-CELL BIOLOGY

T cells are central players of the adaptive immune response. They recognize, via their T cell receptor
(TCR), a peptide fragment of antigen (Ag) in association with class I or II molecules of the major
histocompatibility complex (MHC). The generation of a repertoire of T cells endowed with the
ability to recognize almost all the possible foreign Ags is possible due to TCR gene rearrangement, a
process where random juxtaposition of TCR gene segments occurs to create TCR sequence
diversity. This requires that developing thymocytes undergo an education process during their
differentiation. Therefore, only thymocytes expressing a useful TCR (eventually able to recognize a
foreign Ag in association with self-MHC molecules) will survive (positive selection) during
differentiation while those expressing an auto-reactive TCR will be physically or functionally
eliminated from the repertoire (negative selection). This stringent selection process ensures that
only useful (MHC restricted) and self-tolerant T cells will colonize lymphoid organs as naive T cells.
The molecular events controlling thymic T cell differentiation and selection are still not fully
understood. The first part of this review will highlight how deciphering the role of NR4A family
members has helped to better understand the T cell differentiation events taking place in
the thymus.

The detection and engulfment of pathogens by dendritic cells (DCs) within the tissue will induce
their maturation and the presentation of peptide fragments from the pathogens within MHC class I
or class II molecules expressed at their surface. These DCs will then migrate to the draining
lymphoid organs where they will activate Ag-specific T cells. For efficient activation and
differentiation into effector T cells able to control the infection, naive T cells require three
signals: TCR stimulation, co-stimulatory signals provided by mature DCs via CD28-CD80/CD86
interactions, and an inflammatory milieu (cytokines produced by DCs or the environment). This
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will lead to massive expansion of T cells to increase their
numbers. Concomitant with T cell proliferation, differentiation
will occur leading to the acquisition of effector functions crucial
for the elimination of the infectious agent. After clearance of
infection, most Ag-specific T cells will die by apoptosis while a
few will survive and differentiate into memory T cells that will
confer long-lived protection against reinfection. A different
picture emerges in the context of chronic infection or cancer
where the persistence of Ags and inflammation lead to a state of
T cell exhaustion. In the second part of this review, we will
present how the study of the role of the orphan nuclear receptor
NR4A family members has provided a better understanding of
the molecular events controlling peripheral T cell responses to
infection and cancer.

OVERVIEW OF NR4A ORPHAN
NUCLEAR RECEPTORS

The NR4A family of orphan nuclear receptors is composed of
NR4A1 (Nur77), NR4A2 (Nurrl), and NR4A3 (Nor-1). They
work as transcription factors in a ligand-independent manner.
Like other nuclear receptors, they are composed of a central two-
zinc DNA-binding domain, a N-terminal transactivation
domain, and a C-terminal ligand-binding domain (LBD). The
LBD lacks a classical hydrophobic binding pocket, explaining
ligand-independent action. They recognize the NBRE motif
(AAAAGGTCA) on DNA as monomers and they can bind as
homodimers to the palindromic DNA binding motif, NurRE
(TGATATTTX¢AAATGCCCA) (1, 2). Their functions are
mostly controlled by the rapid and transient induction of their
expression by a variety of extracellular signals, and thus are
considered as immediate-early genes. The NR4As are involved in
various cellular functions including apoptosis, survival,
proliferation, angiogenesis, inflammation, DNA repair, and
fatty acid metabolism (3, 4).

NR4As AND THYMIC T CELL
DEVELOPMENT

Overview of T Cell Development

The thymus is organized into two distinct regions; an outer
cortical area and an inner medullary area that are composed of
different cell populations. During T cell selection in the thymus,
thymocyte fate is largely determined by the affinity of the TCR
for self-peptide presented in the context of MHC molecules
(spMHC). In the cortex, the generation of the o3-TCR through
random somatic recombination processes leads to the formation
of a large pool of CD4"CD8" double-positive (DP) thymocytes
that express a highly diverse TCR repertoire. DP thymocytes that
receive low affinity TCR signals undergo positive selection and
lineage commitment, and traffic to the thymic medulla where
maturation to the CD4" or CD8" single positive (SP) lineage is
completed (5, 6). Upon receipt of a high affinity TCR signal, self-

reactive thymocytes undergo negative selection which includes
apoptosis induction (clonal deletion) or functional inactivation
(anergy). Alternatively, thymocytes that receive strong TCR
signals can undergo agonist selection and be diverted into
nonconventional lineages such as T regulatory cells (Treg),
invariant natural killer T cells (iNKT), or CD8oot™ intestinal
intraepithelial lymphocytes (IEL) (7). In the thymic cortex,
developing thymocytes encounter self-peptides derived from
ubiquitously expressed proteins (6). It is necessary to remove T
cells expressing autoreactive TCR directed against all self-
proteins, including the ones whose expression is tissue-
restricted. Therefore, in the thymic medulla and at the single-
positive (SP) stage of thymocyte differentiation, thymocytes will
encounter a different repertoire of self-peptides which includes
those derived from proteins expressed in a tissue-restricted
manner and driven by the promiscuous transcriptional
activities of Aire and Fezf2 (8, 9).

TCR signals received by nascent thymocytes lead to
transcriptional changes that regulate positive and negative
selection (10). Among the set of genes consistently associated
with clonal deletion is NR4A1 (10, 11). The NR4A family has
long been investigated for their putative role in thymocyte
selection. NR4A1 and NR4A3, but not NR4A2, are expressed
in thymocytes undergoing selection (12), but NR4A1 is the most
extensively studied of the three NR4As and will receive the most
attention in this section of the review. An initial connection
between the NR4A family of proteins and thymocyte selection
developed when NR4A1 induction was demonstrated in
apoptotic immature thymocytes and T cell hybridomas (13,
14). Subsequent studies on the role of the NR4A family in
thymocyte development utilized many different approaches
and model systems which will be explored in the following
sections. Additionally, while there is clear redundancy within
the family, it is becoming apparent that phenotypic and
functional changes in thymocyte development can be observed
when the expression of individual family members is
manipulated. This is further emphasized by emerging evidence
suggesting that the induction of individual NR4A family
members is differentially regulated downstream of TCR
signaling (15). Added complexity stems from the fact that the
function of NR4A family members during thymocyte
development has been reported to be dependent on
transactivation (16-19) or extra-nuclear activities (20-23)
(Figure 1). Finally, this section will focus on the role of the
NR4A family in of3-thymocyte selection, since to our knowledge
the NR4As have not been reported to regulate the development
of any other thymic lineages.

Cortical Negative Selection to Ubiquitously
Expressed Self-Antigen

The thymic cortex is the compartment in which nascent
thymocytes that express an off-TCR first encounter spMHC,
and where both positive and negative selection are known to
occur (6, 7). DP thymocytes are selected based on the affinity of
the TCR for “ubiquitous” self-Ag (UbsA) presented in the
context of MHC on the surface of cortical thymic epithelial
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FIGURE 1 | Function of the NR4A family in thymocyte development. TCR stimulation induces expression of the NR4A family. In the nucleus, NR4As can regulate the
expression of genes that control T cell tolerance. Additionally, NR4A family members can be exported from the nucleus where they directly regulate apoptosis

through an interaction with Bcl-2.

cells (cTEC) and DCs (6). NR4A 1, NR4A3 (24), and NR4A2 (25)
share variable sequence homology in the N-terminal
transactivation domain and C-terminal “ligand binding
domain,” but close similarity in their DNA-binding domains.
Original studies implicating the NR4As in thymocyte clonal
deletion demonstrated that a NR4Al dominant negative
mutant that lacked the transactivation domain or antisense
NR4A1 RNA inhibited TCR-induced cell death in T cell
hybridomas (13, 14, 26, 27). However, it was proposed early
on that T cell hybridomas more closely model the responses of
mature T cells than developing thymocytes (28, 29). In vivo
models of negative selection to ubiquitous antigen were
subsequently employed. Dominant negative NR4A1 expressed
in HY TCR transgenic mice, wherein thymocytes recognize the
ubiquitous male-specific HY antigen in the context of H-2D" (30,
31), resulted in a partial rescue of DP and CD8SP populations
from clonal deletion; however, tolerance to HY male antigen was
maintained. Similar results were observed for models that
involved injection of exogenous antigen to induce thymic
clonal deletion such as in F5 TCR transgenic mice (specific for
influenza nucleocapsid peptide) (27, 30, 32). More contemporary
studies investigating the transcriptional regulation of NR4As
provided additional support for the NR4A family in regulating
negative selection and tolerance. In pre-selection DP thymocytes,
histone deacetylase 7 (HDAC7) in complex with MEF2D
represses NR4A1 and NR4A3 expression (33, 34). Following
TCR signaling, HDAC7 is phosphorylated and exported from
the nucleus, discontinuing its repressive activity (33-36).
Transgenic mice harboring an HDAC7 mutant putatively

incapable of being phosphorylated downstream of the TCR
and exported from the nucleus (S155/318/448A) showed
impaired induction of NR4A1 and NR4A3, impaired negative
selection, and lethal autoimmunity (37). While this may indicate
the importance of NR4A1/NR4A3 in clonal deletion, the cause of
autoimmunity in this model is unclear, especially since these
HDAC7 mutants demonstrated a generalized suppressive impact
on the negative selection transcriptional program and impaired
generation of Tregs (37).

As a result of the similarity among the NR4As in their DNA-
binding domains, dominant negative mutants of individual
NR4As have the potential to inhibit the transactivation
activities of other NR4A family members (12). Therefore,
studies employing the NR4A1 dominant negative mutant have
provided support for the hypothesis that NR4A receptors drive
thymocyte clonal deletion via their transcriptional activity (38-
40). In harmony with this assertion, overexpression of full-length
NR4A1 or NR4A3 (but not NR4A2) induced thymocyte
apoptosis in vivo, while that of the NR4A1 dominant negative
did not (12, 27, 30, 41) but this assumes that the dominant
negative NR4A1 mutant only impairs the transcriptional activity
of NR4A1. Transcriptional targets of NR4Al thought to
potentially mediate its pro-apoptotic effect were FasL, TRAIL,
and Nur77 downstream gene 1 and 2 (NDG1/2) (40). While
none of these targets were shown to be required for the
thymocyte apoptosis induced by a full-length NR4Al
transgene, we caution that thymic phenotypes in NR4A
transgenic mice may not accurately represent endogenous
NR4A function during thymocyte selection since NR4A
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transgenes were active during the DN stage (e.g., Lck proximal
promoter), not the DP stage where negative selection first occurs
(15, 39, 42, 43).

Conversely, NR4A1/3 have been proposed to induce
apoptosis by their nuclear export and conversion of anti-
apoptotic Bcl-2 to a pro-apoptotic form via exposure of its Bcl-
2 homology domain 3 (BH3) at the mitochondria in a variety of
cell types including thymocytes (20-23). Bcl-2/BH3 conversion
has been shown to occur in vivo in the HY and F5 TCR
transgenic UbsA selection models specifically within DP, but
not SP thymocytes, implying this NR4A activity is unique to
UbsA-mediated negative selection (21). A study that used a Bcl-2
transgene wherein the key amino acid residues critical for the
pro-apoptotic function of the Bcl-2 BH3 domain were mutated
demonstrated that expression of the BH3-mutant Bcl-2
enhanced rescue of high affinity and specific VB TCR-
expressing clones experiencing negative selection to
endogenous superantigen compared to wildtype Bcl-2. This
indicated that pro-apoptotic conversion of Bcl-2 may be a
mode of influence for NR4A1/NR4A3 on clonal deletion.
However, subsequent work using the HY*™ TCR transgenic
model, which is specifically designed for physiological timing
of expression of the o}-TCR in contrast to traditional TCR
transgenics (44), failed to observe exposure of the Bcl-2 BH3
domain during negative selection (18).

As a better approach to study the function of NR4Al in
thymocyte development, a NR4A1 knock-out (KO) mouse was
generated. NR4A1 deficiency did not impair clonal deletion in
the HY TCR and AND TCR transgenic models of negative
selection to UbsA (28). The dispensability of NR4A1l for
UbsA-mediated clonal deletion was further reinforced by a
study using the physiological HY** transgenic TCR model
(18). Due to putative redundancy in the transcriptional
activities of the NR4As mentioned above, the lack of
phenotype in NR4A1-deficient mice has long been thought to
be due to compensation by the remaining intact NR4A family
member NR4A3 (12), and has received support from the study of
the NR4A family in Treg development (45) (see below).
However, even though NR4A1 deficiency did not impair clonal
deletion, it altered the expression of proteins induced during
negative selection to UbsA such as PD-1, Helios, and CD69
demonstrating a NR4A1 transcriptional footprint on UbsA-
mediated negative selection (18, 40, 46).

Against complete functional redundancy of NR4A1/3 is the
differential regulation of NR4A family member expression.
NR4A1 is induced in thymocytes receiving both positive and
negative selection signals, though to a greater degree for the latter
(10, 42), while NR4A3 expression appears to be induced only by
high affinity signals (15). This supports the notion that the
different NR4A family members can differentially contribute to
thymocyte selection events. NFAT has been proposed necessary
for the induction of NR4A3 (but not NR4A1l expression) in
CD4" and CD8" peripheral T cells, especially in the context of
exhaustion (15, 47, 48). Meanwhile, ERK signaling is required for
optimal NR4A1 and NR4A3 induction in peripheral T cells
(based on chemical inhibitor experiments) (15). Most recently,

a specific pathway has been proposed for NR4A1 regulation in
thymocytes, wherein ASK1-JNK/P38 MAP kinases promote the
induction of NR4A1, while Fas apoptotic inhibitory molecule
(FAIM) and Akt inhibit this cascade (49). Some additional
proposed positive regulators of NR4A1 and NR4A3 induction
are P300, MEF2D, and ERK5 (2, 50).

Negative Selection to Tissue-Restricted
Self-Antigen Expressed in the Medulla
Following positive selection in the thymic cortex, developing
thymocytes traffic to the medulla via upregulation of the CC-
chemokine receptor 7 (CCR7) coordinated with maturation to
the SP stage (5). Within this compartment, negative selection is
induced by a new “tissue-restricted” self-antigen (TRsA)
repertoire regulated by the transcription factors AIRE and
Fezf2 and mediated by a distinct complement of antigen
presenting cells (6, 9, 51). Investigation of in vivo negative
selection to TRsA revealed that NR4Al contributes to clonal
deletion in a manner not fully compensated for by NR4A3. Using
the MHC II-restricted OT-II RIP-mOVA model, Fassett et al.
showed that deficiency in NR4A1 impaired clonal deletion of
CDA4SP transgenic thymocytes (46). In this model, the OT-II
transgenic TCR recognizes a peptide derived from the chicken
protein, ovalbumin (OVA) (52) and OVA is expressed in both
pancreatic beta cells and thymic medulla owing to its control by
the rat insulin promoter (53). Additionally, Fassett et al. showed
that combined deficiency in NR4A1 and Bim, a key inducer of
thymocyte apoptosis (54), did not further impair clonal deletion
compared to NR4Al-deficiency alone. From a mechanistic
perspective, they found a reduction in mRNA levels of Bcl2l11
(coding for Bim) in the absence of NR4Al, suggesting that
NR4Al-mediated induction of Bim was at least one way
NR4A1 regulated clonal deletion (46). This contrasts with a
study using the OT-I TCR RIP-mOVA transgenic model (55), in
which Bim does not require NR4A1 for its transcriptional
induction (19). In this model, deficiency in NR4A1l only
modestly impaired clonal deletion as evidenced by a small
increase in mature OT-I thymocytes. Single deficiency in either
NR4A1 or Bim did not result in broken tolerance, however,
combined deficiency resulted in broken self-tolerance signified
by the development of diabetes. Since the number of mature OT-
I thymocytes and T cells was similar in Bim-deficient and
NR4A1/Bim doubly deficient situations, the break in tolerance
suggests NR4A1 regulates tolerance through altering the
functional capabilities of the thymocytes or T cells (19). A role
for NR4A3 and redundancy between NR4A1 and NR4A3 has not
been investigated in a medullary antigen-specific model system.
How do NR4A family members regulate medullary negative
selection? In addition to regulating the expression of Bim as seen
in the OT-II Rip-mOVA model, nuclear export of NR4A1l
following “death signals” (e.g., etoposide, calcium ionophore,
phorbol ester, TCR signal) has been observed and appears to
occur following the phosphorylation of a serine residue (5354 in
mouse) in the DNA binding domain (20, 23, 38, 56, 57). The
localization of highly phosphorylated NR4A1 to the cytosolic
fraction has also specifically been associated with SP, but not DP
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thymocytes stimulated in vitro with TCR- and CD28-specific
plate-bound antibodies (38). While S354 of NR4A1l has been
proposed as a target residue for Akt and the ERK1/2-RSK
pathway (23, 57, 58), there is debate as to whether
phosphorylation at this site mediates nuclear export or
retention (23, 38, 59); however, it appears to vary across model
systems and cell types (23, 59-61). In thymocytes, protein kinase
C (not AKT, JNK, ERK1/2 or p38) is thought to phosphorylate
both NR4A1 and NR4A3, leading to mitochondrial translocation
(59), yet both MAPK and PI3K inhibitors have been shown to
inhibit this phenomenon specifically in SP thymocytes in a
separate study (38). Nuclear export would thus be consistent
with a role for NR4A1 in directly mediating TRsA-induced
clonal deletion in the OT-II model (46), if NR4As indeed drive
clonal deletion by translocation to mitochondria. However,
deficiency in Bim alone impaired clonal deletion in this model
(62), suggesting that in this case NR4A1 is not sufficient to drive
clonal deletion independently of Bim, lending further support for
NR4A transcriptional activity as the major modulator of
thymocyte fate. In both thymocytes and T cell hybridomas, the
MEKS5-ERK5 pathway has been proposed to regulate thymocyte
apoptosis by both inducing NR4A1 expression downstream of
the TCR signal (50, 63), and phosphorylating NR4A1 leading to
enhanced NR4A1 transcriptional activity (64). In further support
of the concept of diverging functions of the NR4As across the
stages of thymocyte development (and in UbsA- and TRsA-
mediated negative selection), Akt is thought more active in DP
than SP thymocytes (38, 65), and thought to direct the
ubiquitination and degradation of NR4A1l in both T cell
hybridomas and thymocytes (66). However, the relationship
between NR4A post-translational modification and function,
whether it be mitochondrial translocation or transactivation
(or perhaps a combination of both), requires further
investigation using in vivo model systems paying close
attention to discrete T cell subsets. Overall, no consistent
dependence on induced pro-apoptotic genes has been observed
across studies. As a result, an emerging view is that the NR4As
may influence selection outcomes by transcriptionally
modulating the T cell tolerance program (18, 46, 67-70).
Supporting evidence includes an increased susceptibility in
NR4A1 deficient mice for experimental autoimmune
encephalomyelitis (EAE; 2D2 transgenic TCR model), allergic
contact dermatitis, collagen-induced arthritis (69), and diabetes
(19). However, it is unclear whether this increased autoimmunity
is due to changes in thymocyte development or peripheral T cell
function. Studies employing conditional NR4A1 knock-out
models will be necessary to resolve this question.

Positive Selection/Lineage Commitment

Despite induction of NR4A1 during positive selection (10, 42),
neither it nor the other NR4As have been shown to be required
for this process. As was discussed in the preceding section, there
are differences observed between MHC I- and MHC II-restricted
models of negative selection, which suggest the NR4As may play
diverging roles in the selection of CD8" and CD4" T cell lineages.
This view is reinforced by the observation that both CD4SP
thymocytes and mature CD4" T cells from a polyclonal

repertoire express elevated basal levels of a Nur77-GFP
reporter compared to CD8" lineages, perhaps owing to the
proposed enhanced signal delivered by the CD4 coreceptor
compared to that of CD8 (42, 71, 72). In polyclonal
thymocytes and peripheral T cells, NR4A1 has been shown to
negatively regulate the transcriptional activation of Runx3, a
critical operator of CD8" T cell lineage commitment, which may
alter the relative stability of selection into the CD8'/CD4"
lineages (43, 73). However, RNA-sequencing analysis of NR4A
triple-KO CAR-transduced CD8" T cells revealed no effect on
Runx3 expression, perhaps suggesting diverging influences by
individual NR4As (67) or differences in thymocytes versus
mature T cells. Nevertheless, deficiency in both NR4A1l and
Bim led to enhanced efficiency of positive selection in female
mice bearing the MHC I-restricted HY** transgene (18) and
NR4A1 deficiency alone resulted in increased positive selection
in the OT-II TCR transgenic model (46). However, NR4A1
deficiency did not enhance positive selection in the OT-I
transgenic model (19). Overall, the contribution of NR4Al to
positive selection requires further examination and remains
unclear, though its influence may vary with selection
circumstances including lineage commitment and the intrinsic
self-reactivity of transgenic TCR models investigated.

Alternate Thymocyte Fates

It is clear the NR4As do not always function as proapoptotic
mediators. Indeed, the NR4As have been implicated in non-
apoptotic processes following strong TCR signaling such as the
development of non-conventional CD4" fates (Treg and anergic
CD4" T cell) (19, 45, 46, 74, 75). Treg are a distinct lineage of T
cells that are selected in the thymus and are critical for tolerance.
Lineage specification and function of Treg is controlled by
expression of the transcription factor Foxp3. Each NR4A
member has been implicated in variably promoting the
activation of Foxp3 transcription and other genes associated
with the Treg signature (e.g., Ikzf4 and Il2ra) (17, 19, 46, 75).
As such, triple NR4A deficiency resulted in the loss of Tregs in
thymic and peripheral compartments, systemic multiorgan
autoimmunity, and a skewing of the mature CD4" T cell
repertoire toward an activated phenotype (CD44" CD62L")
(45). Combined NR4A1 and NR4A3 deficiency nearly
recapitulated the phenotype of the triple knock out, thus
NR4A2 may not play as key a role in Treg development and
homeostasis. It should be mentioned, however, that mice lacking
all three NR4As displayed generalized thymic abnormalities,
which may connote defects independent of the Treg
compartment or could result from excessive inflammation. A
more recent study has provided evidence for a positive feedback
loop between the NR4A family members and Foxp3 which
involves reciprocal promoter binding and transactivation, and
functions to reinforce Treg development from the CD25" Foxp3™
CD4" precursor stage (45, 74, 75). Despite its putative ability to
transactivate Foxp3, deficiency in NR4A1l has been shown to
enhance selection efficiency of the natural Treg (nTreg) lineage,
suggesting that NR4A contributions to agonist selection extend
beyond the direct transactivation of lineage-associated genes (19,
46). In both a polyclonal and OT-II transgenic context,
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deficiency in NR4Al alone resulted in enhanced selection of
CD4SP thymocytes into the Foxp3" Treg lineage and the early
CD25" Foxp3~ CD4" Treg precursor subset (18, 46) in a cell-
intrinsic manner, the former of which displayed a normal
transcriptional footprint and suppressive activity (46). These
findings are intriguing as they suggest that in the absence of
NR4A1 other NR4A family members are sufficient to drive
Foxp3 expression, and that in addition to promoting Foxp3
expression, NR4A inhibits selection into the Treg lineage. Future
studies are required to determine how NR4Al negatively
regulates Treg selection.

An additional outcome of high affinity TCR signaling is the
generation of anergic phenotype FR4™ CD73™ CD4" T cells,
which are also thought a precursor to Foxp3™ Tregs (76-78), and
which demonstrates enhanced thymic development in a NR4A1-
deficient context (18). While this may be attributable to the cell-
extrinsic generation of anergic phenotype CD4" T cells by
Foxp3" Tregs, these anergic phenotype CD4" T cells may also
feed into the Foxp3™ Treg population as precursors when NR4A1
is deficient (18, 78). How NR4Al impacts the relationship
between Treg and anergic phenotype CD4" T cells requires
further investigation. Finally, NR4A1 transgenic overexpression
has most recently been associated with driving developing iNKT
cell apoptosis and an “exhausted” phenotype in a cell-intrinsic
and extrinsic manner (79). Continued study into the role of the
NR4As in iNKT development and function may prove critical to
understanding iNKT-driven autoimmune responses.

Future Perspectives

Given the reported differences in NR4A family member function
across different MHC-restricted models and systems modeling
UDbA- and TRA-mediated negative selection, it appears probable
that the NR4As perform multiple specific roles—both nuclear
and extranuclear—within discrete lineages and stages of T cell
development. Differences observed between MHC I- and MHC
II-restricted TCR models could be due to the differential
selection contexts determined in part by the type of antigen
presenting cell (APC). This would include antigen processing
and presentation efficiency and associated co-stimulatory

molecules (6). In future studies, the importance of heeding
differences in model systems is thus apparent. In this regard,
the non-physiological timing of typical TCR transgenes may
introduce additional difficulty in interpreting the roles of the
NR4As (44, 79, 80). In addition, the classically utilized NR4A1
“knock-out” results in the translation of the N-terminal 117
amino acids of NR4A1l, which is not present with Cre-Lox
removal of the NR4A1l translational start codon. This
truncated NR4A1 is not inert, but is in fact associated with
liver immune infiltration, loss of splenic architecture, and altered
hematopoietic stem cell homeostasis (81). The N-terminal region
of NR4A1l has been shown to inhibit the MDM-2 induced
degradation of HIF-1o., which regulates HSC mobilization (82,
83). Whether this feature of the germline NR4A1 KO influences
thymocyte development is unclear, but suggests additional
studies using the conditional NR4A1 KO be considered.

NR4As AND PERIPHERAL CD8"*
T CELL RESPONSES

It was rapidly realized that NR4A expression was not only
induced in thymocytes following TCR stimulation but also in
peripheral mature T cells. Their possible role in T cell response
was first suggested by the identification of a correlation between
their expression and the ability of T cells to differentiate into
memory T cells (84, 85). Recent studies have revealed an
important role for NR4As during acute and chronic CD8" T
cell responses (Table 1).

CD8" T cells are potent cells of the adaptive immune system
able to eradicate intracellular infections, control chronic infections,
and eliminate tumors. The success of a primary immune response
to acute infection requires proper control of cell fate to generate a
large number of short-lived effector cells (SLECs; CDI127°KLRG1")
that will control the pathogen and memory precursor effector cells
(MPECs; CD127"KLRG1') that differentiate into long-lived
memory CD8" T cells to confer long-term protection. In chronic
infection or cancer, where antigen and inflammation persist, T cell
exhaustion is associated with an expression of inhibitory receptors

TABLE 1 | Role of NR4A family members in CD8 T cells.

Expression Nrda1 Nrd4a2 Nr4a3 References
Rapid and transient induction by in vitro TCR stimulation 4 v v (42, 85-90)
Rapid and transient induction during in vivo acute response v v v (42, 87, 89, 91)
Constitutive expression by resident memory T cells v v v (92-95)
High expression by exhausted T cells v v v (47, 48, 67, 96-99)
Function NR4A1 NR4A2 NR4A3 References
T cell proliferation 7 N.D. No effect (68, 88, 89)
Cytokine production v N.D. ¥ (67, 68, 88, 89)
SLEC differentiation ¥ or no effect N.D. " (68, 88, 89)
MPEC differentiation A or no effect N.D. ¥ (66, 88, 89)
Central memory T cell generation No effect N.D. v (89, 100)
Resident memory T cell generation N " " (94, 95, 100)
T cell exhaustion N N N (48, 67, 88, 89)
Molecular mechanism NR4A1 NR4A2 NR4A3 References
Competition for bZIP transcription binding activity v N.D. v 67, 89)
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(PD1, Tim3, 2B4, Lag3, etc.) and a progressive loss of T cell
functions (101). During chronic response, exhausted CD8" T cells
can be divided into stem-like, transitory, and terminally
differentiated subsets (102-104). The restoration of T cell
functions following checkpoint blockade (e.g., anti-PD1 or anti-
PD-L1) has been reported to act on the stem-like subsets.

Expression of NR4As During Acute CD8"

T Cell Responses

Studies showing that Nr4a gene transcription was induced in
thymocytes by TCR signaling raised the possibility that this
could similarly occur in mature CD8" T cells. Using the NR4A1-
GFP reporter mouse model, Moran et al. have shown that only
TCR signaling, not inflammatory signals, can rapidly induce
Nr4al transcription both in vitro and in vivo and that the level of
GFP expression is proportional to the strength of TCR signaling
(42). This reporter mouse model is now widely used to measure
the in vivo timing and strength of TCR signaling in thymocytes
and peripheral T cells as GFP" cells are those that have recently
received a TCR signal. The induction of the other NR4A family
members during CD8" T cell responses was first supported by
the rapid and transient transcription of Nr4al, Nr4a2, and Nr4a3
during the immune response to Listeria monocytogenes infection
(91) with a peak of expression at 12h post T cell activation and a
return to baseline levels at 48h. This is consistent with induction
by TCR signaling and suggests an early role for NR4As in CD8"
T cell response. Later on, it was shown using single cell RNA
sequencing (scRNAseq) of in vitro antigen-stimulated CD8" T
cells that Nr4a genes transcription is weak in unstimulated CD8"
T cells, high at 1 and 3h post-TCR stimulation and already lower
at 6h (86). Furthermore, the level of Nr4al mRNA was
proportional to the strength of TCR signaling (86). Finally, it
was reported that NR4A1 expression is also an accurate and
specific marker to identify human T cells that have recently been
activated via their TCRs thus validating the use of Nr4al
induction as specific marker of recent TCR signaling (90).

The fact that Nr4a3 is also induced following TCR
stimulation has led to the development of Nr4a3-Tocky
reporter mouse. Instead of GFP, Tocky reporter protein
possesses time-dependent decay fluorescence shifting its
emission from blue to red. This property allows for the
observation of transient versus persistent TCR activation both
in vitro and in vivo (87).

Although all these studies identified NR4As as early
immediate genes induced by TCR signaling, the identification
of the role of this induction in peripheral immune responses has
only been recently uncovered.

Contribution of NR4A Family Members
During Acute CD8" T Cell Response
Transcriptomic studies suggesting that NR4As may have an
important role in the early stages of the CD8" T cell response
(91) were later supported by the analysis of the dynamics of
chromatin accessibility following T cell activation (48, 105).
Indeed, the NBRE motif was enriched in chromatin regions
that are highly accessible following acute CD8" T cell stimulation

(48), as early as 2h post in vitro TCR activation (105). This
enrichment was maintained up to 24h post-activation but was
less apparent in in vivo effector CD8" T cells (at day 7 post-
infection) and memory CD8" T cells (105). Altogether, this
dynamically regulated chromatin accessibility from naive to
recently activated cells suggested a role for NR4A transcription
factors during early CD8" T cell activation, which was then
revealed by different groups.

In a first study, Nr4al'~ mice showed better CD8" T cell
proliferation following in vitro anti-CD3 or antigen stimulation.
Similar enhancement of CD8" T cell proliferation was observed
in vivo after adoptive transfer of Nr4al™~ CD8" T cells into wild-
type recipient followed by antigen administration or into
lymphopenic MHC class I-deficient hosts (68). Furthermore,
ex vivo production of IFN-y by CD8" T cells is increased in
absence of NR4A1 (68). Using full body knock-out Nr4al™~
mice, the authors also showed increased Ag-specific CD8" T cell
expansion, SLEC generation, and granzyme B production
following infection with Listeria monocytogenes (68).
Unfortunately, cytokine production or the generation of CD8"
T cell memory were not evaluated in this setting. A more recent
study using adoptive transfer of Nr4al~'~ TCR transgenic CD8"
T cells followed by acute LCMV infection showed that NR4A1
deficiency increased CD8" T cell expansion and function but did
not affect MPEC/SLEC differentiation, although T-bet
expression, a transcription factor important for SLEC
generation, was increased (88). The discrepancy on the effect
of NR4A1 on MPEC/SLEC differentiation between the two
studies might be due to the use of a full body knock-out versus
T cell specific deletion (68, 88). We recently demonstrated that
NR4A3 also influences CD8" T cell differentiation during acute
response to Listeria and LCMV infection and vaccination (89).
NR4A3 ablation in CD8" T cells did not affect Ag-specific T cell
expansion but did influence MPEC/SLEC differentiation and
cytokine production. Indeed, Nr4a3™'~ CD8" T cells
differentiated less into SLECs and more into MPECs, As a
consequence, more central memory CD8" T cells were
generated in the absence of NR4A3 (89). Similar to Nrdal™'~
CD8" T cells, NR4A3 deletion enhanced cytokine production
(IL-2, IFN-y, and TNF-0)) by Ag-specific CD8" T cells.
Therefore, NR4A1 and NR4A3 have a similar impact on
cytokine production but not on MPEC/SLEC differentiation,
suggesting that these have redundant and non-redundant
functions. Further studies should reveal if NR4A2 induction
contributes to CD8" T cell response.

While Nr4a are immediate early response genes that are
rapidly induced following TCR activation, they are also
transcribed by resident memory CD8" T cells (Trm), a subset
of memory T cells that establish permanent residency at the site
of infection. The transcription of Nr4a genes is part of the gene
signature characterizing CD8" Trm cells (92, 93, 95) and a study
aiming at identifying transcriptional factors involved in CD8"
Trm cell differentiation identified NR4As among possible
important regulators (95). Indeed, in a pooled shRNA screen,
CD8" T cells containing shRNAs against Nr4al, Nr4a2, and
Nrda3 were less present in the Trm pool (95).
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Boddupalli et al. formally demonstrated the importance of
NR4A1l in Trm cells. In the context of influenza infection,
NR4A1 deficiency in CD8" T cells decreased the number of
Trm cells in the liver, Peyer patches, and intestinal epithelial
lymphocytes (IELs) without any effect on lungs or bone marrow
CD8" Trm cells (100). Other subsets of memory CD8" T cells,
effector memory (Tem) and central memory (Tcm), which do
not transcribe Nr4al, were not affected by NR4A1 deficiency,
demonstrating a specific requirement for Nr4al in Trm biology
(100). This is in opposition to the role NR4A3 plays in the
development of memory T cells, as we have observed enhanced
CD8" Tcm cell generation in the absence of NR4A3 (89).

Interestingly, recent studies evaluating the heterogeneity of
Trm cells following LCMV infection by scRNA-Seq have
revealed that Nr4al, Nr4a2, and Nr4a3 are particularly
enriched in the highly functional CD28" subset of CD8" Trm
cells and that knockdown of Nr4a2 specifically decreased the
proportion of these CD28" Trm cells (94). Further studies should
be done to determine which signals mediate the expression of
NR4A family members in CD8" Trm cells and how they play a
role in Trm cell differentiation.

In summary, during an acute immune response, the
expression of NR4As is rapidly induced and this contributes to
CD8" T cell response (Figure 2A and Table 1). At the effector
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FIGURE 2 | NR4A family members expression and function in CD8" T cells during an acute immune response. (A) Expression and role of NR4A members in CD8*
T cell response. Antigen recognition by naive CD8" T cells will induce a transcriptional program responsible for activation, proliferation, and differentiation and
proliferation. Among the activation-induced genes are all the Nr4a transcription factors which are rapidly and transiently induced at the early effector stage. Early
effector CD8" T cells will further differentiate into effectors endowed with the ability to control the infection. Two main subpopulations of effectors are generated: short
lived effector cells (SLEC) and memory precursor effector cells (MPEC). SLECs will die by apoptosis following pathogen clearance while MPECs will survive and
differentiate into memory T cells. At the effector stage, NR4A1 was shown to either inhibit or have no effect on SLEC differentiation while NR4A3 was shown to
diminish MPEC differentiation. At the memory stage, the Nr4a transcription was shown to be enriched in a particular subset of memory CD8" T cells, the resident
memory CD8" T cells (Trm). All the NR4A family members participate in the differentiation of CD8* Trm cells while only NR4A3 was shown to influence central
memory CD8 T cell (Tcm) differentiation. (B) Proposed molecular mechanism by which NR4A influences effector CD8* T cell differentiation. CD8" T cell activation will
lead to the opening of the chromatin allowing for the transcriptional activity of different transcription factors involved in CD8" T cell response. Among these
transcription factors are bZIPs and NR4As which bind bZIP or NBRE DNA-binding motifs. Thus, bZIP TFs will occupy their recognition motifs on DNA and will drive
the transcription of the effector- and differentiation-related genes. NR4A will influence CD8" T cell transcriptional response by competing with bZIPs for DNA
occupancy and by directly regulating genes containing NBRE motifs. The identity of the genes directly regulated by NR4A are still unknown. This figure was created
with Biorender.com.
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stage both NR4A1 and NR4A3 reduce cytokine production,
while only NR4A3 promotes SLEC differentiation. At the
memory stage, Nr4a genes are selectively transcribed by CD8"
Trm cells with the three members possibly contributing to Trm
cell differentiation while NR4A3 represses CD8" Tcm cell
generation. As not all NR4As were properly studied at each
differentiation steps of CD8" T cells, a full understanding of their
respective role during acute CD8" T cell response await
further studies.

Contribution of NR4A Family Members
During Chronic CD8" T Cell Response

One of the first studies that predicted involvement of NR4As in
CD8" T cell exhaustion was based on a model system called CA-
RIT-NFAT where the NFAT protein was made constitutively
active, but could not interact with the AP-1 transcription factor
complex. This NFAT construct induces an exhausted/
dysfunctional transcriptional program in CD8" T cells (96). In
this model, transcription of both Nr4a2 and Nr4a3 was
upregulated. A subsequent study also pointed toward a role for
NR4As in CD8" T cell exhaustion during chronic LCMV
infection. Using ATAC-seq, it showed that the NBRE motif
was highly enriched in opened chromatin regions associated with
CDS8" T cell exhaustion (47). Similar observations were made in
exhausted CD8" tumor-infiltrating T lymphocytes (TILs) where
the NBRE motif was enriched in open chromatin regions of Ag-
specific CD8" TILs when compared to bystander CD8" TILs
(48). The transcription of Nr4a2 and Nr4a3 was upregulated in
CD8"* TILs in an autochthonous melanoma mouse model (97).
Evidence for a similar involvement of NR4A in human exhausted
CD8" T cells came from a study of TILs in colorectal cancer
where Nr4al transcription and NBRE motif in transcriptionally
active hypomethylated DNA regions were enriched in Ag-
specific CD8" TILs (CD39'CD103") compared to bystander
TILs (CD39°CD103" or CD39°CD1037) (98).

The functional importance of NR4As in CD8" T cell
exhaustion during cancer was recently described (67, 88). Chen
et al. demonstrated in mouse melanoma that there was
substantial enrichment of NBRE motifs in the open chromatin
regions of exhausted TILs and that the expression of NR4As is
highly enriched in severely exhausted (PD-1" Tim-3™)
compared to exhausted (PD—1hi Tim—31°) CD8" T cells (67).
Similarly, the analysis of human melanoma TILs scRNA-Seq
data highlighted a correlation of Nr4al, Nr4a2, and Nr4a3
transcription with inhibitory receptor expression (Pdcdl and
Havcr2) (67). In addition to regulating the function of
endogenous TIL, NR4As also regulated the function of
chimeric antigen receptor (CAR) T cells. Adoptive T cell
therapy (ACT) of B16 melanomas with CAR-T cells deficient
for all three NR4A family members dramatically improved
tumor control and survival over ACT with wild-type CAR-T
cells (67). CAR TILs lacking NR4A1/2/3 expressed lower levels of
the inhibitory receptors PD-1 and Tim-3 and produce more
cytokines (TNF-a, IFN-y) than their wild-type counterpart. In
this setting, individual NR4A deletion did not confer any

therapeutic effect suggesting redundant functions of the
different NR4A members in CD8" T cell exhaustion (67).

A similar role for NR4A1 in CD8" T cell exhaustion was
simultaneously reported by the group of Dong (88). In their
study, the authors hypothesized a role for NR4A1 in CD8" T cell
exhaustion based on the observation that Nr4al transcription is
abolished and that the NBRE motif is lost in open chromatin
regions in CD8" TILs following anti-PD1 treatment, a treatment
that reinvigorate exhausted T cells. They showed that ACT with
Nr4al™~ CD8" T cells provide better tumor control than ACT
with wild-type CD8" T cells (88). This was associated with an
increase in the number of CD8 TILs, reduction of PD-1 and Tim-
3 expression, enhanced cytokine production (TNF-o and IFN-y)
as well as increased degranulation by CD8" TILs (88). Similar
observations were made using chronic infection with LCMV
clone 13 further supporting an essential role for NR4Al in
programming CD8" T cell exhaustion (88). This contrasts with
the above CAR T cell model where the deletion of all three NR4A
family members was required for therapeutic efficacy (67) and
might result from more severe exhaustion in the CAR T cell
system, which in turn requires the complete loss of
NR4A activity.

Another recent study further supports the central role of
NR4A family members in CD8" T cell exhaustion. It was shown
that NR4A and TOX transcription factors act downstream of
NFAT to induce the transcriptional program of exhaustion.
Furthermore, a positive feedback loop where both TOX and
NR4A positively regulate each other is at play during CD8" T cell
exhaustion (99).

The role of NR4As in CD8" T cell exhaustion (Table 1)
suggests that manipulating their expression or developing drugs
that modulate their activity represents a very promising strategy
to prevent exhaustion during cancer immunotherapy treatment.
Before doing so, it will be essential to determine whether NR4As
act similarly in human T cells and, if so, to consider if inhibitors
targeting these molecules have the undesired side-effect of
enhancing autoimmunity.

MOLECULAR MECHANISMS BY WHICH
NR4As AFFECT ACUTE AND CHRONIC
CD8* T CELL RESPONSE

Acute CD8™ T Cell Response
As discussed above, there is experimental evidence suggesting a role
for NR4A1 and NR4A3 in the CD8" T cell response to acute
infection (68, 88, 89) with both members affecting the production of
cytokines. Furthermore, NR4A1 and NR4A3 deficiency seems to
have opposite effects on SLEC/MPEC differentiation and the three
members were reported to have an impact on the memory
generation (89, 94, 100). Very few studies have addressed the
molecular events control by NR4As during CD8" T cell response.
The group of Hedrick has reported that NR4A1 directly binds
to the Irf4 promoter, an event that leads to the inhibition of Irf4
transcription (68). This transcriptional repression could be
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mediated via the demonstrated ability of NR4As in other settings
to recruit the corepressor complex CoREST (43, 106) but a
formal demonstration in CD8" T cells is still lacking. In the
absence of NR4A1, elevated Irf4 transcription could explain the
increased T cell expansion, cytokine production, and SLEC
differentiation (107-111). Whether the phenotype of NR4A1l-
deficient T cells is solely the consequence of change in IRF4
expression levels needs further investigation. Both NR4A1 and
NR4A3 deficiency led to better cytokine production, however,
using RNA-seq we did not observe an increase in Irf4
transcription by Nr4a3~~ CD8" T cells (89), suggesting that
other mechanisms are important in CD8" T cells. To gain insight
into the mechanism of NR4A3 action during acute CD8" T cell
response, we have used RNA-seq and ATAC-seq to identify the
genes that are regulated by NR4A3. As NR4A3 is expressed very
early following T cell activation, we performed these analyses at
relatively early time points (12h after in vitro stimulation for
ATAC-seq and in vivo day 3 post-infection for RNA-seq). The
transcripts that are differentially expressed between Nr4a3*'* and
Nr4a3™~ CD8" T cells were associated with the signature of
memory T cells. Furthermore, as early as day 3 post-infection,
the expression of the transcription factors controlling MPEC
differentiation (Eomes, Tcf7, 1d3, Bcl6, Bach2, and Zebl) is
increased in absence of NR4A3 while the transcription of
transcription factors involved in SLEC differentiation is
reduced (Tbx21, Prdml, 1d2, Rbpj, and Zeb2), which explains
why more MPECs and memory T cells are generated without
NR4A3 (89). Further studies are needed to determine whether
NR4A3 directly regulates the expression of the transcription
factors controlling MPEC/SLEC differentiation as ATAC-seq
analysis did not reveal differences in chromatin accessibility at
the genes encoding these transcription factors, except for Bach2
and Rbpj (89). Within the differentially accessible regions
(DARs) that are less open in Nr4a3™'~ CD8" T cells, there was
an expected enrichment for the NBRE motif, which suggests that
several genes within these regions are direct targets of NR4A3.
However, with the current knowledge, the list of genes within
these regions did not help to explain how NR4A3 affects CD8" T
cell differentiation and function (89). Intriguingly, most of the
DARs are more opened in absence of NR4A3 and within these
regions there is an enrichment for the DNA binding motifs for
the transcription factors of the bZIP family, which includes Fos
and Jun (89). It is therefore possible that NR4A3 prevents the
activity of bZIP transcription factors during CD8" T cell
response. As members of the bZIP transcription factor family
such as AP-1 (Fos/Jun) and Bach2 are known to regulate
cytokine production, these observations provide a mechanism
for how NR4A3 influences T cell functions. However, whether
the same mechanism contributes to enhance MPEC and central
emory CD8" T cell differentiation requires further investigation and
it is unclear how NR4A3 prevents the accessibility to DNA of bZIP
transcription factors. In CD4" T cells, Liu et al. (discussed below)
propose that NR4A1 directly compete with the binding of bZIP
transcription factors to DNA (88). Combined with our ATAC-seq
data in Nr4a3™~ CD8+ T cells, this suggests a common molecular
mechanism used by different NR4A family members to influence

gene transcription (Figure 2B). However, it remains unclear why
NR4A1 and NR4A3 have different effects on MPEC/SLEC
differentiation. Furthermore, how NR4A family members regulate
CD8" Trm differentiation at the molecular level is still unknown,
but of critical importance.

Chronic CD8™ T Cell Response

NR4A family members are important players in the induction of
CD8" T cell exhaustion (67, 88, 89). Transcriptomic analysis
reveals that better tumor control by NR4A triple-deficient CD8"
T cells is associated with the induction of the effector T cells gene
signature while those for exhausted and memory T cells were
down-regulated (67). ATAC-seq further showed that a large
fraction (36%) of DARs with lower accessibility in NR4A triple-
deficient TILs contains the NBRE motif. A smaller fraction (11%)
of DARs with lower accessibility contains a NFAT binding motif
without an adjacent AP-1 site, a molecular pattern that is found
within chromatin regions associated with exhaustion (47, 67).
Interestingly, the DARs less accessible in NR4A triple-deficient
TILs are very similar to those more open in CD8" T cells
expressing the exhaustion-inducing engineered form of NFAT
that cannot interact with AP-1 (CA-RIT-NFAT) (47, 48, 96).
Overall this suggests that NR4As directly contribute to the
regulation of genes involved in CD8" T cell exhaustion and
explains why their deletion reduces T cell exhaustion. On the
other hand, DARs that are more accessible in absence of NR4A
members are enriched in the DNA binding motifs of bZIP (71%)
and Rel/NFKB (25%) transcription factors (67). As these
transcription factors have been reported to control T cell
activation and effector functions, these molecular changes are
probably responsible for the enhanced functionality that is
observed in TILs deficient for NR4A family members (Figure
3). It is interesting to note that a similar impact on accessibility of
chromatin regions containing bZIP transcription factor binding
motifs was observed in CD8" T cells lacking NR4A3 expression
during response to acute Listeria infection and in CD4" T cells
lacking NR4A1 (88, 89). Limiting access of bZIP transcription
factors to DNA is therefore a general mechanism of action of
NR4As. Further studies should reveal whether each NR4A family
member affects different sets of genes and/or influences different
members of the bZIP transcription family.

NR4As AND PERIPHERAL CD4*
T CELL RESPONSES

CD4" T cells act as central orchestrator of the adaptive immune
response to pathogens and cancer. These cells help a variety of other
immune cells, such as B cells, macrophages, and CD8" T cells, to
mount an immune response that is adapted to the type of infectious
agents. Following Ag recognition of peptide fragments on MHC
class 1T molecules on DCs, naive CD4" T cells will proliferate and
differentiate into effector cells. Depending on the inflammatory
context induced by the infecting pathogen, naive CD4" T cells can
differentiate into several types of effectors: Th1, Th2, Th17, Tth, or
Treg. Briefly, Thl cells are characterized by their ability to secrete
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FIGURE 3 | NR4A involvement in CD8+ T cell exhaustion during a chronic immune response. During a chronic immune response, antigen persistence as well as
inflammation milieu will induce CD8" T cell exhaustion. This state is characterized by the acquisition of the expression of different inhibitory receptors (as PD-1, Tim-3
etc.), which dampens CD8" T cell function to protect the organism against the chronically activated CD8" T cells. CD8" T cell exhaustion is accompanied by an
increased transcription of Nr4al, Nrd4a2, and Nr4a3. At the molecular level, NR4A family members cooperate with NFAT and potentially other transcription factors to
decrease the activity of AP-1 (bZIP family transcription factor) and increase the dysfunctional/exhaustion state of the CD8+ T cells. An effective reinvigorating therapy
to reverse CD8" T cell dysfunction is treatment with anti-PD-1 antibodies, which decreases the Nr4a transcription. This figure was created with Biorender.com.
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IFN-y, which will help to induce anti-microbial activity of
macrophages and enhance CD8" T cell response, Th2 production
of IL-4 will help B cells to undergo class-switch to IgE, Th17
production of IL-17 will help recruit neutrophils, Tth (T follicular
helper) cells will help B cell responses and Treg cells will suppress
the response of auto-reactive T cells. As for CD8" T cells, after
pathogen clearance most of the effectors will die while a few will
further differentiate into long-lived CD4" memory T cells.

In naive CD4 T cells, NR4A1 is expressed at low level as a
consequence of homeostatic/tonic TCR signaling (39). Nr4a
transcription is also rapidly induced in CD4" T cells following
engagement of the TCR by Ag. In vitro, this occurs within 1h of
stimulation, peaks after 3-4h and return to basal level at 12h (38, 69,
112). The studies that have revealed some of the role of NR4A
family members in CD4" T-cell biology will now be discussed
(Table 2).

TABLE 2 | Role of NR4A family members in CD4 T cells.

Expression Nrdat1 Nr4a2 Nr4a3 References
Rapid and transient induction by in vitro TCR stimulation v v v (38, 69, 74, 87, 88, 90, 112)
Th1 Low Low Low (113)

Th2 Low Low Low (113)

Th17 Low Low Low (113)

Tth v or low v or low Low (112, 113)

T reg v v v (113)
Dysfunctional/exhausted or tolerant CD4 T cells vor low vor low v (88, 96, 97)
Function NR4A1 NR4A2 NR4A3 References

T cell proliferation 7 N.D. N.D. (69)
Cytokine production v A N.D. (69, 88, 114)
Th1 polarization 7 W or no effect N.D. (69, 74, 88, 115)
Th2 polarization No effect N.D. N.D. (88)

Th17 polarization 7 ¥ or A N.D. (69, 74, 88, 115)
iTreg differentiation No effect " N.D. (74, 88)
Treg identity N N N (113)

Tfh development and function in vivo No effect in TKO No effect in TKO No effect in TKO (112)

T cell tolerance [\ N.D. N.D. (88)
Molecular mechanism NR4A1 NR4A2 NR4A3 References
Competition for bZIP transcription binding activity v N.D. N.D. (88)
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The transcription of Nr4a2 is highly enriched in peripheral
blood T cells of multiple sclerosis (MS) patients and in T cells
during experimental autoimmune encephalomyelitis (EAE), a
mouse model of MS (114, 116). The overexpression of NR4A2 in
primary mouse T cells increased the production of IFN-yand IL-
17, the main cytokines involved in MS/EAE pathogenesis.
Conversely, its suppression decreased IFN-y and IL-17
production and the induction of EAE was reduced following
the adoptive transfer of encephalitogenic CD4" T cells in which
NR4A?2 expression was reduced using siRNA when compared to
control CD4" T cells (114). Importantly, siRNA-mediated
knockdown of NR4A2 in CD4" T cells from MS patients also
led to reduced IFN-y and IL-17 production (114). A luciferase
promoter assay suggests that NR4A2 acts directly on the
transcription of Ifng and Il17 genes (114). A follow-up study
by the same group, showed Nr4a2 transcription was selectively
higher in IL-17- or IL-17/IFN-y-producing CD4" T cells when
compared to IFN-y-producing CD4" T cells during EAE and
experimental autoimmune uveitis (EAU) (115). This increase in
NR4A2 expression by autoimmune T cells was not observed in
the STZ model of autoimmune diabetes, which is mediated by
Th1 cells, suggesting that the enhanced expression of NR4A2 is
associated with autoimmune diseases where IL-17 plays a
pathogenic role (115). To understand the role of NR4A2
induction in IL-17 production by CD4" T cells the authors
used siRNA knockdown of Nr4a2 and showed that NR4A2
decreases in vitro Th17 differentiation but not Thl
differentiation. The effect on Th17 differentiation was not due
to decreased expression of RORYt, the master transcription factor
controlling Th17 differentiation. Instead, NR4A2 was necessary
for the production of IL-21, which then upregulates the
expression of the IL-23 receptor, necessary to enhance and
stabilize the Th17 phenotype. Furthermore, the addition of IL-
21 rescued Th17 differentiation by Nr4a2 knockdown CD4" T
cells (115). Injection of mice, early or late during EAE, with
siRNA directed against Nr4a2 was able to significantly reduce
EAE clinical scores with a concomitant decrease of IL-17, but not
IFN-y, production by CD4" T cells that have infiltrated the
central nervous system (115). Therefore, NR4A2 expression in
CD4" T cells promotes Th17 differentiation and targeting its
expression represents a promising strategy to treat MS patients.
It is intriguing that NR4A2 promotes cytokine production by
CD4" T cells since NR4A1 and NR4A3 were shown to dampen
cytokine production by CD8" T cells. As the three family
members recognize the same motifs on DNA, further studies
are required to determine whether this is the consequence of a
different function of NR4A?2 or a cell type specific effect.

Although NR4A expression is transiently induced following
CD4" T cell activation, it was reported that Tth cells transcribe
Nr4al and Nr4a2 (112). This is probably the consequence of the
continuous TCR stimulation of Tth cells by antigen-presenting
cognate B cells within the germinal centers. However, the
deletion of the three family members in CD4" T cells did not
affect Tth differentiation and function (112).

The role of the NR4A family members in CD4" T cell
response was recently broadened by the identification of the

involvement of NR4A1 in CD4" T cell activation, metabolism,
tolerance, and autoimmunity (69, 88). Liebmann et al.
demonstrated that NR4A1 deletion in CD4" T cells enhances
T cell proliferation and cytokine production both in vitro and in
vivo (69). The deletion of Nr4al in the 2D2 TCR transgenic
mouse model of EAE led to accelerated and more severe disease
with an increase in IFN-y and IL-17 secreting CD4" T cells
within the central nervous system. The authors further
confirmed that it was the lack of NR4A1 in T cells that was
involved using adoptive T cell transfer experiments (69). They
also showed a general role for NR4A1 in different T cell mediated
inflammatory diseases such as allergic contact dermatis and
collagen-induced arthritis (69). Increased proliferation in
absence of NR4A1l was not the consequence of reduced
apoptosis but correlated with an increase in cell cycle entry. As
entry into the cell cycle is regulated by metabolism, the authors
evaluated whether NR4A1 deficiency impacted T cell
metabolism. In absence of NR4A1l, activated CD4" T cells
showed increased respiration, glycolysis, and glycolytic activity.
As a consequence, the pharmacological inhibition of respiration
or glycolysis had much less effect on proliferation of Nr4al™'~
than Nr4al™* CD4" T cells (69). In agreement with a role for
NR4ALl in regulating T cell metabolism was the regulation of
several genes involved in T cell metabolism such as electron
transport genes and genes controlling glucose metabolism.
Intriguingly, the analysis of motifs within the promoters of
metabolic genes that are differentially expressed between
Nr4al™™ and Nrdal*™* activated CD4" T cells did not reveal
NR4A1 as a possible upstream regulator but predicted a role for
the nuclear receptors ERRa, ERRy, ERRB, NR2F1, and NROBI.
Furthermore, NR4A1 was shown to bind to the Esrra gene,
encoding for ERRoa. The authors demonstrated that
pharmacological inhibition of ERRat or shRNA knockdown of
Esrra partially reversed the phenotype (cytokine production and
metabolism) of NR4A1-deficient CD4" T cells and reduced EAE
disease severity of Nr4al~'~ mice (69). This highlights the key
role of NR4A1 transcriptional induction of Esrra. Further studies
should reveal which other mechanisms contribute to the CD4" T
cell phenotype in absence of NR4A1 and whether other family
members regulate T cell metabolism.

A pivotal role of NR4A1 in CD4" T cell dysfunction was
recently described by the group of Dong (88). The authors
observed a specific upregulation of NR4A1 in CD4" tolerant T
cells. The overexpression of NR4A1 in CD4" T cells strongly
suppressed the expression of genes associated with effector
functions while inducing the expression of anergy-related
genes following TCR stimulation. Under Th polarizing culture
conditions, overexpression of NR4A1 impaired Thl and Th17
differentiation without affecting Treg and Th2 generation. On
the other hand, the inactivation of Nr4al in CD4" T cells
enhanced IL-2 and IFN-y production. This suggests that
NR4A1 is overexpressed in CD4" tolerant T cells precisely to
induce tolerance. This was tested in vivo using an oral tolerance
model where Nr4al deletion increased IL-2 and IFN-y
production and prevented the establishment of CD4™ T cell
tolerance. Further supporting the role for NR4A1 in repressing
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effector functions of CD4" T cells, the adoptive transfer of naive
Nrdal™~ CD4" T cells into RAG-deficient mice induced more
severe colitis than wild-type CD4" T cells, with an increase in
IEN-y and IL-17 producing T cells in the colon (88). The
comparison of the transcriptome of NR4A1l overexpressing
CD4" T cells and CD4" tolerant T cells revealed a common
gene signature containing a core cluster of genes controlling T
cell activation or dysfunction. A ChIP-seq experiment revealed
that approximately 70% of the CD4" tolerance T cells genes were
direct targets of NR4A1. Further analysis of the ChIP-seq data
unexpectedly identified AP-1 consensus sequences and canonical
NBRE motifs at sites where NR4A1 bound. This suggests that
NR4A1 might be able to compete with AP-1 (bZIP) family
members for overlapping sites on DNA and would explain the
fact that most of the NR4Al target genes that were
downregulated by NR4A1 overexpression had reduced c-Jun
binding. Inhibition of AP-1 activity by NR4A1 was demonstrated
using luciferase reporter and EMSA assays suggesting that after
being recruited to AP-1 binding sites, NR4A1 can repress effector
gene expression. In addition, for the genes bound by NR4A1 and
whose transcription is increased by NR4Al, these largely co-
localized with H3K27 acetylation marks and include genes
involved in tolerance. In summary, NR4A1 modulates the
transcriptional program of CD4" T cells by directly
upregulating the expression of target genes containing NBRE
motifs while downregulating the expression of AP-1 target genes
(88). Interestingly, the repression of AP-1 target genes by NR4As
is important in CD8" T cells (67, 89) indicating that this is
general mechanism by which they repress effector functions in T
cells. Whether NR4A members solely influences the activity of
AP-1 requires future investigation as other transcription factor
binding motifs, such as NFKB, were identified in open chromatin
regions of NR4A-deficient CD8" T cells (67, 89). In agreement
with this possibility is an older study performed in the Jurkat T
cell lines showing that NR4A1l can compete with NFKB for
binding to DNA (117).

NR4A-family members do not only have a role in the
development of regulatory CD4" T cells, as discussed above,
but they are also required to maintain a pool of fully functional
Tregs. NR4A1, NR4A2 and NR4A3 protein and transcript levels
in peripheral Treg largely exceed those measured in other mature
T cell subsets (42, 113). To evaluate the importance of NR4As in
more mature Treg cells, specific deletion of Nr4al and Nr4a2 in
this subset was obtained using a Foxp3 Cre/Lox system (113).
This was combined to a germline Nr4a3 deletion to generate
Nrda triple knockout (TKO) in Foxp3 expressing cells. While
generated efficiently in the thymus, Treg cells from these mice
have a competitive disadvantage in the periphery (113). In
addition, TKO Treg cells have decreased Foxp3 expression,
lose their suppressive functions and gain Tth and Th2 gene
expression programs (113). This is because, as demonstrated by
NR4A1 ChIP-seq, NR4As directly bind and maintain active
chromatin marks on Treg-associated genes Foxp3, Il2ra, and
Ikzf4. In addition, specifically in Tregs, NR4A1 directly binds and
represses the II4 and II21 loci. A luciferase reporter assay also
demonstrated that NR4A2 suppresses Il4 promoter activity.

Therefore, in mature CD4" Treg cells, NR4As serve to
maintain regulatory identity while suppressing Th2 and Tth
programs. The different NR4A family members vary in their
capacity to induce Foxp3 expression (74) and the fact that the
effects on Treg function was, at least partially, reproduced in
single Nr4a2 deficient mice suggests that perhaps NR4A2 could
be the main driver of Treg identity in mature CD4 T cells (74).
However this is in slight contradiction with the fact that
autoimmunity and reduced lifespan was observed in Nr4al/
Nr4a3 but not in Nr4a2/Nr4a3 double deficient mice (113).
Finally, conditional acute deletion of Nr4al and/or Nr4a2 in
ERT2-Cre mice resulted in the loss of Treg-associated
transcriptional targets and inhibited the in vitro differentiation
of inducible Treg cells (74, 113). It is thus unlikely that the effects
observed in TKO mice generated with the Foxp3-Cre system are
solely the consequence of poorly matured Foxp3" thymocytes
(74). The dependence of Treg cells on NR4A expression makes it
a possible target for therapy. For example, in the tumor
microenvironment, regulatory T cells are detrimental and are
associated with poor prognosis (118-120). Treg-specific Nr4al
and Nr4a2 deficient mice have increased tumor resistance and
pharmacological treatments that inhibit the expression of these
NR4As in tumoral Treg cells result in improved CD8" T cell
functions and tumor control (121).

The early induction of NR4A in CD4" T cells by TCR
signaling influences proliferation, metabolism, function, and
differentiation of conventional CD4" T cells. Interestingly, the
deletion of NR4A1 or NR4A2 seems to have different impact on
T cell functions where NR4A1 suppress effector gene expression
while NR4A2 positively contributes to the expression of cytokine
genes and Thl7 polarization. As a consequence suppressing
NR4A1 expression promotes autoimmunity while deletion of
NR4A2 protects from Thl7-mediated autoimmune diseases.
Furthermore, NR4A1l contributes to the induction of the
tolerance program in CD4" T cells. Therefore, targeting of a
specific family member will offer unique therapeutic opportunity
to either enhance or inhibit CD4" T cell response. Furthermore,
NR4As play important role in the maintenance of Treg cell
identity. Future studies are needed to evaluate whether NR4A3
contributes to CD4" T cell response and whether any member
influences memory CD4" T cell development. Altogether, this
underlies the importance of teasing apart the unique role of each
of NR4A family member in CD4" T cells as this information will
be key for being specifically able to appropriately target CD4-
mediated autoimmune/inflammatory diseases, to enhance anti-
tumor response and to therapeutically induce tolerance.

CONCLUDING REMARKS

In T-cell biology, NR4A1, NR4A2, and NR4A3 have long been
considered as functionally redundant. While this certainly
appears to be true to some extent, there is also significant
evidence that shows that, as a function of the model, cell type,
or the measured output, these molecules have some unique roles.
Given the important therapeutic roles NR4As could play in
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autoimmunity, vaccination, or cancer, it is exciting to think that
there is still significant work left to understand their common
and distinctive molecular modes of action.
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