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The immune system plays an essential role in protecting the host from
infectious diseases and cancer. Notably, B and T lymphocytes from the
adaptive arm of the immune system can co-operate to form long-lived anti-
body responses and are therefore the main target in vaccination
approaches. Nevertheless, protective immune responses must be tightly reg-
ulated to avoid hyper-responsiveness and responses against self that can
result in autoimmunity. Nuclear receptors (NRs) are perfectly adapted to
rapidly alter transcriptional cellular responses to altered environmental set-
tings. Their functional role is associated with both immune deficiencies and
autoimmunity. Despite extensive linking of nuclear receptor function with
specific CD4 T helper subsets, research on the functional roles and mecha-
nisms of specific NRs in CD4 follicular T helper cells (Tfh) and germinal
center (GC) B cells during the germinal center reaction is just emerging.
We review recent advances in our understanding of NR regulation in speci-
fic cell types of the GC response and discuss their implications for autoim-
mune diseases such as systemic lupus erythematosus (SLE).

Introduction

The immune system plays an essential role in protect-
ing the host from infectious diseases caused by bacte-
rial, viral, parasitic, or fungal pathogens but also
during cancer immunosurveillance. Memory T and B
cells from the adaptive arm of the immune system can
successfully and quickly combat re-infection or cancer
outgrowth. However, protective immune responses
must be restrained in order to avoid hyper-responsive-
ness and responses against self that may result in
autoimmunity due to the inefficiency of central toler-
ance or random mutations within germinal centers.
Both T and B lymphocytes collaborate in the pro-
duction of high-affinity antibodies through a process

Abbreviations

known as the germinal center (GC) reaction. The GC,
in many ways, can be considered evolution in minia-
ture [1]. Within the GC, B cells actively and randomly
mutate B-cell receptors (BCRs), a process termed
somatic hyper-mutation (SHM). B cells that acquire a
mutation or mutations that confer increased affinity
for antigen can gather more antigens through the BCR
than lower affinity cells and, in turn, display more
antigens on surface major histocompatibility complex
(MHC). These cells are then preferentially selected by
a limited number of CD4 follicular T helper (Tth) cells
through MHC:T-cell receptor (TCR) interaction, core-
ceptor  engagement, and cytokine  signaling.

BCR, B-cell receptor; ER, estrogen receptor; GC, germinal center; GR, glucocorticoid receptor; ICOS, inducible T-cell co-stimulator; IL,
interleukin; NR2F6, nuclear receptor subfamily 2 group F member 6; NRs, nuclear receptors; PPARs, peroxisome proliferator-activated
receptors; PR, progesterone receptor; RAR, retinoic acid receptor; ROR, retinoic acid receptor-related orphan receptor; RXRs, retinoid X
receptors; SLE, systemic lupus erythematosus; TCR, T-cell receptor; Tfh, follicular T helper cell; Tfrs, follicular regulatory T cells; TR,

testosterone receptor; Treg, regulatory T cells; VDR, vitamin D receptor.
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Engagement with a Tfh cell permits the survival, pro-
liferation, and further rounds of BCR mutation by the
B cell. Alternatively, Tfh contact can result in B-cell
differentiation into antibody-secreting plasma cells
[2,3]. Specialized CD4 T cells may suppress the GC
response, as is the case for CD4 T regulatory (Treg)
and follicular regulatory T (Tfr) cells [4]. These regula-
tory subsets are essential as both the generation and
function of Tfh cells must be controlled to prevent the
survival or plasma cell differentiation of self-reactive B
cells generated due to the random nature of SHM.
Failure to adequately control GCs is the primary dri-
ver of several autoimmune diseases, including systemic
lupus erythematosus (SLE) and rheumatoid arthritis
[5-7].

Autoimmune diseases collectively afflict up to 10%
of the developed world’s population with a higher
prevalence in women. The incidence of many autoim-
mune diseases, including systemic lupus erythematosus
(SLE) and multiple sclerosis (MS), has been increasing
over the past decade and is estimated to increase fur-
ther in the coming decade(s) [8-10]. Despite advances
in treating autoimmune diseases, treatment options
often involve general immunosuppression, which can
lead to adverse side effects. A deeper understanding of
factors that influence the immunological causes of
autoimmune diseases is needed in order to develop
therapies that specifically target the pathogenic cell
subsets and genes responsible for autoimmunity.

The nuclear receptor (NR) superfamily is one of the
primary classes of therapeutic drug targets for human
diseases [11]. Nuclear receptors, such as the glucocorti-
coid receptor (GR), the retinoid x receptors (RXR),
the peroxisomal proliferator-activated receptor o
(PPARa), and gamma (PPARY), are targets of already
approved drugs for the treatment of autoimmunity,
cancer, hyperlipidemia, or type 2 diabetes [12].

Within the T-cell compartment, NRs regulate
diverse mechanisms, including T-cell receptor sensitiv-
ity, activation thresholds, surface receptor expression,
cytokine expression, cell-fate potential, metabolism,
and migratory behavior. The mode of action of this
receptor family is equally diverse but generally
involves the binding of DNA hormone response ele-
ments (HREs) and recruitment of corepressors such as
nuclear corepressor (NCoR) or silencing mediator of
retinoic and thyroid receptors (SMRTs). Alternatively,
NRs may recruit co-activators, such as members of the
steroid receptor co-activator family (SRC) [13]. The
exact function of a particular NR depends on a com-
plex interplay of factors including the cell type, expres-
sion of other NRs, presence of ligands for the
receptor, and cell conditions such as inflammation
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leading to changes in coreceptor or repressor recruit-
ment and post-translational modification of the recep-
tors themselves [14].

Understanding the complex interaction between Tfh,
Tfr cells, and GC B-cell responses, the intensity and
quality of an immune response and the specific role of
NRs might improve both therapeutic options in
autoimmune diseases as well as future vaccination
strategies.

Nuclear receptors

Nuclear receptors belong to a superfamily of struc-
turally related ligand-dependent transcription factors
(TF)s consisting of 48 members in humans [15,16].
NRs regulate a myriad of developmental and homeo-
static processes in the steady state such as metabolism,
circadian rhythm, immune cell homeostasis, reproduc-
tion, and pathological processes such as cancer, and
metabolic, cardiovascular, and autoimmune diseases
[12-13,17]. In parallel to their function as transcription
factors, NRs have nongenomic functions, for instance,
the activation of different signaling pathways such as
the cCAMP, Ca®", or the MAPK cascade [12,18,19].
Based on ligand and DNA-binding properties, the NR
family has been divided into subfamilies, such as the
classical steroid hormone receptor family which
includes the glucocorticoid and the estrogen receptors,
the orphan nuclear receptors for which no physiologi-
cal ligand has yet been identified, as well as the
adopted orphan nuclear receptors whose naturally
occurring ligands were identified after the receptor had
been characterized [11,13,20]. A more complex classifi-
cation system for NRs was introduced by Germain
et al. in which NRs are divided into seven subfamilies
[21,22].

The well-conserved domain structure of NRs con-
sists of an activation domain 1 (AF1), the central
DNA-binding domain (DBD), the hinge region, the
ligand-binding domain (LBD), and the activation func-
tion 2 (AF2) region [22,23]. NR activity is mainly reg-
ulated via the conformational states of the AF-2
region, which, in an agonist ligand-dependent way,
alters the ability of the LBD to recruit co-activator
proteins, whereas antagonistic ligands promote an
inhibitory conformation of the LBD [24,25].

The binding of a ligand to the LBD induces a con-
formational change that results, in the case of the clas-
sical steroid hormones, in the translocation of ligand-
bound receptors into the nucleus followed by binding
to nuclear receptor response elements in the DNA,
subsequently altering gene expression [11,12]. In con-
trast, other nuclear receptors, such as the peroxisome
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proliferator-activated receptors (PPARs), are localized
in the nucleus independent of ligand binding and con-
stitutively interact with DNA response elements [11].
Multiple mechanisms of target gene control by NRs
have been identified including recruitment of corepres-
sors or co-activators, as well as a mechanism known
as tethering, that prevents recruitment of specific co-
activators (Fig. 1) [26]. The specificity of transcrip-
tional activation by a given NR is achieved by epige-
netic regulation of the genomic region as well as the
tissue-selective expression and recruitment of corepres-
sors or co-activators and post-transcriptional modifica-
tions of both [18,27]. The transcriptional activity of
members of the NR family is associated with both
immune deficiencies and autoimmunity and can exert
incredibly diverse effects on cells of the innate and
adaptive immune system [13,26,28]; surprisingly,
detailed functional analysis of NRs in germinal center
immunity is still lacking.

Nuclear receptors are known to play a significant role
within the different CD4 helper subsets, for example,
NRs are critical for control of the reciprocal differentia-
tion potential of naive CD4 T cells into either pro-in-
flammatory Thl7 or tolerance-inducing regulatory T
cells. This aspect has been investigated in detail in the
last decade, has been extensively reviewed recently, and
will therefore not be covered in this review [29-33]. Dur-
ing pathogen encounter, vaccination responses, oOr
autoimmune responses, the specific roles of NRs have
been implicated in the formation of GCs and especially
in the function of Tfh cells; however, detailed functional
analysis is only now emerging.

The germinal center reaction

Germinal centers (GCs) are micro-anatomical struc-
tures that are formed within secondary lymphoid
organs in response to T-cell-dependent antigen [34,35].
They are critical for the production of high-affinity
antibodies and the long-lived plasma cells that produce
them; additionally, memory B and T cells are a pro-
duct of this reaction. The GC is therefore essential for
the clearance of invading pathogens and for vaccine
responses.

Germinal center initiation is dependent on the coor-
dinated activation and migration of both conventional
follicular B cells and CD4 T cells. Differentiation of
Tfh and GC B cells is a multistep process that relies
on several factors, including T: B interaction, corecep-
tor engagement, and cytokine signals [36,37]. Tth cells
derive from naive CD4 cells that bear relatively high-
affinity T-cell receptors (TCR) for antigen and are
dependent on strong TCR signaling for differentiation
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[38,39]. Signaling via interleukin (IL)-6, IL-21, and the
coreceptor inducible co-stimulating ligand (ICOSL)
further reinforces the Tfh transcriptional program
through upregulation of the lineage-defining transcrip-
tion factor B-cell lymphoma 6 (BCL6) [40-44]. B-cell
activation is dependent on B-cell receptor cross-linking
for the initial activation of the cell [45]. Activation of
pre-Tfth T cells induces migration to the border
between the B-cell and T-cell zones through downregu-
lation of migration markers such as chemokine-recep-
tor type 7 (CCR7) and P-selectin glycoprotein ligand 1
(PSGL1) along with an increase in the chemokine
receptor C-X-C motif chemokine receptor 5 (CXCRY).
The net effect of this altered surface receptor expres-
sion is to reduce the attraction to the high levels of
CC chemokine ligand (CCL)19, and CCL21 expressed
in the T-cell zone and increase movement toward the
C-X-C ligand (CXCL)13-rich B-cell follicle [46,47].
Similarly, B cells alter the expression of migratory
markers, increasing CCR7 after activation in order to
direct migration to the T-cell/B-cell border [48].

Initial T-cell and B-cell interaction occur at the T:B
border; here, B cells present antigen captured via the
BCR on MHC-II and solicit help from activated T
cells. Strong interaction through TCR:MHC-II, signal-
ing through IL-21, and co-stimulation via CD40:
CD40L and inducible T-cell co-stimulator (ICOS):
ICOSL lead to differentiation of the B-cell population
into short-lived plasmablasts, whereas intermediate or
weak engagement leads to GC recruitment or memory
B-cell differentiation, respectively [49-51]. The majority
of B-cell receptor class switching occurs at this time
and is likely induced by these initial T:B-cell engage-
ments [52]. After these early interactions, Tfh cells
migrate into the follicle followed by the activated B
cells, which rapidly proliferate and displace the resi-
dent naive B cells, creating the follicular mantle. Early
GCs can be identified within the B-cell follicle by day
4 postimmunization, and GCs reach peak size by day
7 after immunization [2,53,54]. The GC consists of two
distinct zones termed light zone (LZ) and dark zone
(DZ). The DZ consists of DZ GC B cells that are pro-
liferating and undergoing SHM through the expression
of activation-induced deaminase (AID) [55,56]. Fol-
lowing the completion of proliferation in the DZ, these
B cells will downregulate the chemokine receptor
CXCR4 and upregulate CXCRS5 leading to DZ to LZ
migration toward the CXCL13-rich LZ [57].

Light zone cell populations include Tth cells, follicu-
lar dendritic cells (FDCs), and LZ GC B cells. FDCs
are critical for the maintenance of the GC reaction
through processing and retaining antigen and as the
primary source for CXCLI13 [58,59]. It is in the LZ
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Fig. 1. NR function and DNA binding can be affected by both ligand binding and surface receptor signaling. Nuclear receptors can be
activated not only by extra- or intracellular ligands but also by surface receptor signaling via PI3K and MAPK. Ligands may bind NRs in the
cytoplasm leading to translocation of NR-ligand dimers into the nucleus resulting in the interaction of the NR-ligand dimers with DNA
nuclear response elements (NREs), recruitment of co-activators (CoA), and subsequently gene transcription. Other NRs are constitutively
bound to NREs and corepressors (CoR), and the ligand may diffuse into the nucleus resulting in reduced affinity for CoR and recruitment of
CoAs followed by activation of gene transcription. PI3K and MAPK signal transduction can lead to NR phosphorylation and translocation into
the nucleus, followed by binding to NREs and CoA recruitment and gene activation (i.e., ERa). Some NRs may be membrane-associated,
will bind ligand at this location, and activate PI3K and MAPK signaling, leading to target gene transcription through phosphorylation and
activation of other TFs (i.e., GR). TCR and CD28 coreceptor engagement activates PKC8 through PI3K activation. PKCO can translocate to
the nucleus where it phosphorylates DNA-bound NRs, resulting in the release of DNA. This presumably leaves the site open for other TF
complex binding, resulting in target gene expression (i.e., NR2F6). Although the exact molecular mechanisms are not entirely clear for some
NRs. Abbreviations: transcription factor (TF). Created with BioRender.

that B cells are selected for increased affinity. B cells
that have acquired a mutation or mutations conferring
higher affinity for antigen will gather more antigen
from FDCs, bear more antigen-loaded MHC-II, and
can more efficiently solicit help from Tth cells through
TCR:MHC-II interaction. To facilitate this interaction,
both GC B cells and Tth cells within the LZ are highly
motile in order to increase the probability of cognate
antigen encounters. Upon cognate encounter, T-cell
migration and B-cell migration are temporarily slowed
resulting in Ca®" influx in Tfh cells, expression of IL-
21, and IL-4 by Tfh cells and coreceptor engagement
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of ICOS:ICOSL and CD40:CD40L in both cell types
[60]. Together, these signals promote the survival of
the antigen-presenting B cell within the GC. Tight con-
trol over the formation or persistence of autoreactive
Tfh cells as well as the numbers and effector functions
of non-self-restricted Tfhs is thus critical for the
proper regulation of GC B cells and is necessary to
prevent the inadvertent selection of autoreactive B
cells. Within GCs, Tfh and GC B-cell interaction
strength determine the fate of GC B cells; high
strength interaction can induce PC differentiation,
while intermediate or lower affinity will induce GC B
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cell return to the DZ or cause B-cell memory differen-
tiation, respectively. Over time, this reaction produces
a steady increase in BCR affinity through increased
survival and proliferation of the highest affinity B cells
and eventually differentiation of long-lived plasma
cells that produce effector antibodies toward patho-
gens or vaccine components (Fig. 2).
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Several groups have demonstrated that control of
GC responses is critically dependent on follicular regu-
latory T cells (Tfrs) [61-63]. These cells display a
unique transcription factor and surface receptor pat-
tern that includes BCL6 and FoxP3 co-expression as
well as high expression of CXCRS5, ICOS, CTLA-4,
and PD-1. This combination of Treg and Tfh proteins
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Fig. 2. Overview of the germinal center response. Germinal center B cells (GC B cells) in the dark zone (DZ) actively mutate BCRs through
AID expression. After undergoing multiple rounds of proliferation and mutation, DZ GC B cells will migrate to the light zone (LZ). Mutations
that increase the antigen affinity of BCRs allow B cells bearing those receptors to gather more antigens from follicular dendritic cells (FDCs)
and, in turn, present more antigens on MHC-II. Follicular T helper (Tfh) cells in the LZ then select GC B cells based on MHC-II antigen
expression and may lead to several outcomes depending on the strength of the interaction. Weak or strong Tfh:GC B-cell interaction will
drive differentiation to memory B cells or plasma cells, respectively, while intermediate interaction induces GC B cells to return to the DZ
and restart the process of BCR mutation. No interaction results in apoptosis of the B cell after approximately three days. The cell interaction
itself depends on several B-cell and T-cell-derived signals. Tfh cells depend on T-cell receptor (TCR) engagement of histocompatibility
complex Il (MHC-II), autocrine signaling of cytokine, and engagement of coreceptors such as CD28, CD40L, and ICOS. Similarly, the GC B
cells depend on the cytokine produced by Tfh cells, CD40, and ICOSL as well as BCR engagement. Similar signals are involved in the
differentiation of both Tfh and GC B cells early in the response. Overtime, high-affinity B cells predominate through increased survival over
lower affinity B cells in the GC; plasma cells are eventually derived from the high-affinity B-cell pool due to strong BCR signaling upon
antigen engagement followed by strong Tfh interaction. Abbreviations: activation-induced deaminase (AID), antigen (Ag), T follicular
regulatory cells (Tfrs), interleukin (IL). Created with BioRender.
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allows these cells to gain access and exert a suppressive
function within the GC. Tfrs were initially thought to
be derived exclusively from the natural Treg popula-
tion, although at least one recent study suggests that
these cells may also be derived from naive CD4 cells.
Of note, a significant difference in the TCR repertoire
of Tfth versus Tfr cells has been documented [64]. Sig-
naling by IL-2 is mandatory to induce proliferation of
early Tfrs, while IL-21 inhibits proliferation and con-
tributes to the final maturation of these cells [65]. How
Tfr cells control the GC reaction is still incompletely
understood. Using an in vitro co-culture system, Sage
et al. [66] have demonstrated that Tfr cells inhibit
specific effector gene expression in both Tfh and GC B
cells, while IL-21 signaling overcomes this inhibition.
Specific proteins and mechanisms for Tfr function are
so far unclear; only CTLA-4 has been shown to be
critical for the suppressive function of these cells as
loss of CTLA-4 results in increased Tfh, Tfr, and GC
B-cell populations [67].

Systemic lupus erythematosus (SLE)

Autoimmune diseases, including SLE, are thought to
be the result of a complex interplay of genetic suscep-
tibility, epigenetic changes, cytokine production and
signaling, immunogenic triggers such as infectious
agents, and the presence of immune-suppressing or
immune-activating sex hormones. SLE is an autoim-
mune disease characterized by autoreactive antibody
formation and dysregulated GCs, which primarily
affects women at a ratio of 9:1 [68]. All organs may
be affected by the disease, but skin, heart, lungs, and
kidneys are most commonly involved, with the most
severe forms of disease manifesting in glomeru-
lonephritis, and tissue damage resulting in kidney fail-
ure. Autoantibodies directed against double-stranded
DNA (anti-dsDNA) or antinuclear antibodies (ANA)
are common. Tissue damage is largely mediated by
autoantibody complex formation, which is primarily
caused by the inability to clear autoantibody com-
plexes. Polymorphisms in Fc receptors and low Fc
receptor expression are known to contribute to
reduced autoantibody and antigen complex clearance
[69,70]. Complex formation is also associated with
the activation of complement leading to further
inflammation, immune cell infiltration into affected
tissues, and disease exacerbation [71,72].

Autoreactive T cells play a significant role in SLE
development through direct selection of self-reactive B
cells. In mouse, models of disease autoreactive T cells
seem to arise through failures in peripheral tolerance
[73-76]. A broad range of immune cell defects has been

Nuclear receptor regulation of germinal centers

observed in patients with SLE including preclustered
TCR lipid rafts that contribute to altered signaling of
T cells [77]. T cells from patients with SLE are often
found to have reduced IL-2 expression, which may
result in more Tfh cells due to reduced differentiation
into other T helper subsets that rely on IL-2 (i.e., Thl)
and lower Treg numbers. Lower IL-2 may also con-
tribute to reduced activation-induced cell death, fur-
ther allowing survival of autoreactive T cells [78].
Reduced IL-2 expression can be due to the substitu-
tion of the TCR{ chain with FcyR [79,80]. Addition-
ally, Juang et al. demonstrated that reduced IL-2
could be caused by autoantibodies directed against
CD3. They show that stimulated healthy T cells trea-
ted with the IgG serum fraction from SLE patients
caused a reduction in IL-2 expression by T cells from
healthy patients, through increased expression of the
IL-2 suppressor cAMP response element modulator
(CREM) indicating some level of TCR interference via
IgG:CD3 binding [81]. Similarly, SLE patients often
develop cytopenias such as thrombocytopenia [82].
Increased circulating Tfh cells and higher IL-21 expres-
sion have been linked to SLE disease activity in
humans and disease induction, including spontaneous
GC formation, in various mouse models [83-85]. Fur-
thermore, metabolic defects can intrinsically influence
autoreactive T cells and have been recently identified
in rheumatoid arthritis and SLE [86-93].

Nuclear receptor regulation of GC
responses and autoimmunity

Despite the considerable evidence linking nuclear
receptors to general immune function or dysfunction,
there is little research on molecular mechanisms for
this family of receptors within Tfh, GC B cells or sup-
porting cells such as FDCs. However, several NRs
have been shown to play a role in the proper function
of these cellular subsets (Fig. 3, see also Table 1), and
analysis of sex hormone levels in combination with the
status of immunocompetence has already been pro-
posed for vaccine study participants in clinical trials
and during vaccination per se [94-96]. In the remaining
sections of this review, we focus on the effect of speci-
fic NRs in T and B cells with a special emphasis on
GC responses and SLE.

Steroid hormone receptors

Steroid hormone receptors are divided into two sub-
families, the first being the estrogen receptor family
which is comprised of estrogen receptor-o (ERo;
NR3A1l, ESRI1) and estrogen receptor-f (ERp;
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Fig. 3. Schematic illustration of activating and inhibitory roles of nuclear receptors within the autoimmune germinal center. Self-reactive
germinal center B cells (GC B cells) may be produced through the random action of somatic hypermutation (SHM), or alternatively, can
avoid early negative selection through increased ER activity. GC B cells likely capture self-antigen within the GC, possibly from the large
number of apoptotic B cells. While autoreactive follicular T helper (Tfh) cells may persist through peripheral tolerance escape possibly due to
lower interleukin (IL)-2 expression. Increased numbers of Tfh cells may reduce the limitedness of Tfh help and can lead to inadvertent
selection of self-reactive B cells (not shown). Tfh numbers can be controlled by several NRs including NR2F6 and PPAR, and higher Tth
numbers can be achieved by increased survival (NR2F6) or increased differentiation of naive cells to the Tfh lineage (PPAR). NRs may also
control cytokine expression in Tfh cells and in this way contribute to inadvertent selection of self-reactive GC B cells (i.e., NR2F6, GR, and
PPAR). T regulatory (Treg) and follicular T regulatory (Tfr) cell differentiation may be affected by NRs including VDR, RAR, and AR. NRs such
as AR and VDR can control the production of self-reactive antibodies, while others such as MR may reduce class switching to more
pathogenic isotypes. Finally, NRs such as VDR can reduce differentiation of B cells into plasma cells and thus may reduce autoantibody
production. NRs are labeled to indicate either promotion (green) or suppression (red) for each indicated phenomenon in autoreactive GCs.
Abbreviations: estrogen receptor (ER), mineral corticoid receptor (MR), androgen receptor (AR), progesterone receptor (PR), peroxisome
proliferator of activated receptor (PPAR), nuclear receptor subfamily 2 group F member 6 (NR2F6), all-trans retinoic acid receptor (RAR),
retinoic acid receptor-related orphan receptor (ROR), vitamin D receptor (VDR), antigen (Ag). Created with BioRender.
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Table 1. Overview of nuclear hormone receptors and their role in SLE. NRs in red are generally considered to be detrimental for disease
occurrence and progression, whereas NRs in blue are considered to be protective and beneficial. In essence, treatment should include
drugs with agonistic behavior for the blue NRs, and antagonistic effects for the red NRs. The table is based on references within the main
text. Only naturally occurring ligands are listed. CSR, class-switch recombination; DC, dendritic cell; DHEA, dehydroepiandrosterone; DHT,
dihydrotestosterone; GC, germinal center; RA, retinoic acid; SLE, systemic lupus erythematosus; TCR, T-cell receptor; TLR, Toll-like

receptor.

Subfamily

Member(s) Ligand(s)

Role in immune cells and SLE

Steroid hormone receptors

Estrogen receptor
(ER)

Glucocorticoid
receptor (GR)

Mineralocorticoid
receptor (MR)

Progesterone
receptor (PR)

Androgen receptor
(AR)

ERa 17B-estradiol, estriol, estrone
(NR3A1,

ESR1)

ERB 17B-estradiol, estrone
(NR3A2,

ESR2)

GR (NR3C1) Aldosterone, progesterone,

glucocorticoids: corticosterone, cortisol,

deoxycorticosterone

MR (NR3C2) Aldosterone, progesterone,

glucocorticoids: corticosterone, cortisol,

deoxycorticosterone

PGR Progesterone
(NR3C3)

AR (NR3C4) DHT, DHEA, testosterone,

androstenedione

Human: ER signaling effects are dose-dependent, with
9 times more prevalence in women with SLE

Increased ER-mediated expression of CD40L and IL-21
More ER signaling and coreceptor expression in SLE
patient T cells through decreased methylation of the
CD40L gene

Rodent: ER binding to /fng promoter; more IFNyR
signaling on GC B cells; ERa suppresses Tfh cell
function

Human: GR induces BLIMP-1 and IL-10 production in
Tregs and reduces Tfh cell numbers

Gender bias; GR downregulates X-chromosomal
expression of TLR7, and as a result inflammatory
signaling

GR induces Tfh apoptosis in SLE patients

Rodent: GR-induced signaling leads to reduced T-cell
activation

Important for elimination of low-affinity TCR T cells

GRs downmodulate co-stimulatory molecule
expression by DCs

Important for immunoglobulin class switching

Human: MR enhances homing to secondary lymphoid
organs and immune cell activation.

Enhanced MR signaling is associated with
hyperkalemia in blood

Rodent: MR contributes to murine renal nephritis, with
enhanced proteinuria and serum autoantibodies
Regulates circadian rhythm, blood potassium, and salt
levels

Human: Progesterone reduces pro-inflammatory
cytokine production in T cells

Increase in Treg differentiation

Reduction in co-stimulatory molecules and pro-
inflammatory cytokines by DCs

Rodent: Reduction in B-cell CSR

Decreased T-cell-dependent antibody responses
Human: High serum DHT levels are associated with
less mature B cells

Female SLE patients have generally lower androgen
levels

Rodent: Reduction in co-stimulatory molecules and
MHC expression on DCs

AR inhibits B-cell lymphopoiesis and class switching to
pathogenic 1gG

Enhance negative selection of autoreactive T cells and
promote tolerance in thymus

Enhance serum complement components that aid in
clearance of immune complexes
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Table 1. (Continued).

Subfamily Member(s) Ligand(s) Role in immune cells and SLE

Nonsteroid hormone receptors
Peroxisome PPARa Leukotriene B4, fatty acids, eicosanoids ~ Human: PPARa major player in liver lipid metabolism.
proliferator- (NR1C1) SLE patients have higher incidence of early-onset
activated receptors atherosclerosis
(PPAR) Rodent: PPARa represses NF-xB and c-Jun in T cells,
leading to lower production of Th1-mediated
cytokines
PPARB/S Fatty acids, eicosanoids Activated PPARB/S increases lipogenesis in liver and
(NR1C2) skeletal muscle cells
Rodent: PPARB/S increase dead cell removal by
macrophages
PPARB/S improves vascular function and protects
against kidney damage

PPARY Fatty acids, prostaglandin J2, Human: Activation of PPARY leads to enhanced B-cell
(NR1C3) eicosanoids proliferation and antibody production
PPARY in SLE macrophages represses CD40/CD40L
pathway

Rodent: PPARY inhibits T-cell activation and Tfh
differentiation

Retinoic acid receptor RARa Vitamin A (RA) Human: Vitamin A reduced in SLE patients
(RAR) (NR1B1)
RARB Vitamin A (RA) RA in gut leads to more Tregs and suppression of
(NR1B2) autoimmunity
RARy Vitamin A (RA) Treatment with RA reduces nephritis pathology
(NR1B3) Rodent: RA inhibits pro-inflammatory cytokine
signaling
RA important in protective IgA production by gut B
cells
Vitamin D receptor VDR (NR1I1)  Vitamin D Human: VDR signaling reduces B-cell proliferation and
(VDR) induced apoptosis

Differentiation of plasma cells is reduced as well as
class-switched memory B cells

SLE patients have reduced levels of Vitamin D
Rodent: Promotes Th2 and Tregs over Th1 and Th17
cell differentiation

RAR-related orphan RORa Orphan (oxysterols®) Human: ROR genes increased in human Tregs
receptor (ROR) (NR1F1)
RORy Orphan (oxysterols?) RORs mediated IL-17 overexpression in human SLE is
(NRTF3) linked to increased disease severity

Rodent: ROR NRs are important for IgA-producing
memory B-cell homeostasis

RORyt lineage, defining for Th17 subset, suppress Tfh
differentiation

RORs protective against spontaneous GC formation

COUP/EAR NR2F6 Orphan Rodent: NR2F6 binds to promoter regions and
(EAR-2, suppresses expression of [L-21, IFNy, IL-2 and IL-17
COUP- NR2F6 suppresses accumulation of GC B cells, plasma
TFII) cells, and Tfh cells

Aged NR2F6-deficient mice have SLE-like symptoms
such as auto-antibodies

®The natural occurring ligands are still unknown, although recently oxysterols have been proposed.

NR3A2, ESR2). The remaining receptors belong to receptor (MR; NR3C2), progesterone receptor (PR;
the ketosteroid receptor family, which include the glu- NR3C3, PGR), and the androgen receptor (AR;
cocorticoid receptor (GR; NR3C1), mineralocorticoid NR3C4, AR).

2874 The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies



W. J. Olson et al.

The estrogen receptor family (ER; NR3A)

Estrogen is mainly synthesized by mammalian ovaries
but can also be produced in cells expressing the
enzyme aromatase and is primarily secreted into the
blood. Due to its lipophilic nature, it passes freely
through cell membranes, where it binds to the estrogen
receptor (ER) [97]. ER exerts its function through mul-
tiple mechanisms, termed ‘genomic’, ‘tethered’, ‘nonge-
nomic’, and ‘ligand-independent’ [97]. Understanding
the biological effects of both estrogen receptors, ERa
and ERp, within the immune system, are especially
crucial for unraveling the known gender-dependent dif-
ferences during pathogen encounter and autoimmune
diseases. In contrast to the other steroid hormone
receptors, estrogen is known to promote immune
responses, especially humoral immunity.

ER signaling plays an important role in B-cell devel-
opment, activation, and function. Signaling via ER
has been shown to prevent negative selection of
autoreactive B cells at multiple stages of development
and to alter BCR signaling thresholds as well as acti-
vation-induced apoptosis [98,99]. Following influenza
virus infection, female mice demonstrated a better
virus-specific antibody response, with higher serum
levels in the IgG2b subclass [10]. In B cells, estrogen
enhances the expression of AID and induces class
switch recombination (CSR) [11]. Mechanistically,
ERa directly binds to several regulatory regions such
as Sp and Ep, and hypersensitivity sites HS1, HS2,
and HS4 of the 3’ regulatory region within the
immunoglobulin heavy-chain gene sequence and,
through binding to these sites, influences class switch-
ing [10].

Stimulated T cells from both mice and humans
express more IFNy in the presence of estrogen likely
through direct binding of ER to the Ifng promoter
region [12]. In mice, increased IFNy signaling is
known to contribute to SLE development through
direct signaling to GC B cells via the IFNy receptor
[13]. ER function seems to be dependent on the type
of inflammation or immune response. For example,
ERa signaling appears to promote Thl and Thl7
accumulation while decreasing FoxP3 expression of
CD4 T cells in a mouse model of colitis [14]. However,
in human cervical cancer, ERa signaling can drive
FoxP3 expression in infiltrating Tregs [15]. Similarly,
ER signaling has been shown to increase Treg num-
bers during pregnancy [16].

Kim et al. identified ERa loss within the CD4 popu-
lation of non-SLE prone mice as a driver of SLE-like
disease. This observation seemed to be due to a speci-
fic function for ERa in the suppression of Tfh cells as

Nuclear receptor regulation of germinal centers

ERa-deficient mice had larger Tfh populations when
compared to wild-type, and administration of 17p-
estradiol reduced Tfh numbers in wild-type mice [17].
Interestingly, in mice that are susceptible to SLE-like
disease, administration of 17f-estradiol increases dis-
ease severity, while ovariectomy reduces disease pro-
gression [18]. Conflicting data exist regarding the loss
of ERa in male mice. Loss of ERa in SLE-prone
NZB/NZW F1 mice results in reduced amounts of
anti-dsDNA antibodies and increased survival of both
male and female mice [19]. Svenson et al. [110]
observed improved survival of female mice only with
ER deficiency in two separate mouse models of SLE
with no change in anti-dsDNA production. This sug-
gests that, in mice not susceptible to SLE, ERa may
have a suppressive effect on disease, but its function
may be defective or otherwise altered in SLE.

Due to the sex bias observed in SLE, the role of
ERs has been an area of extensive study. Estrogen is
known to be a risk factor for SLE development, as
illustrated by the increased risk for SLE in women
during childbearing years and a subsequent decrease in
risk after menopause [111]. Furthermore, estrogen sup-
plementation has been documented to induce SLE
activity [112]. However, prepubescent children, post-
menopausal women, and men can develop SLE [111].
Several genes on the X chromosome have been linked
to SLE, including the immune-relevant receptors
CD40L and CXCR3, together with microRNAs
including miR-98 and miR-188-3p [113,114]. Subse-
quent hypomethylation within gene regulatory regions
has been correlated to overexpression of numerous
other immune-relevant non-X-linked genes, such as
IL-10, 1L-4, IL-6, protein phosphatase 2a (PP2Aca),
CDl1la, STATI, and MXI1 [115]. Similarly,
hypomethylation has been linked to inefficient X chro-
mosome inactivation in SLE patients [114]. A proof-
of-concept study in mice with defects in ERK signaling
and, as a result, reduced DNA methylation in CD4 T
cells resulted in overexpression of several X-linked
genes such as Cdlla, Cd70, and Cd40l and SLE devel-
opment; further estrogen addition exacerbated the dis-
ease. In this mouse model, only female mice developed
SLE, and the authors link this to a requirement for
two X chromosomes consistent with dysregulated X
chromosome inactivation [116]. Demethylation of the
gene encoding ERa has also been linked to overexpres-
sion of this NR and is associated with increased
expression of ER-sensitive genes [117]. Wu et al
observed increased ERa protein and 17f-estradiol sig-
naling in CD4 T cells from SLE patients that resulted
in global DNA hypomethylation through downregula-
tion of DNA methyltransferase 1 (DNMTI).
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Treatment of PBMCs with an ER antagonist
ICI182780 increased DNA methylation [118]. Altered
methylation status may explain why ER signaling can
upregulate CD40L on PBMCs from lupus patients,
and the antagonist (ICI182780) can prevent overex-
pression of CD40L [119]. ER-mediated downregula-
tion of DNMTI1 may also contribute to the direct X-
chromosome effects observed in SLE, as well as non-
X-linked immune gene overexpression in SLE patients
through reduced DNA methylation.

There is some evidence for a nongenomic signaling
role for ER in SLE; treatment of SLE patient-derived
peripheral blood mononuclear cells (PBMCs) with
17B-estradiol induced a mitogen-activated protein
kinase (MAPK)-dependent increase in IL-21 expres-
sion in these cells [120]. Others have observed an
increase in CD40L and also in calcineurin expression
after ERa and ERp agonist treatment of PBMCs from
SLE patients [121], suggesting that defects in ER signal
transduction may also contribute to SLE in both mice
and humans. The exact defect in ER signaling may
vary depending on mouse strain and genetic back-
ground.

Taken together, ER signaling is a known risk factor
for SLE development; this is due in part to its roles in
promoting humoral immune responses, reducing
methylation of DNA leading to aberrant gene expres-
sion and potentially through altered nongenomic sig-
naling pathway in SLE patients.

Glucocorticoid receptor (GR; NR3C1)

Glucocorticoids bind to the GR and contribute to
diverse biological processes, including glucose metabo-
lism, stress, and immune responses. The GR is
expressed in most cells of the body and is a multitask-
ing transcription factor, changing its role and function
from anti-inflammatory effects to potential pro-inflam-
matory actions; a key component of the mechanism of
action of glucocorticoids involves interference with the
activity of other transcription factors and signaling
molecules (reviewed in Ref. [122]). Rapid nongenomic
mechanisms of glucocorticoid signaling have also been
reported.

Glucocorticoids have been used to treat a broad
range of inflammatory and autoimmune disorders,
including SLE, since the initial discovery of their
potent anti-inflammatory properties by Hench and col-
leagues in 1948 [123]. GR signaling in the immune sys-
tem is complex and may depend on several factors,
including the particular glucocorticoids present and
the relative level of these hormones. Glucocorticoid
effects are often observed to be biphasic in that higher
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doses may differently affect a gene or function relative
to lower doses [124]. GRs and glucocorticoids have a
significant effect on cells of the immune system includ-
ing T and B cells [122].

In mice, the GR is present in all B-cell developmen-
tal subsets; the synthetic and potent glucocorticoid,
dexamethasone, reduces cell viability in all B-cell sub-
sets, both ex and in vivo [125]. Franco et al. [126]
found that glucocorticoids impair upstream B-cell
receptor and Toll-like receptor (TLR)-7 signaling,
reduces transcriptional output from the three
immunoglobulin loci, and promotes significant upregu-
lation of the genes encoding the immunomodulatory
cytokine IL-10 and the plasma cell differentiation fac-
tor BLIMP-1. Work from Fleshner et al. demonstrated
that adrenalectomy or GR blockade in rats is associ-
ated with defective IgM and IgG responses to T-cell-
dependent antigen; this was linked to roles in class
switching from IgM to IgG2a, suggesting that basal
glucocorticoid signaling is necessary for regular class
switching [127]. Importantly, the glucocorticoid-medi-
ated downregulation of TLR7 expression and func-
tional impairment of TLR7 signaling have implications
on gender differences in the incidence of autoimmune
diseases as human TLR7 resides in the X chromosome
and escapes X inactivation in human B cells from SLE
patients [128].

Mice in which the GR has been deleted from T cells
are immune-deficient due to a skewed TCR repertoire
toward those with a low affinity for MHC [129]. Glu-
cocorticoids also reduce signaling in mature T cells
through suppression of NF-kB, NFAT, and AP-1 acti-
vation [130]. GRs can reduce the expression and acti-
vation of several essential mediators of TCR signaling
including Lck, Fyn, and ITK [131]. Glucocorticoids
also upregulate BLIMPI1 expression in human CD4 T
cells [126]. Increased BLIMP-1 expression, in turn,
promotes the function of Tregs, directly induces 1L-10
expression, and can reduce Tfh differentiation
[132,133]. Additionally, DCs downregulate co-stimula-
tory receptors, and pro-inflammatory cytokines in
response to GR signaling, reducing T-cell activation
[134,135].

Glucocorticoid receptor regulate the diurnal oscilla-
tion of T cells through regulation of CXCR4 and IL-
7R expression, with lymphocytes accumulating in lym-
phoid tissues overnight and moving to the blood dur-
ing the day. In an elegant study by Shimba et al.,
immunization at night increased GC responses, and
this effect was lost with GR deficiency in the CD4
population. Loss of GR also affected Tfh expression
of IL-4 and IL-13. Finally, Peyer’s patch GCs were
unaffected by diurnal cycles; however, loss of GR
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reduced both Tfh and GC B cells at this location
[136].

The beneficial effect of glucocorticoids on SLE is
likely due to multiple modes of action, including the
effects mentioned above on T cells and DCs. T-cell
anti-inflammatory activity by glucocorticoid treatment
is reduced due to a combination of increased migra-
tion to and impaired release from lymphoid tissues
[137,138]. GRs and glucocorticoids may control B-cell
numbers directly through regulation of the target gene
GILZ, and global loss of this gene can induce SLE-
like disease in mice [139]. Otherwise, B-cell control by
GRs is thought to be similar to T-cell control as well
as through effects on survival and TLR-7 signaling
mentioned above. Loss of GR in the Treg population
results in an inability of these cells to control ANA
formation. These phenomena were linked to GR-medi-
ated suppression of Thl-like characteristics, including
IFNy expression by Tregs [140]. Finally, treatment
with glucocorticoids has been shown to induce apopto-
sis of circulating Tfh cells in patients with SLE, both
in vitro and in vivo [141].

Mineralocorticoid receptor (MR; NR3C2)

Although best known as the ‘aldosterone receptor’
that regulates electrolyte and fluid homeostasis in the
distal nephron and other epithelial tissues, the miner-
alocorticoid receptor (MR) has received increasing
attention as a driver of cardiovascular and renal
fibrosis. While the primary mineralocorticoid ligand
for the MR is aldosterone, the MR can also bind
and respond to glucocorticoids [142]. MR is expressed
in cells of the immune system, where it responds to
stimulation or antagonism, controlling immune cell
function. Aldosterone has been associated with pro-
inflammatory immune effects, such as the release of
cytokines that promote oxidative stress, and fibrosis,
and exacerbates multiple sclerosis in murine models
[143,144].

MR signaling in human T cells regulates the redistri-
bution of T-cell subsets to lymph nodes, through
effects on CD62L, CCR7, and CXCR4 [145]. MR acti-
vation during periods of high aldosterone and low cor-
tisol levels (e.g., nocturnal sleep) seems to provide the
optimal endocrine milieu for facilitated homing of
naive T cells to the lymph nodes. Nocturnal sleep has
been consistently found to benefit the formation of an
antigen-specific immune response, using experimental
vaccination in humans [146,147]. Facilitation of T-cell
homing following sleep-dependent aldosterone release
might thus substantially contribute to the well-known
role of sleep in supporting antibody responses [145].

Nuclear receptor regulation of germinal centers

Aldosterone receptor blockade is safe and well-toler-
ated in progressive murine lupus nephritis, results in
decreased levels of clinical proteinuria and lower serum
levels of autoantibodies, and is coupled with decreased
kidney damage. MR appears to modulate inflamma-
tory changes during the progression of glomeru-
lonephritis and may also have a previously
undescribed role in attenuating apoptosis [148].

The progesterone receptor (PR; NR3C3, PGR) and
the androgen receptor (AR; NR3C4, AR)

Progesterone and androgens are commonly thought of
as sex hormones but are known to have an overall
suppressive function on immune cells via signaling
through the progesterone receptor (PR) and androgen
receptor (AR), respectively [149-151].

Interestingly, progesterone seems to reduce the risk
of SLE by counteracting the effects of estrogen, which
suggests that the balance between estrogen and proges-
terone can determine disease manifestation [152] and is
especially interesting concerning pregnancy-related
remission of the autoimmune diseases RA and MS
[153].

The detailed functional role of both androgens and
progesterone in B and T cells as well as cellular and
molecular targets in autoimmune diseases such as SLE
or rheumatoid arthritis has recently been reviewed in
detail and will therefore not be covered in detail in the
current review [150,152,153]

Nonsteroidal nuclear receptors

Peroxisome proliferator-activated receptors
(PPARs; NR1C)

The PPAR family comprises three distinct receptors
(PPARa, PPARYy, and PPARSJ) that recognize fatty
acid metabolites as ligands. These receptors regulate a
broad range of biological processes including angio-
genesis, glial cell maturation, inflammation, and glu-
cose and lipid metabolism [154,155]. PPARs,
particularly PPARY, have been linked to both T-cell
function and autoimmunity [156]. Agonists for PPARYy
(NR1C3) have proven beneficial in animal models of
multiple sclerosis, asthma, and rheumatoid arthritis
and human patients with colitis [157-160].

Activated B cells upregulate PPARYy expression.
Nanomolar levels of synthetic PPARY ligands such as
rosiglitazone enhance human B-cell proliferation and
induce plasma cell differentiation as well as antibody
production, whereas the addition of GW9662, a speci-
fic PPARYy antagonist, abolishes these effects [161].
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Furthermore, combinatorial activation of both PPARYy
and its binding partner RXR results in additive effects
via enhancing Cox-2 and BLIMP-1 expression, sug-
gesting that low doses of PPARy/RXRa ligands could
be used as an adjuvant to stimulate antibody produc-
tion [161].

Conditional deletion of PPARy in the mouse
CD4 T-cell compartment leads to general CD4
hyper-reactivity during in vitro TCR stimulation,
characterized by increased cytokine expression and
proliferation, under Thl-, Th2-, Th17-, and Th9-po-
larizing conditions [162]. Additionally, PPARy-defi-
cient CD4 cells exhibit reduced expression of
negative regulators of NF-kB signaling, including
Sirtl and IxBa. An increase in AKT and ERK
phosphorylation was observed in addition to
reduced Foxol. Invivo, PPARy-deficient mice
develop exaggerated Tfh populations after immu-
nization with sheep red blood cells (SRBCs) as well
as spontaneous GC formation, increased plasma cell
number, and elevated titers of anti-dsSDNA antibod-
ies [162]. These observations are likely linked to
increased AKT signaling driving the loss of Foxol,
which is a crucial suppressor of BCL6 expression
and Tfh differentiation [40,163,164].

The PPARY agonists pioglitazone and rosiglitazone
have been tested in the MRL”" mouse model of SLE
for effects on disease activity. In both cases, these
compounds reduced disease severity when used early
before disease onset but had minimal effect after dis-
ease manifestation. Both agonists significantly improve
SLE-related atherosclerosis [165,166]. Furthermore,
two separate groups utilized the NZB/W F1 cross SLE
mouse model to investigate the protective potential of
PPARY agonists rosiglitazone and pioglitazone. Both
groups found a significant protective benefit on renal
disease severity when these drugs were administered
early in the course of disease [167,168]. Targeting of
PPARY in SLE thus appears to have some benefit on
symptoms of SLE but no significant impact on disease
progression in mice. This may indicate that PPARY is
more critical for the early activation and differentia-
tion of Tfh cells compared with reactivation of mem-
ory Tth cells that are presumably driving SLE at later
time points. Memory Tfh cells are an understudied
population, and a role for PPARY in these cells is cur-
rently unknown.

Another study observed a marked decrease in the
activation and proliferation of human PBMCs derived
from SLE patients when treated with pioglitazone
[169].

Interestingly, the suppressive effects of PPARY on
Tfh cells appear to be also dependent on the estrogen
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receptor. Park et al. demonstrated that treatment with
the PPARY agonist pioglitazone reduces Tfh accumu-
lation in female but not male mice. Intriguingly, treat-
ment of male mice with both pioglitazone and 17f-
estradiol, a natural ligand for both ERa and ERSB,
reduced the number of Tfh cells, whereas treatment
with either substance alone had no significant effect.
Pioglitazone also had differential effects on female
mice, being more effective during the estrous phase of
the menstrual cycle when estrogen levels are highest
[170,171]. Similarly, differential effects of pioglitazone
were observed in the differentiation of Thl, Th2, and
Th17 cells a phenomenon that was also linked to
estrogen availability [171,172]. The ability of these ago-
nists to prevent SLE in humans is unlikely given the
relatively minor effect these drugs had on mouse mod-
els but has not yet been investigated. However, piogli-
tazone is currently in phase II clinical trials aimed at
testing its ability to ameliorate the vascular complica-
tions associated with SLE [173].

Retinoic acid receptor (RAR; NR1B)

The RAR family consists of three members, RARa,
RARp, and RARYy. Together, these receptors mediate
the response to the vitamin A metabolite, retinoic acid
(RA), and are often paired as a heterodimer with
RXR. All immune cells are responsive to RA signal-
ing, and DCs and macrophages can modify the RA
metabolite retinol to the more active signaling form,
namely all-frans-RA [174]. In T cells and B cells, as
well as DCs, RA signaling mediates migration to gut
tissue through upregulation of the gut homing integrin
04PB7. RA is also critically important for the proper
functioning of T cells and B cells, as well as responses
to vaccination [174].

Signaling via RARs is essential for both B-cell
development and function. The presence of RA is
known to accelerate the differentiation of B cells from
lymphoid progenitors. It does so by promoting crucial
transcription factors involved in B-cell lymphopoiesis
including PAXS5 and early B-cell factor (EBF)-1. In
the periphery, RA signaling promotes plasma cell dif-
ferentiation through the upregulation of interferon reg-
ulatory factor (IRF)-4 and BLIMPI [175].

RA has a prominent role in the migration and anti-
body output of innate B cells while not affecting follic-
ular (B2) cells to the same extent. For example, loss of
RARa function through the expression of a dominant-
negative RARa (dnRARa) results in altered IgM and
IgG3 expression and lower levels of IgA from innate B
cells [176]. Interestingly, only B1b innate B cells upreg-
ulate o4PB7 in response to RA signaling in the
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peritoneum; other innate (Bla) or follicular B cells in
this location are unaffected by RA signaling [176]. RA
also plays a role in IgA class switching of follicular B
cells. Pantazi et al. demonstrated that expression of
dnRARa in all B cells results in reduced IgA™ plasma
cells in the gut. This observation was not due to
reduced migration or numbers of B cells in gut Peyer’s
patches (PPs) but seemed to be due to failure to class
switch to IgA, as IgA" GC B cells were reduced with
dnRARa expression in PPs, further leading to altered
microbiota and reduced responses to oral vaccination
[177].

RA signaling and RARs play a critical role in T
cells, in particular, in the development of gut-tropic
Tregs and can suppress the differentiation of inflam-
matory Thl and Th17 cells. RARa appears to be the
more critical isoform within the T-cell subset as loss of
this receptor in T cells results in altered T-cell home-
ostasis similar to mice with vitamin A deficiency [178].
However, the exact function of RA on T cells appears
to be context-dependent, including the level of RA
present as well as the inflammatory milieu. The addi-
tion of RA during tetanus toxin immunization results
in increased Th2 differentiation [179], while interfer-
ence with RARa function in CD4 cells leads to
increased IL-17 producing cells and concomitantly
increases Treg differentiation [180].

Patients with SLE often exhibit reduced levels of
vitamin A which can lead to reduced Treg numbers
and potentially contributes to disease; treatment with
RA has been shown to correct this Treg imbalance
[181]. RA has also been shown to inhibit the function
of several pro-inflammatory transcriptional mediators
of type I interferon signaling in mice known to con-
tribute to SLE pathogenesis, such as Pinl, a regulator
of IRF7-TLR7/9 signaling. A similar role for Pinl on
IRF7 signaling was observed in PBMCs from SLE
patients treated with RA [182]. In several mouse
models of SLE, RA was able to inhibit disease initia-
tion [182]. RA treatment has been shown to be bene-
ficial in treating SLE nephritis in both humans and
murine models [183,184]. However, several studies
investigating the effect of RA on organs affected by
SLE observed mixed effects of RA treatment in the
MRL™" mouse model of disease; increased disease
scores in skin, brain, and lungs were detected follow-
ing RA treatment; paradoxically increased lymphocyte
infiltration into kidney but normalized glomeruli size
was also observed [185,186]. Thus, RARs may con-
tribute to SLE suppression, possibly through effects
on Tregs. The ability of RA to modulate disease in
mouse models is not clear and warrants further inves-
tigation.

Nuclear receptor regulation of germinal centers

RAR-related orphan receptor alpha and gamma
(RORa; NR1F1, RORY;NR1F3)

Three receptors make up the retinoic acid receptor-re-
lated orphan receptor (ROR) groups, RORa, RORS,
and RORY. These receptors play roles in circadian
rhythm, cancer, and neuron development. Addition-
ally, RORa and RORY play essential roles in metabo-
lism, immunity, and autoimmunity. Alternative
splicing of RORY results in the second isoform of this
receptor known as RORyt that is primarily expressed
by immune cells [187]. RORy has been recently
described to bind several naturally occurring sterols
[188,189]. Synthetic ligands exist for all ROR members
[190].

In B cells, RORa is crucial for the long-term sur-
vival of IgA", but not IgG2a" memory B cells, as
knockdown of RORa mRNA or administration of a
RORa and RORyt inhibitor reduced survival of these
cells. Administration of the same inhibitor also
reduced BCR expression of IgA" memory cells, and
thus, ROR family members contribute to IgA+ mem-
ory B-cell homeostasis [191]. Additionally, increased
B-cell proliferation, as well as spontaneous GC forma-
tion, was observed with loss of RORyt [192].

Both RORa and RORyt are essential for the differ-
entiation of Thl7 cells with RORyt being considered
the lineage-defining marker for this subset [28]. For
full Tfth differentiation, these NRs must be suppressed
by BCL6 [193,194]. Loss of RORYt results in exagger-
ated Tfh populations overexpressing IL-17 and IL-21
and reduced Treg cell numbers, which may be due to
partially overlapping gene profiles of Tfh and Thl7
cells and shared transcription factor expression, includ-
ing IRF4 and BATF, potentially causing Thl7-des-
tined cells in the absence of RORyt to ‘default’ to the
Tfh lineage. The exact cause of this observation is cur-
rently unclear. Yang and colleagues have observed
higher RORC and RORA (the human RORy and
RORa genes, respectively) expression in a human sub-
set of Treg cells that closely resemble Tfrs when com-
pared to other Treg subsets, suggesting that these
receptors may have a significant functional role in Tfr
cells [195].

RORyt-expressing Tregs can promote SLE in the
pristine lupus mouse model through IL-17 expression.
Several groups have linked IL-17 to SLE pathogenesis
demonstrating that IL-17A- and IL-17F-deficient mice
fail to develop pristine-induced SLE [196-198]. Simi-
larly, other groups have linked Thl7 cells and the
expression of IL-17 to mouse models of SLE [199,200].
Human SLE is also often associated with increased
IL-17 in serum and IL-17-expressing cells (including
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Th17) in the periphery, and increases in IL-17 expres-
sion have been found to correlate with SLE activity
[21-203].

Vitamin D receptor (VDR; NR111)

Vitamin D is an essential metabolite with significant
immune functions. There are two primary sources for
vitamin D, one being synthesis by the skin after expo-
sure to ultraviolet light and the other through dietary
intake. The liver hydroxylates vitamin D to 25-(OH)
D3 that can be further modified by cells expressing the
hydroxylase CYP27B1 to form the biologically active
1,25-(OH)2D3 [24]. The active form of vitamin D
binds to the vitamin D receptor (VDR), which is typi-
cally found as a heterodimer with RXR, and this com-
plex, in turn, mediates the effects of vitamin D at the
cellular level. VDR is highly expressed in cells of the
immune system, and its signaling has been shown to
have significant effects on T cells, macrophages, den-
dritic cells, and B cells [24].

Human B-cell proliferation and survival are reduced,
and apoptosis is increased after treatment of PBMCs
with 1,25-(OH)2D3; differentiation of plasma cells and
class-switched memory B cells is also reduced [25].
Within the GC, VDR is differentially expressed
between DZ and LZ GC B cells, with a unique cell
surface expression pattern on LZ B cells. Within this
compartment, VDR may contribute to the directed
migration of GC B cells from DZ to LZ or may pre-
vent excessive LZ B-cell differentiation to plasma cells,
although the exact function is currently unknown [26].
Additionally, VDR appears to be upregulated in B
cells stimulated with anti-CD40 and IL-4, conditions
that drive plasma cell differentiation in vitro. The func-
tional consequence of this upregulation has yet to be
defined but may be linked to a suppressive or homeo-
static role of VDR in plasma cells.

T cells can be indirectly affected through the DC
compartment, as 1,25-(OH)2D3 production by DCs
results in reduced DC maturation and thus fewer acti-
vated T cells [27,208]. Vitamin D has been shown to
promote the differentiation of both Th2 and Tregs
while simultaneously suppressing differentiation into
the pro-inflammatory Thl and Th17 subsets [28,209].

Interestingly, in humans, polymorphisms in VDR
are known to correlate strongly with SLE [210-212].
SLE patients often have reduced levels of vitamin D.
Vitamin D supplementation was shown to increase
Treg cell numbers in SLE patients but did not have a
significant effect on disease symptoms. However, vita-
min D treatment has shown significant benefits in
patients  with  childhood-onset SLE  [213,214].

W. J. Olson et al.

Treatment of MRL™ mice with 1,25-(OH)2D3
improved SLE symptoms, while deficiency of VDR in
non-SLE-prone mice resulted in complement deposi-
tion within the kidney similar to mice with SLE,
although with a delayed onset [215]. Thus, altered
VDR signaling or decreased function may contribute
to the survival or differentiation of pathogenic plasma
cells. The polymorphisms associated with VDR in SLE
may account for the minor effect of vitamin D supple-
mentation on the disease. Treg induction by vitamin D
may also be essential but seems to be secondary to
other functions of vitamin D and VDR.

Nuclear receptor subfamily 2 group F member 6
(NR2F6; EAR-2, COUP-TFIII)

NR2F6 has been shown to participate in a broad array
of functions in the mammalian system, including colon
homeostasis, circadian rhythms, nociception, renin
expression in kidney cells, and survival and metastasis
of certain cancers [216-218]. Work from our group
and others have linked this receptor to immune func-
tion during cancer surveillance and autoimmunity
[219-221]. In Nr2f6-deficient mice, cancer outgrowth is
reduced due to increased T-cell infiltration and T-cell
effector functions, including secretion of IL-2 and
IFNy [221,222].

We have demonstrated that loss of Nr2f6 exacer-
bates experimental autoimmune encephalomyelitis
(EAE); mechanistically, NR2F6 serves as a negative
regulator of Il17 expression through DNA binding
and competition for NFAT/AP-1 transcription factor
binding sites, thus reducing IL-17 expression and
pathogenesis of Th17 cells [220]. Aged Nr2f6-deficient
mice also develop an SLE-like pathology, character-
ized by increased T- and B-cell numbers and autoreac-
tive antibodies to ANA and dsDNA [220]. Our group
has recently investigated the function of NR2F6 in the
GC response in more detail. Nr2f6 deficiency resulted
in increased accumulation of GC B cells, plasma cells,
and to a greater extent Tfh cells in mice following
immunization. We found that NR2F6 controls the
expression of I/2] through direct binding at multiple
defined sites within the //27 locus. Lack of control of
this cytokine is a significant factor in Tfh accumula-
tion as IL-21R blockade following immunization
reduced Tfh accumulation in Nr2f6-deficient mice to
wild-type levels. Interestingly, the mechanism of
NR2F6 control of IL-21 expression seems to be inde-
pendent of NFAT/AP-1 [223]. Of note, IL-21 dysregu-
lation and Tfh accumulation are essential drivers of
mouse models of SLE and correlate with human dis-
ease; therefore, changes in IL-21 and Tfh cells are
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likely a primary cause for SLE in Nr2f6-deficient mice
[84-85,224,225].

Tfr but not Treg numbers are significantly enhanced
in Nr2f6-deficient mice ten days after OVA-alum
immunization, with a trend already visible on day 4
[223]. Therefore, we speculate that these Tfr cells may
derive from naive CD4 T cells and not from Tregs, as
has been demonstrated by the Linterman group [226].
As Tfr cell numbers are regulated by secreted cytoki-
nes such as IL-2 and IL-21 signals, as well as a self-
antigen presentation by B cells [65,227], it is plausible
that in addition to IL-21 and IL-2 that self-antigen
presentation is altered within the GC of Nr2f6-defi-
cient mice. The Tfr cell-intrinsic role of NR2F6, there-
fore, needs further investigation.

Summary and outlook

Substantial advances have been made over the past
several years in our understanding of how NRs regu-
late immunity and germinal center responses. Recent
advances have shown that Tfh cells are not only cru-
cial during GC responses but may have a broader
range of action such as promoting CD8 memory for-
mation or as targets of tumor immune checkpoint
inhibition—the future will show if NRs are also regu-
lating these aspects of Tth function [228-230].

Taken together, the NR family has a significant
impact on cells of the immune system, and the GC
response is no exception. This is highlighted by the
effects of multiple NRs and their ligands on autoim-
mune GC responses and SLE, including the exacerba-
tion of SLE by estrogen receptors and suppression of
the disease by the glucocorticoid receptor and others.
These findings have important implications for patients
with SLE and have contributed to improved outcomes
over the last few decades.

Several biological processes regulated by NRs, such
as circadian rhythm or metabolism, also influence GC
responses. Exactly how these processes influence NR
regulation during GC response within defined cell pop-
ulations such as Tfh, Tfrs, or GC B cells has not yet
been investigated in detail. It will be of interest to
determine whether NRs also play critical roles within
Tfrs. This is important in light of the increasing num-
ber of compounds targeting NRs, some of which may
be beneficial in the treatment of autoimmune diseases.

Without more knowledge about the receptor path-
ways involved in SLE patients, including alterations in
nongenomic signaling, corepressor, and activator
recruitment, better and more specific therapies involv-
ing NRs for treatment of SLE and other autoimmune
diseases may not be possible.

Nuclear receptor regulation of germinal centers

Acknowledgments

This work was supported by grants from the FWF
Austrian Science Fund (P28694-B30, P31383-B30);
European Research Council (ERC) ADG #786462—
HOPE; the Christian Doppler (CD) Society; and the
Austrian Central Bank (CD Laboratory I-CARE).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

WJO and NHK wrote the manuscript. BJ prepared
the table and assisted in writing the manuscript.

References

1 Crotty S (2014) T follicular helper cell differentiation,
function, and roles in disease. Immunity 41, 529-542.

2 De Silva NS & Klein U (2015) Dynamics of B cells in
germinal centres. Nat Rev Immunol 15, 137-48.

3 Mesin L, Ersching J & Victora GD (2016) Germinal
center B cell dynamics. Immunity 45, 471-482.

4 Benoist C & Mathis D (2012) Treg cells, life history, and
diversity. Cold Spring Harb Perspect Biol 4, a007021.

5 Guo W, Smith D, Aviszus K, Detanico T, Heiser RA
& Wysocki LJ (2010) Somatic hypermutation as a
generator of antinuclear antibodies in a murine model
of systemic autoimmunity. J Exp Med 207, 2225-37.

6 Mietzner B, Tsuiji M, Scheid J, Velinzon K, Tiller T,
Abraham K, Gonzalez JB, Pascual V, Stichweh D,
Wardemann H & et al. (2008) Autoreactive IgG
memory antibodies in patients with systemic lupus
erythematosus arise from nonreactive and polyreactive
precursors. Proc Natl Acad Sci USA 105, 9727-9732.

7 Smolen JS, Aletaha D, Barton A, Burmester GR,
Emery P, Firestein GS, Kavanaugh A, Mclnnes 1B,
Solomon DH, Strand V & et al. (2018) Rheumatoid
arthritis. Nat Rev Dis Primers 4, 18001.

8 Furst DE, Clarke AE, Fernandes AW, Bancroft T,
Greth W & Torga SR (2013) Incidence and prevalence
of adult systemic lupus erythematosus in a large US
managed-care population. Lupus 22, 99-105.

9 Koch-Henriksen N & Sorensen PS (2010) The
changing demographic pattern of multiple sclerosis
epidemiology. Lancet Neurol 9, 520-32.

10 Devarajan P & Chen Z (2013) Autoimmune effector

memory T cells: the bad and the good. Immunol Res

57, 12-22.

Kojetin DJ & Burris TP (2014) REV-ERB and ROR

nuclear receptors as drug targets. Nat Rev Drug Discov

13, 197-216.

1

—

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 2881

Federation of European Biochemical Societies



Nuclear receptor regulation of germinal centers

12

13

15

16

17

18

20

21

22

23

24

25

26

27

28

29

30

2882

Evans RM & Mangelsdorf DJ (2014) Nuclear
receptors, RXR, and the big bang. Cell 157, 255-266.
Glass CK & Saijo K (2010) Nuclear receptor
transrepression pathways that regulate inflammation in
macrophages and T cells. Nat Rev Immunol 10, 365—
376.

Hermann-Kleiter N & Baier G (2014) Orphan nuclear
receptor NR2F6 acts as an essential gatekeeper of Th17
CD4+ T cell effector functions. Cell Commun Signal 12,
1-12. https://doi.org/10.1186/1478-811X-12-38

Evans RM (1988) The steroid and thyroid hormone
receptor superfamily. Science 240, 889-95.
Mangelsdorf DJ, Thummel C, Beato M, Herrlich P,
Schutz G, Umesono K, Blumberg B, Kastner P, Mark
M, Chambon P & et al. (1995) The nuclear receptor
superfamily: the second decade. Cel/ 83, 835-9.

Chen T (2008) Nuclear receptor drug discovery. Curr
Opin Chem Biol 12, 418-26.

Lonard DM & O’Malley BW (2012) Nuclear receptor
coregulators: modulators of pathology and therapeutic
targets. Nat Rev Endocrinol 8, 598-604.

Levin ER & Hammes SR (2016) Nuclear receptors
outside the nucleus: extranuclear signalling by steroid
receptors. Nat Rev Mol Cell Biol 17, 783-797.

Evans RM (1988) The steroid and thyroid-hormone
receptor superfamily. Science 240, 889-895.

Germain P, Staels B, Dacquet C, Spedding M &
Laudet V (2006) Overview of nomenclature of nuclear
receptors. Pharmacol Rev 58, 685-704.

Weikum ER, Liu X & Ortlund EA (2018) The nuclear
receptor superfamily: a structural perspective. Protein
Sci 27, 1876-1892.

Giguere V (1999) Orphan nuclear receptors: from gene
to function. Endocr Rev 20, 689-725.

Li Y, Lambert MH & Xu HE (2003) Activation of
nuclear receptors: a perspective from structural
genomics. Structure 11, 741-6.

Berry M, Metzger D & Chambon P (1990) Role of the
two activating domains of the oestrogen receptor in
the cell-type and promoter-context dependent agonistic
activity of the anti-oestrogen 4-hydroxytamoxifen.
EMBO J 9, 2811-8.

Glass CK & Ogawa S (2006) Combinatorial roles of
nuclear receptors in inflammation and immunity. Nat
Rev Immunol 6, 44-55.

Aranda A & Pascual A (2001) Nuclear hormone
receptors and gene expression. Physiol Rev 81, 1269—
1304.

Winoto A & Littman DR (2002) Nuclear hormone
receptors in T lymphocytes. Cell 109 (Suppl), S57-66.
Park BV & Pan F (2015) The role of nuclear receptors
in regulation of Th17/Treg biology and its implications
for diseases. Cell Mol Immunol 12, 533-42.

Hamers AA, Hanna RN, Nowyhed H, Hedrick CC &
de Vries CJ (2013) NR4A nuclear receptors in

31

32

33

34

35

36

37

38

39

40

41

42

43

44

W. J. Olson et al.

immunity and atherosclerosis. Curr Opin Lipidol 24,
381-5.

Heller JJ, Qiu J & Zhou LA (2011) Nuclear receptors
take center stage in Th17 cell-mediated autoimmunity.
J Clin Invest 121, 519-521.

Chen Z, Lin F, Gao Y, Li Z, Zhang J, Xing Y, Deng
Z,Yao Z, Tsun A & Li B (2011) FOXP3 and
RORgammat: transcriptional regulation of Treg and
Th17. Int Immunopharmacol 11, 536-42.

Zhou L & Littman DR (2009) Transcriptional
regulatory networks in Th17 cell differentiation. Curr
Opin Immunol 21, 146-52.

Vinuesa CG, Cook MC, Ball J, Drew M, Sunners Y,
Cascalho M, Wabl M, Klaus GGB & MaclLennan
ICM (2000) Germinal centers without T cells. J Exp
Med 191, 485-493.

MacLennan ICM (1994) Germinal centers. Annu Rev
Immunol 12, 117-139.

Crotty S (2019) T follicular helper cell biology: a
decade of discovery and diseases. Immunity 50, 1132—
1148.

Vinuesa CG, Linterman MA, Yu D & MacLennan IC
(2016) Follicular helper T cells. Annu Rev Immunol 34,
335-68.

DiToro D, Winstead CJ, Pham D, Witte S,
Andargachew R, Singer JR, Wilson CG, Zindl CL,
Luther RJ, Silberger DJ et al. (2018) Differential IL-2
expression defines developmental fates of follicular
versus nonfollicular helper T cells. Science 361, 1-13.
https://doi.org/10.1126/science.aa02933

Fazilleau N, McHeyzer-Williams LJ, Rosen H &
McHeyzer-Williams MG (2009) The function of
follicular helper T cells is regulated by the strength of T
cell antigen receptor binding. Nat Immunol 10, 375-84.
Stone EL, Pepper M, Katayama CD, Kerdiles YM,
Lai CY, Emslie E, Lin YC, Yang E, Goldrath AW, Li
MO et al. (2015) ICOS coreceptor signaling inactivates
the transcription factor FOXO1 to promote Tth cell
differentiation. Immunity 42, 239-251.

Nurieva RI, Chung Y, Martinez GJ, Yang XO,
Tanaka S, Matskevitch TD, Wang Y-H & Dong C
(2009) Bcl6 mediates the development of T follicular
helper cells. Science 325, 1001-1005.

Choi YS, Eto D, Yang JA, Lao C & Crotty S (2013)
Cutting edge: STAT] is required for IL-6-mediated
Bcl6 induction for early follicular helper cell
differentiation. J Immunol 190, 3049-53.

Vogelzang A, McGuire HM, Yu D, Sprent J, Mackay
CR & King C (2008) A fundamental role for
interleukin-21 in the generation of T follicular helper
cells. Immunity 29, 127-37.

Eto D, Lao C, DiToro D, Barnett B, Escobar TC,
Kageyama R, Yusuf I & Crotty S (2011) IL-21 and
IL-6 are critical for different aspects of B cell
immunity and redundantly induce optimal follicular

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.1186/1478-811X-12-38
https://doi.org/10.1126/science.aao2933

W. J. Olson et al.

45

46

47

48

49

50

51

52

53

54

55

56

57

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

helper CD4 T cell (Tfh) differentiation. PLoS ONE 6,
el7739.

Kurosaki T, Shinohara H & Baba Y (2010) B Cell
Signaling and Fate Decision. Annu Rev Immunol 28,
21-55.

Odegard JM, Marks BR, DiPlacido LD, Poholek AC,
Kono DH, Dong C, Flavell RA & Craft J (2008)
ICOS-dependent extrafollicular helper T cells elicit IgG
production via IL-21 in systemic autoimmunity. J Exp
Med 205, 2873-86.

Hardtke S, Ohl L & Forster R (2005) Balanced
expression of CXCRS5 and CCR7 on follicular T
helper cells determines their transient positioning to
lymph node follicles and is essential for efficient B-cell
help. Blood 106, 1924-1931.

Reif K, Ekland EH, Ohl L, Nakano H, Lipp M,
Forster R & Cyster JG (2002) Balanced responsiveness
to chemoattractants from adjacent zones determines B-
cell position. Nature 416, 94-99.

Taylor JJ, Pape KA, Steach HR & Jenkins MK (2015)
Apoptosis and antigen affinity limit effector cell
differentiation of a single naive B cell. Science 347,
784-787.

Paus D, Phan TG, Chan TD, Gardam S, Basten A &
Brink R (2006) Antigen recognition strength regulates
the choice between extrafollicular plasma cell and
germinal center B cell differentiation. J Exp Med 203,
1081-1091.

Zhang TT, Gonzalez DG, Cote CM, Kerfoot SM,
Deng S, Cheng Y, Magari M & Haberman AM (2017)
Germinal center B cell development has distinctly
regulated stages completed by disengagement from T
cell help. eLife 6, €19552.

Roco JA, Mesin L, Binder SC, Nefzger C, Gonzalez-
Figueroa P, Canete PF, Ellyard J, Shen Q, Robert PA,
Cappello J et al. (2019) Class-switch recombination
occurs infrequently in germinal centers. Immunity 51,
337-350.e7.

Kerfoot SM, Yaari G, Patel JR, Johnson KL,
Gonzalez DG, Kleinstein SH & Haberman AM (2011)
Germinal center B cell and T follicular helper cell
development initiates in the interfollicular zone.
Immunity 34, 947-60.

Kitano M, Moriyama S, Ando Y, Hikida M, Mori Y,
Kurosaki T & Okada T (2011) Bcl6 protein expression
shapes pre-germinal center B cell dynamics and follicular
helper T cell heterogeneity. Immunity 34, 961-72.
Neuberger MS, Harris RS, Di Noia J & Petersen-
Mahrt SK (2003) Immunity through DNA
deamination. Trends Biochem Sci 28, 305-312.

Di Noia JM & Neuberger MS (2007) Molecular
mechanisms of antibody somatic hypermutation. Annu
Rev Biochem 76, 1-22.

Ersching J, Efeyan A, Mesin L, Jacobsen JT, Pasqual
G, Grabiner BC, Dominguez-Sola D, Sabatini DM &

Federation of European Biochemical Societies

58

59

60

61

62

63

64

65

66

67

68

Nuclear receptor regulation of germinal centers

Victora GD (2017) Germinal center selection and
affinity maturation require dynamic regulation of
mTORCI kinase. Immunity 46, 1045-1058.¢e6.

Victora GD, Schwickert TA, Fooksman DR,
Kamphorst AO, Meyer-Hermann M, Dustin ML &
Nussenzweig MC (2010) Germinal center dynamics
revealed by multiphoton microscopy with a
photoactivatable fluorescent reporter. Cell 143, 592—
605.

Allen CDC & Cyster JG (2008) Follicular dendritic
cell networks of primary follicles and germinal centers:
phenotype and function. Semin Immunol 20, 14-25.
Shulman Z, Gitlin AD, Weinstein JS, Lainez B,
Esplugues E, Flavell D, Craft JE & Nussenzweig MC
(2014) Dynamic signaling by T follicular helper cells
during germinal center B cell selection. Science 345,
1058-1062.

Linterman MA, Pierson W, Lee SK, Kallies A,
Kawamoto S, Rayner TF, Srivastava M, Divekar DP,
Beaton L, Hogan 1J et al. (2011) Foxp3+ follicular
regulatory T cells control the germinal center response.
Nat Med 17, 975-82.

Chung Y, Tanaka S, Chu FL, Nurieva RI, Martinez
GJ, Rawal S, Wang YH, Lim H, Reynolds JM, Zhou
XH et al. (2011) Follicular regulatory T cells
expressing Foxp3 and Bcl-6 suppress germinal center
reactions. Nat Med 17, 983-U102.

Fu W, Liu X, Lin X, Feng H, Sun L, Li S, Chen H,
Tang H, Lu L, Jin W & et al. (2018) Deficiency in T
follicular regulatory cells promotes autoimmunity. J
Exp Med 215, 815-825.

Maceiras AR, Almeida SCP, Mariotti-Ferrandiz E,
Chaara W, Jebbawi F, Six A, Hori S, Klatzmann D,
Faro J & Graca L (2017) T follicular helper and T
follicular regulatory cells have different TCR
specificity. Nat Commun 8, 15067.

Jandl C, Liu SM, Canete PF, Warren J, Hughes WE,
Vogelzang A, Webster K, Craig ME, Uzel G, Dent A
et al. (2017) IL-21 restricts T follicular regulatory T
cell proliferation through Bcl-6 mediated inhibition of
responsiveness to 1L-2. Nat Commun 8, 14647.

Sage PT, Ron-Harel N, Juneja VR, Sen DR, Maleri S,
Sungnak W, Kuchroo VK, Haining WN, Chevrier N,
Haigis M & et al. (2016) Suppression by TFR cells
leads to durable and selective inhibition of B cell
effector function. Nat Immunol 17, 1436-1446.

Sage PT, Paterson AM, Lovitch SB & Sharpe AH
(2014) The coinhibitory receptor CTLA-4 controls B
cell responses by modulating T follicular helper, T
follicular regulatory, and T regulatory cells. Immunity
41, 1026-1039.

Weckerle CE & Niewold TB (2011) The unexplained
female predominance of systemic lupus erythematosus:
clues from genetic and cytokine studies. Clin Rev
Allergy Immunol 40, 42-49.

2883



Nuclear receptor regulation of germinal centers

69

70

71

72

73

74

75

76

77

78

79

80

81

82

2884

Li X, Ptacek TS, Brown EE & Edberg JC (2009) Fcy
receptors: structure, function and role as genetic risk
factors in SLE. Genes Immun 10, 380-389.

Kimberly RP (1987) Immune-complexes in the
rheumatic diseases. Rheum Dis Clin North Am 13, 583—
596.

Lisnevskaia L, Murphy G & Isenberg D (2014)
Systemic lupus erythematosus. Lancet 384, 1878—1888.
Tsokos GC (2011) Systemic lupus erythematosus. N
Engl J Med 365, 2110-2121.

Craft J, Peng S, Fujii T, Okada M & Fatenejad S
(1999) Autoreactive T cells in murine lupus. Immunol
Res 19, 245-257.

Adams S, Leblanc P & Datta SK (1991) Junctional
region sequences of T-cell receptor beta-chain genes
expressed by pathogenic anti-DNA autoantibody-
inducing helper T cells from lupus mice: possible
selection by cationic autoantigens. Proc Natl Acad Sci
USA 88, 11271-11275.

Mohan C, Adams S, Stanik V & Datta SK (1993)
Nucleosome: a major immunogen for pathogenic
autoantibody-inducing T cells of lupus. J Exp Med
177, 1367-1381.

Kaliyaperumal A, Mohan C, Wu W & Datta SK
(1996) Nucleosomal peptide epitopes for nephritis-
inducing T helper cells of murine lupus. J Exp Med
183, 2459-2469.

Deng GM & Tsokos GC (2008) Cholera toxin B
accelerates disease progression in lupus-prone mice by
promoting lipid raft aggregation. J Immunol 181,
4019-4026.

Lieberman LA & Tsokos GC (2010) The IL-2 defect in
systemic lupus erythematosus disease has an expansive
effect on host immunity. J Biomed Biotechnol 2010,
740619.

Nambiar MP, Fisher CU, Kumar A, Tsokos CG,
Warke VG & Tsokos GC (2003) Forced expression of
the Fc receptor -chain renders human T cells
hyperresponsive to TCR/CD3 stimulation. J Immunol
170, 2871-2876.

Nambiar MP, Fisher CU, Warke VG, Krishnan S,
Mitchell JP, Delaney N & Tsokos GC (2003)
Reconstitution of deficient T cell receptor zeta chain
restores T cell signaling and augments T cell receptor/
CD3-induced interleukin-2 production in patients with
systemic lupus erythematosus. Arthritis Rheum 48,
1948-55.

Juang YT, Wang Y, Solomou EE, Li Y, Mawrin C,
Tenbrock K, Kyttaris VC & Tsokos GC (2005)
Systemic lupus erythematosus serum IgG increases
CREM binding to the IL-2 promoter and suppresses
IL-2 production through CaMKIV. J Clin Invest 115,
996-1005.

Ziakas PD, Routsias JG, Giannouli S, Tasidou A,
Tzioufas AG & Voulgarelis M (2006) Suspects in the

83

84

85

86

87

88

89

90

91

92

93

W. J. Olson et al.

tale of lupus-associated thrombocytopenia. Clin Exp
Immunol 145, 71-80.

Linterman MA, Rigby RJ, Wong RK, Yu D, Brink R,
Cannons JL, Schwartzberg PL, Cook MC, Walters
GD & Vinuesa CG (2009) Follicular helper T cells are
required for systemic autoimmunity. J Exp Med 206,
561-576.

Bubier JA, Sproule TJ, Foreman O, Spolski R, Shaffer
DIJ, Morse HC 111, Leonard WJ & Roopenian DC
(2009) A critical role for IL-21 receptor signaling in
the pathogenesis of systemic lupus erythematosus in
BXSB-Yaa mice. Proc Natl Acad Sci USA 106, 1518—
1523.

Vinuesa CG, Cook MC, Angelucci C, Athanasopoulos
V, Rui L, Hill KM, Yu D, Domaschenz H, Whittle B,
Lambe T et al. (2005) A RING-type ubiquitin ligase
family member required to repress follicular helper T
cells and autoimmunity. Nature 435, 452-8.

Lai ZW, Kelly R, Winans T, Marchena I, Shadakshari
A, Yu J, Dawood M, Garcia R, Tily H, Francis L

et al. (2018) Sirolimus in patients with clinically active
systemic lupus erythematosus resistant to, or intolerant
of, conventional medications: a single-arm, open-label,
phase 1/2 trial. Lancet 391, 1186-1196.

Tilstra JS, Avery L, Menk AV, Gordon RA, Smita S,
Kane LP, Chikina M, Delgoffe GM & Shlomchik MJ
(2018) Kidney-infiltrating T cells in murine lupus
nephritis are metabolically and functionally exhausted.
J Clin Invest 128, 4884-4897.

Caielli S, Veiga DT, Balasubramanian P, Athale S,
Domic B, Murat E, Banchereau R, Xu ZH, Chandra
M, Chung CH et al. (2019) A CD4(+) T cell
population expanded in lupus blood provides B cell
help through interleukin-10 and succinate. Nat Med
25, 75-81.

Faliti CE, Gualtierotti R, Rottoli E, Gerosa M,
Perruzza L, Romagnani A, Pellegrini G, Conti BD,
Rossi RL, Idzko M et al. (2019) P2X7 receptor
restrains pathogenic Tth cell generation in systemic
lupus erythematosus. J Exp Med 216, 317-336.

Morel L (2017) Immunometabolism in systemic lupus
erythematosus. Nat Rev Rheumatol 13, 280-290.

Teng X, Cornaby C, Li W & Morel L (2019)
Metabolic regulation of pathogenic autoimmunity:
therapeutic targeting. Curr Opin Immunol 61, 10-16.
Choi SC, Titov AA, Abboud G, Seay HR, Brusko TM,
Roopenian DC, Salek-Ardakani S & Morel L (2018)
Inhibition of glucose metabolism selectively targets
autoreactive follicular helper T cells. Nat Commun 9. 1—
13. https://doi.org/10.1038/s41467-018-06686-0

Ryu H, Lim H, Choi G, Park YJ, Cho M, Na H, Ahn
CW, Kim YC, Kim WU, Lee SH & et al. (2018)
Atherogenic dyslipidemia promotes autoimmune
follicular helper T cell responses via IL-27 (vol 19, pg
583, 2018). Nat Immunol 19, 1036-1036.

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.1038/s41467-018-06686-0

W. J. Olson et al.

94

95

96

97

98

99

100

101

102

103

104

105

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Sealy RE, Jones BG, Surman SL, Penkert RR,
Pelletier S, Neale G & Hurwitz JL (2019) Will
attention by vaccine developers to the host’s nuclear
hormone levels and immunocompetence improve
vaccine success? Vaccines 7, 1-14. https://doi.org/10.
3390/vaccines7010026

Penkert RR, Rowe HM, Surman SL, Sealy RE, Rosch
J & Hurwitz JL (2019) Influences of vitamin A on
vaccine immunogenicity and efficacy. Front Immunol
10, 1576.

Raaijmakers TK & Ansems M (2018)
Microenvironmental derived factors modulating
dendritic cell function and vaccine efficacy: the effect
of prostanoid receptor and nuclear receptor ligands.
Cancer Immunol Immunother 67, 1789-1796.

Hewitt SC & Korach KS (2018) Estrogen receptors:
new directions in the new millennium. Endocr Rev 39,
664-675.

Grimaldi CM, Cleary J, Dagtas AS, Moussai D &
Diamond B (2002) Estrogen alters thresholds for B cell
apoptosis and activation. J Clin Invest 109, 1625-1633.
Grimaldi CM, Jeganathan V & Diamond B (2006)
Hormonal regulation of B cell development: 17f-
estradiol impairs negative selection of high-affinity
DNA-reactive B cells at more than one developmental
checkpoint. J Immunol 176, 2703-2710.

Jones BG, Sealy RE, Penkert RR, Surman SL, Maul
RW, Neale G, Xu BS, Gearhart PJ & Hurwitz JL
(2019) Complex sex-biased antibody responses:
estrogen receptors bind estrogen response elements
centered within immunoglobulin heavy chain gene
enhancers. Int Immunol 31, 141-156.

Pauklin S, Scrnandez 1V, Bachmann G, Ramiro AR &
Petersen-Mahrt SK (2009) Estrogen directly activates
AID transcription and function. J Exp Med 206, 99—
I11.

Fox HS, Bond BL & Parslow TG (1991) Estrogen
regulates the IFN-gamma promoter. J Immunol 146,
4362-4367.

Jackson SW, Jacobs HM, Arkatkar T, Dam EM,
Scharping NE, Kolhatkar NS, Hou B, Buckner JH &
Rawlings DJ (2016) B cell IFN-y receptor signaling
promotes autoimmune germinal centers via cell-
intrinsic induction of BCL-6. J Exp Med 213, 733-750.
Mohammad I, Starskaia I, Nagy T, Guo J, Yatkin E,
Vaananen K, Watford WT & Chen Z (2018) Estrogen
receptor o contributes to T cell-mediated autoimmune
inflammation by promoting T cell activation and
proliferation. Sci Signal 11, eaap9415.

Adurthi S, Kumar MM, Vinodkumar HS, Mukherjee
G, Krishnamurthy H, Acharya KK, Bafna UD, Uma
DK, Abhishekh B, Krishna S et al. (2017) Oestrogen
Receptor-a binds the FOXP3 promoter and modulates
regulatory T-cell function in human cervical cancer.
Sci Rep 7, 17289.

Federation of European Biochemical Societies

106

107

108

109

110

111

112

113

114

115

116

117

Nuclear receptor regulation of germinal centers

Tai P, Wang J, Jin H, Song X, Yan J, Kang Y, Zhao
L, An X, Du X, Chen X et al. (2008) Induction of
regulatory T cells by physiological level estrogen. J
Cell Physiol 214, 456-464.

Kim D-H, Park H-J, Park H-S, Lee J-U, Ko C, Gye
MC & Choi J-M (2019) Estrogen receptor o in T cells
suppresses follicular helper T cell responses and
prevents autoimmunity. Exp Mol Med 51, 41.
Cunningham MA, Wirth JR, Scott JL, Eudaly J,
Collins EL & Gilkeson GS (2016) Early ovariectomy
results in reduced numbers of CD11c+/CD11b+ spleen
cells and impacts disease expression in murine lupus.
Front Immunol 7, 1-10. https://doi.org/10.3389/fimmu.
2016.00031

Bynote KK, Hackenberg JM, Korach KS, Lubahn
DB, Lane PH & Gould KA (2008) Estrogen
receptor-alpha deficiency attenuates autoimmune
disease in (NZB x NZW)F1 mice. Genes Immun 9,
137-52.

Svenson JL, EuDaly J, Ruiz P, Korach KS &
Gilkeson GS (2008) Impact of estrogen receptor
deficiency on disease expression in the NZM2410
lupus prone mouse. Clin Immunol 128, 259-268.
Jiménez S, Cervera R, Font J & Ingelmo M (2003)
The epidemiology of systemic lupus erythematosus.
Clin Rev Allergy Immunol 25, 3—11.

Buyon JP, Petri MA, Kim MY, Kalunian KC,
Grossman J, Hahn BH, Merrill JT, Sammaritano L,
Lockshin M, Alarcén GS et al. (2005) The effect of
combined estrogen and progesterone hormone
replacement therapy on disease activity in systemic
lupus erythematosus: a randomized trial. Ann Intern
Med 142, 953-962.

Hewagama A, Gorelik G, Patel D, Liyanarachchi P,
Joseph McCune W, Somers E, Gonzalez-Rivera T,
The Michigan Lupus, C, Strickland F & Richardson B
(2013) Overexpression of X-Linked genes in T cells
from women with lupus. J Autoimmun 41, 60-71.

Lu Q, Wu A, Tesmer L, Ray D, Yousif N &
Richardson B (2007) Demethylation of CD40LGon
the inactive X in T cells from women with lupus. J
Immunol 179, 6352—6358.

Long H, Yin H, Wang L, Gershwin ME & Lu Q (2016) The
critical role of epigenetics in systemic lupus erythematosus
and autoimmunity. J Autoimmun 74, 118-138.

Strickland FM, Hewagama A, Lu Q, Wu A, Hinderer
R, Webb R, Johnson K, Sawalha AH, Delaney C,
Yung R & et al. (2012) Environmental exposure,
estrogen and two X chromosomes are required for
disease development in an epigenetic model of lupus. J
Autoimmun 38, J135-J143.

Liu H-W, Lin H-L, Yen J-H, Tsai W-C, Chiou S-S,
Chang J-G, Ou T-T, Wu C-C & Chao N-C (2014)
Demethylation within the proximal promoter region of
human estrogen receptor alpha gene correlates with its

2885


https://doi.org/10.3390/vaccines7010026
https://doi.org/10.3390/vaccines7010026
https://doi.org/10.3389/fimmu.2016.00031
https://doi.org/10.3389/fimmu.2016.00031

Nuclear receptor regulation of germinal centers

118

119

120

121

122

123

124

125

126

127

128

129

2886

enhanced expression: Implications for female bias in
lupus. Mol Immunol 61, 28-37.

Wu Z, Sun Y, Mei X, Zhang C, Pan W & Shi W
(2014) 17B-oestradiol enhances global DNA
hypomethylation in CD4-positive T cells from female
patients with lupus, through overexpression of
oestrogen receptor-o-mediated downregulation of
DNMTIL. Clin Exp Dermatol 39, 525-532.

Rider V, Jones S, Evans M, Bassiri H, Afsar Z &
Abdou NI (2001) Estrogen increases CD40 ligand
expression in T cells from women with systemic lupus
erythematosus. J Rheumatol 28, 2644-2649.

Lee J, Shin E-K, Lee S-Y, Her Y-M, Park M-K,
Kwok S-K, Ju JH, Park K-S, Kim H-Y, Cho M-L &
et al. (2014) Oestrogen up-regulates interleukin-21
production by CD4+ T lymphocytes in patients with
systemic lupus erythematosus. Immunology 142, 573—
580.

Rider V, Li X, Peterson G, Dawson J, Kimler BF &
Abdou NI (2006) Differential expression of estrogen
receptors in women with systemic lupus
erythematosus. J Rheumatol 33, 1093-1101.

Cain DW & Cidlowski JA (2017) Immune regulation
by glucocorticoids. Nat Rev Immunol 17, 233.

Hench P, Kendall E, Slocumb C & Polley H (1948)
The effect of a hormone of the adrenal cortex (17-
hydroxyl-11-dehydrocortisone: compound E) and of
pituitary adrenocorticotropic hormone on rheumatoid
arthritis. Proc Staff Meet Mayo Clin 24, 181-197.
Sapolsky RM, Romero LM & Munck AU (2000)
How do glucocorticoids influence stress responses?
Integrating permissive, suppressive, stimulatory, and
preparative actions*. Endocr Rev 21, 55-89.
Gruver-Yates AL, Quinn MA & Cidlowski JA (2014)
Analysis of glucocorticoid receptors and their
apoptotic response to dexamethasone in male murine
B cells during development. Endocrinology 155, 463—
74.

Franco LM, Gadkari M, Howe KN, Sun J, Kardava
L, Kumar P, Kumari S, Hu ZH, Fraser IDC, Moir S
et al. (2019) Immune regulation by glucocorticoids can
be linked to cell type-dependent transcriptional
responses. J Exp Med 216, 384-406.

Fleshner M, Deak T, Nguyen KT, Watkins LR &
Maier SF (2001) Endogenous glucocorticoids play a
positive regulatory role in the anti-keyhole limpet
hemocyanin in vivo antibody response. J Immunol 166,
3813-3819.

Souyris M, Cenac C, Azar P, Daviaud D, Canivet A,
Grunenwald S, Pienkowski C, Chaumeil J, Mejia JE &
Guery JC (2018) TLR7 escapes X chromosome
inactivation in immune cells. Sci Immunol 3, 1-10.
https://doi.org/10.1126/sciimmunol.aap8855
Mittelstadt PR, Monteiro JP & Ashwell JD (2012)
Thymocyte responsiveness to endogenous

130

131

132

133

134

135

136

137

138

139

140

W. J. Olson et al.

glucocorticoids is required for immunological fitness. J
Clin Invest 122, 2384-2394.

Tsitoura DC & Rothman PB (2004) Enhancement of
MEK/ERK signaling promotes glucocorticoid
resistance in CD4+ T cells. J Clin Invest 113, 619-627.
Petrillo MG, Fettucciari K, Montuschi P, Ronchetti S,
Cari L, Migliorati G, Mazzon E, Bereshchenko O,
Bruscoli S, Nocentini G & et al. (2014) Transcriptional
regulation of kinases downstream of the T cell
receptor: another immunomodulatory mechanism of
glucocorticoids. BMC Pharmacol Toxicol 15, 35.
Neumann C, Heinrich F, Neumann K, Junghans V,
Mashreghi MF, Ahlers J, Janke M, Rudolph C,
Mockel-Tenbrinck N, Kuhl AA et al. (2014) Role of
Blimp-1 in programing Th effector cells into IL-10
producers. J Exp Med 211, 1807-1819.

Johnston RJ, Poholek AC, DiToro D, Yusuf I, Eto D,
Barnett B, Dent AL, Craft J & Crotty S (2009) Bcl6
and Blimp-1 are reciprocal and antagonistic regulators
of T follicular helper cell differentiation. Science 325,
1006-1010.

Moser M, De Smedt T, Sornasse T, Tielemans F,
Chentoufi AA, Muraille E, Van Mechelen M, Urbain
J & Leo O (1995) Glucocorticoids down-regulate
dendritic cell function in vitro and in vivo. Eur J
Immunol 25, 2818-2824.

Chamorro S, Garcia-Vallejo JJ, Unger WWJ,
Fernandes RJ, Bruijns SCM, Laban S, Roep BO, ’t
Hart BA & van Kooyk Y (2009) TLR triggering on
tolerogenic dendritic cells results in TLR2 up-
regulation and a reduced proinflammatory immune
program. J Immunol 183, 2984-2994.

Shimba A, Cui G, Tani-Ichi S, Ogawa M, Abe S,
Okazaki F, Kitano S, Miyachi H, Yamada H, Hara T
et al. (2018) Glucocorticoids drive diurnal oscillations
in T cell distribution and responses by inducing
interleukin-7 receptor and CXCR4. Immunity 48, 286—
298.e6.

Bloemena E, Weinreich S & Schellekens PTA (1990)
The influence of prednisolone on the recirculation of
peripheral blood lymphocytes in vivo. Clin Exp
Immunol 80, 460—466.

Chatham WW & Kimberly RP (2001) Treatment of
lupus with corticosteroids. Lupus 10, 140-147.
Bruscoli S, Biagioli M, Sorcini D, Frammartino T,
Cimino M, Sportoletti P, Mazzon E, Bereshchenko O
& Riccardi C (2015) Lack of glucocorticoid-induced
leucine zipper (GILZ) deregulates B-cell survival and
results in B-cell lymphocytosis in mice. Blood 126,
1790-1801.

Rocamora-Reverte L, Tuzlak S, von Raffay L, Tisch
M, Fiegl H, Drach M, Reichardt HM, Villunger A,
Tischner D & Wiegers GJ (2019) Glucocorticoid
receptor-deficient Foxp3+ regulatory T cells fail to
control experimental inflammatory bowel disease.

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.1126/sciimmunol.aap8855

W. J. Olson et al.

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Front Immunol 10, 1-12. https://doi.org/10.3389/
fimmu.2019.00472

Feng X, Wang D, Chen J, Lu L, Hua B, Li X, Tsao
BP & Sun L (2012) Inhibition of aberrant circulating
Tth cell proportions by corticosteroids in patients with
systemic lupus erythematosus. PLoS ONE 7, e51982.
Tesch GH & Young MJ (2017) Mineralocorticoid
receptor signaling as a therapeutic target for renal and
cardiac fibrosis. Front Pharmacol 8, 1-9. https://doi.
org/10.3389/fphar.2017.00313

Herrada AA, Contreras FJ, Marini NP, Amador CA,
Gonzalez PA, Cortes CM, Riedel CA, Carvajal CA,
Figueroa F, Michea LF ez al. (2010) Aldosterone
promotes autoimmune damage by enhancing Th17-
mediated immunity. J Immunol 184, 191-202.
Munoz-Durango N, Vecchiola A, Gonzalez-Gomez
LM, Simon F, Riedel CA, Fardella CE & Kalergis
AM (2015) Modulation of immunity and inflammation
by the mineralocorticoid receptor and aldosterone.
Biomed Res Int 2015, 652738.

Besedovsky L, Linz B, Born J & Lange T (2014)
Mineralocorticoid receptor signaling reduces numbers
of circulating human naive T cells and increases their
CD62L, CCR7, and CXCR4 expression. Eur J
Immunol 44, 1759-69.

Lange T, Dimitrov S, Bollinger T, Diekelmann S &
Born J (2011) Sleep after vaccination boosts
immunological memory. J Immunol 187, 283-290.
Besedovsky L, Lange T & Born J (2012) Sleep and
immune function. Pflugers Arch 463, 121-37.

Monrad SU, Killen PD, Anderson MR, Bradke A &
Kaplan MJ (2008) The role of aldosterone blockade in
murine lupus nephritis. Arthritis Res Ther 10, RS.
Cutolo M, Sulli A, Capellino S, Villaggio B,
Montagna P, Seriolo B & Straub RH (2004) Sex
hormones influence on the immune system: basic and
clinical aspects in autoimmunity. Lupus 13, 635-638.
Bupp MRG & Jorgensen TN (2018) Androgen-
induced immunosuppression. Front Immunol 9, 1-16.
https://doi.org/10.3389/fimmu.2018.00794

Hall OJ & Klein SL (2017) Progesterone-based
compounds affect immune responses and susceptibility
to infections at diverse mucosal sites. Mucosal
Immunol 10, 1097-1107.

Hughes GC & Choubey D (2014) Modulation of
autoimmune rheumatic diseases by oestrogen and
progesterone. Nat Rev Rheumatol 10, 740-751.
Hughes GC (2012) Progesterone and autoimmune
disease. Autoimmun Rev 11, A502-A514.

Berger J & Moller DE (2002) The mechanisms of
action of PPARS. Annu Rev Med 53, 409-435.

Tyagi S, Gupta P, Saini A, Kaushal C & Sharma S
(2011) The peroxisome proliferator-activated receptor:
a family of nuclear receptors role in various diseases. J
Adv Pharm Technol Res 2, 236-240.

Federation of European Biochemical Societies

156

157

158

159

160

161

162

163

164

165

166

167

Nuclear receptor regulation of germinal centers

Choi J-M & Bothwell ALM (2012) The nuclear
receptor PPARs as important regulators of T-cell
functions and autoimmune diseases. Mol Cell 33, 217—
222.

Koufany M, Moulin D, Bianchi A, Muresan M,
Sebillaud S, Netter P, Weryha G & Jouzeau J-Y
(2008) Anti-inflammatory effect of antidiabetic
thiazolidinediones prevents bone resorption rather
than cartilage changes in experimental polyarthritis.
Arthritis Res Ther 10, R6.

Lewis JD, Lichtenstein GR, Deren JJ, Sands BE,
Hanauer SB, Katz JA, Lashner B, Present DH, Chuai
S, Ellenberg JH et al. (2008) Rosiglitazone for active
ulcerative colitis: a randomized placebo-controlled
trial. Gastroenterology 134, 688-95.

Feinstein DL, Galea E, Gavrilyuk V, Brosnan CF,
Whitacre CC, Dumitrescu-Ozimek L, Landreth GE,
Pershadsingh HA, Weinberg G & Heneka MT (2002)
Peroxisome proliferator-activated receptor-y agonists
prevent experimental autoimmune encephalomyelitis.
Ann Neurol 51, 694-702.

Banno A, Reddy AT, Lakshmi SP & Reddy RC (2018)
PPARs: key regulators of airway inflammation and
potential therapeutic targets in asthma. Nucl Receptor
Res 5, 1-17. https://doi.org/10.11131/2018/101306
Garcia-Bates TM, Baglole CJ, Bernard MP, Murant
TI, Simpson-Haidaris PJ & Phipps RP (2009)
Peroxisome proliferator-activated receptor gamma
ligands enhance human B cell antibody production
and differentiation. J Immunol 183, 6903-6912.

Park HJ, Kim DH, Choi JY, Kim WJ, Kim JY,
Senejani AG, Hwang SS, Kim LK, Tobiasova Z, Lee
GR et al. (2014) PPARgamma negatively regulates T
cell activation to prevent follicular helper T cells and
germinal center formation. PLoS ONE 9, €99127.
Gigoux M, Shang J, Pak Y, Xu M, Choe J, Mak TW
& Suh W-K (2009) Inducible costimulator promotes
helper T-cell differentiation through phosphoinositide
3-kinase. Proc Natl Acad Sci USA 106, 20371-20376.
Matsuzaki H, Daitoku H, Hatta M, Tanaka K &
Fukamizu A (2003) Insulin-induced phosphorylation
of FKHR (Foxol) targets to proteasomal degradation.
Proc Natl Acad Sci USA 100, 11285-11290.
Aprahamian TR, Bonegio RG, Weitzner Z,
Gharakhanian R & Rifkin IR (2014) Peroxisome
proliferator-activated receptor gamma agonists in the
prevention and treatment of murine systemic lupus
erythematosus. Immunology 142, 363-73.
Aprahamian T, Bonegio RG, Richez C, Yasuda K,
Chiang L-K, Sato K, Walsh K & Rifkin IR (2009)
The peroxisome proliferator-activated receptor vy
agonist rosiglitazone ameliorates murine lupus by
induction of adiponectin. J Immunol 182, 340-346.
Venegas-Pont M, Sartori-Valinotti JC, Maric C,
Racusen LC, Glover PH, Gerald R, McLemore J,

2887


https://doi/org/10.3389/fimmu.2019.00472
https://doi/org/10.3389/fimmu.2019.00472
https://doi.org/10.3389/fphar.2017.00313
https://doi.org/10.3389/fphar.2017.00313
https://doi.org/10.3389/fimmu.2018.00794
https://doi.org/10.11131/2018/101306

Nuclear receptor regulation of germinal centers

168

169

170

171

172

173

174

175

176

177

178

2888

Jones AV, Reckelhoff JF & Ryan MJ (2009)
Rosiglitazone decreases blood pressure and renal
injury in a female mouse model of systemic lupus
erythematosus. Am J Physiol Regul Integr Comp
Physiol 296, R1282-R1289.

Zhao W, Thacker SG, Hodgin JB, Zhang H, Wang
JH, Park JL, Randolph A, Somers EC, Pennathur S,
Kretzler M et al. (2009) The peroxisome proliferator-
activated receptor y agonist pioglitazone improves
cardiometabolic risk and renal inflammation in murine
lupus. J Immunol 183, 2729-2740.

Zhao W, Berthier CC, Lewis EE, McCune W],
Kretzler M & Kaplan MJ (2013) The peroxisome-
proliferator activated receptor-y agonist pioglitazone
modulates aberrant T cell responses in systemic lupus
erythematosus. Clin Immunol 149, 119-132.

Park HJ, Park HS, Lee JU, Bothwell AL & Choi JM
(2016) Gender-specific differences in PPARgamma
regulation of follicular helper T cell responses with
estrogen. Sci Rep 6, 28495.

Park HJ & Choi JM (2017) Sex-specific regulation of
immune responses by PPARs. Exp Mol Med 49, e364.
Park HJ, Park HS, Lee JU, Bothwell AL & Choi JM
(2016) Sex-based selectivity of PPARgamma regulation
in Thl, Th2, and Th17 differentiation. Int J Mol Sci
17, 1-11. https://doi.org/10.3390/ijms 17081347
Kaplan MJ (2019) The role of PPAR-gamma agonists
in immunomodulation and vascular prevention in SLE
(PPAR-SLE) in, National Institute of Arthritis and
Musculoskeletal and Skin Diseases (NIAMS). https://
clinicalstudies.info.nih.gov/ProtocolDetails.aspx?B_
2015-AR-0060.html.

Larange A & Cheroutre H (2016) Retinoic acid and
retinoic acid receptors as pleiotropic modulators of the
immune system. Annu Rev Immunol 34, 369-394.
Indrevaer RL, Moskaug JO, Paur I, Bohn SK,
Jorgensen SF, Blomhoff R, Aukrust P, Fevang B &
Blomhoff HK (2015) IRF4 is a critical gene in retinoic
acid-mediated plasma cell formation and is
deregulated in common variable immunodeficiency-
derived B cells. J Immunol 195, 2601-2611.

Marks E, Ortiz C, Pantazi E, Bailey CS, Lord GM,
Waldschmidt TJ, Noelle RJ & Elgueta R (2016)
Retinoic acid signaling in B cells is required for the
generation of an effective T-independent immune
response. Front Immunol 7, 643—643.

Pantazi E, Marks E, Stolarczyk E, Lycke N, Noelle
RJ & Elgueta R (2015) Cutting edge: retinoic acid
signaling in B cells is essential for oral immunization
and microflora composition. J Immunol 195, 1368—
1371.

Hall JA, Cannons JL, Grainger JR, Dos Santos LM,
Hand TW, Naik S, Wohlfert EA, Chou DB,
Oldenhove G, Robinson M et al. (2011) Essential role
for retinoic acid in the promotion of CD4+ T cell

179

180

181

182

183

184

185

186

187

188

189

W. J. Olson et al.

effector responses via retinoic acid receptor alpha.
Immunity 34, 435-447.

Ma Y, Chen Q & Ross AC (2005) Retinoic acid and
polyriboinosinic: polyribocytidylic acid stimulate
robust anti-tetanus antibody production while
differentially regulating type 1/type 2 cytokines and
lymphocyte populations. J Immunol 174, 7961—

7969.

Elias KM, Laurence A, Davidson TS, Stephens G,
Kanno Y, Shevach EM & O’Shea JJ (2008) Retinoic
acid inhibits Th17 polarization and enhances FoxP3
expression through a Stat-3/Stat-5 independent
signaling pathway. Blood 111, 1013-1020.

Handono K, Firdausi SN, Pratama MZ, Endharti AT
& Kalim H (2016) Vitamin A improve Th17 and Treg
regulation in systemic lupus erythematosus. Clin
Rheumatol 35, 631-638.

Wei S, Yoshida N, Finn G, Kozono S, Nechama M,
Kyttaris VC, Zhen Zhou X, Tsokos GC & Ping Lu K
(2016) Pinl-targeted therapy for systemic lupus
erythematosus. Arthritis Rheumatol 68, 2503-2513.
Nozaki Y, Yamagata T, Yoo BS, Sugiyama M, Ikoma
S, Kinoshita K, Funauchi M & Kanamaru A (2005)
The beneficial effects of treatment with all-trans-
retinoic acid plus corticosteroid on autoimmune
nephritis in NZB/WF mice. Clin Exp Immunol 139,
74-83.

Kinoshita K, Kishimoto K, Shimazu H, Nozaki Y,
Sugiyama M, Ikoma S & Funauchi M (2010)
Successful treatment with retinoids in patients with
lupus nephritis. Am J Kidney Dis 55, 344-347.

Liao X, Ren J, Wei C-H, Ross AC, Cecere TE,
Jortner BS, Ahmed SA & Luo XM (2015) Paradoxical
effects of all-trans-retinoic acid on lupus-like disease in
the MRL/lpr mouse model. PLoS ONE 10, e0118176.
Theus MH, Sparks JB, Liao X, Ren J & Luo XM
(2016) All-trans-retinoic acid augments the
histopathological outcome of neuroinflammation and
neurodegeneration in lupus-prone MRL/Ipr mice. J
Histochem Cytochem 65, 69-81.

Ruan Q, Kameswaran V, Zhang Y, Zheng S, Sun J,
Wang J, DeVirgiliis J, Liou H-C, Beg AA & Chen YH
(2011) The Th17 immune response is controlled by the
Rel-RORYy—RORYT transcriptional axis. J Exp Med
208, 2321-2333.

Hu X, Wang Y, Hao L-Y, Liu X, Lesch CA, Sanchez
BM, Wendling JM, Morgan RW, Aicher TD, Carter
LL et al. (2015) Sterol metabolism controls TH17
differentiation by generating endogenous RORYy
agonists. Nat Chem Biol 11, 141-147.

Santori FR, Huang P, van de Pavert SA, Douglass
EF, Leaver DJ, Haubrich BA, Keber R, Lorbek G,
Konijn T, Rosales BN er al. (2015) Identification of
natural RORY ligands that regulate the development
of lymphoid cells. Cell Metab 21, 286-298.

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.3390/ijms17081347
https://clinicalstudies.info.nih.gov/ProtocolDetails.aspx?B_2015-AR-0060.html
https://clinicalstudies.info.nih.gov/ProtocolDetails.aspx?B_2015-AR-0060.html
https://clinicalstudies.info.nih.gov/ProtocolDetails.aspx?B_2015-AR-0060.html

W. J. Olson et al.

190 Solt LA & Burris TP (2012) Action of RORs and their

191

192

193

194

195

196

197

198

199

200

201

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

ligands in (patho)physiology. Trends Endocrinol Metab
23, 619-627.

Wang NS, McHeyzer-Williams LJ, Okitsu SL, Burris
TP, Reiner SL & McHeyzer-Williams MG (2012)
Divergent transcriptional programming of class-
specific B cell memory by T-bet and RORa. Nat
Immunol 13, 604-611.

Wichner K, Stauss D, Kampfrath B, Kriiger K,
Miiller G, Rehm A, Lipp M & Hopken UE (2016)
Dysregulated development of IL-17- and IL-21-
expressing follicular helper T cells and increased
germinal center formation in the absence of RORyt.
FASEB J 30, 761-774.

Yu D, Rao S, Tsai LM, Lee SK, He Y, Sutcliffe EL,
Srivastava M, Linterman M, Zheng L, Simpson N

et al. (2009) The transcriptional repressor Bcl-6 directs
T follicular helper cell lineage commitment. Immunity
31, 457-468.

Hatzi K, Nance JP, Kroenke MA, Bothwell M,
Haddad EK, Melnick A & Crotty S (2015) BCL6
orchestrates Tth cell differentiation via multiple
distinct mechanisms. J Exp Med 212, 539-553.

Yang B-H, Wang K, Wan S, Liang Y, Yuan X, Dong
Y, Cho S, Xu W, Jepsen K, Feng G-S et al. (2019)
TCF1 and LEF1 control Treg competitive survival
and Tfr development to prevent autoimmune diseases.
Cell Rep 27, 3629-3645.¢6.

Summers SA, Odobasic D, Khouri MB, Steinmetz
OM, Yang Y, Holdsworth SR & Kitching AR (2014)
Endogenous interleukin (IL)-17A promotes pristane-
induced systemic autoimmunity and lupus nephritis
induced by pristane. Clin Exp Immunol 176, 341-350.
Amarilyo G, Lourengo EV, Shi F-D & La Cava A
(2014) IL-17 promotes murine lupus. J Immunol 193,
540-543.

Riedel J-H, Paust H-J, Krohn S, Turner J-E, Kluger
MA, Steinmetz OM, Krebs CF, Stahl RAK & Panzer
U (2016) IL-17F promotes tissue injury in
autoimmune kidney diseases. J Am Soc Nephrol 27,
3666-3677.

Steinmetz OM, Turner J-E, Paust H-J, Lindner M,
Peters A, Heiss K, Velden J, Hopfer H, Fehr S,
Krieger T et al. (2009) CXCR3 mediates renal Thl
and Th17 immune response in murine lupus nephritis.
J Immunol 183, 4693-4704.

Pisitkun P, Ha H-L, Wang H, Claudio E, Tivy CC,
Zhou H, Mayadas TN, Illei GG & Siebenlist U (2012)
Interleukin-17 cytokines are critical in development of
fatal lupus glomerulonephritis. Immunity 37, 1104—
1115.

Wong CK, Lit LCW, Tam LS, Li EKM, Wong PTY
& Lam CWK (2008) Hyperproduction of IL-23 and
IL-17 in patients with systemic lupus erythematosus:

Federation of European Biochemical Societies

202

203

204

205

206

207

208

209

210

211

212

213

Nuclear receptor regulation of germinal centers

implications for Th17-mediated inflammation in auto-
immunity. Clin Immunol 127, 385-393.

Wong CK, Ho CY, Li EK & Lam CWK (2000)
Elevation of proinflammatory cytokine (IL-18, IL-17,
1L-12) and Th2 cytokine (IL-4) concentrations in
patients with systemic lupus erythematosus. Lupus 9,
589-593.

Yang J, Chu Y, Yang X, Gao D, Zhu L, Yang X,
Wan L & Li M (2009) Th17 and natural Treg cell
population dynamics in systemic lupus erythematosus.
Arthritis Rheum 60, 1472-1483.

Harrison SR, Li D, Jeffery LE, Raza K & Hewison M
(2019) Vitamin D, Autoimmune Disease and
Rheumatoid Arthritis. Calcif Tissue Int 106, 58-75.
Chen S, Sims GP, Chen XX, Gu YY, Chen S &
Lipsky PE (2007) Modulatory effects of 1,25-
dihydroxyvitamin D3 on human B cell differentiation.
J Immunol 179, 1634-1647.

Nakayama Y, Stabach P, Maher SE, Mahajan MC,
Masiar P, Liao C, Zhang X, Ye Z-J, Tuck D,
Bothwell ALM et al. (2006) A limited number of genes
are involved in the differentiation of germinal center B
cells. J Cell Biochem 99, 1308—1325.

Piemonti L, Monti P, Sironi M, Fraticelli P, Leone
BE, Dal Cin E, Allavena P & Di Carlo V (2000)
Vitamin D3 affects differentiation, maturation, and
function of human monocyte-derived dendritic cells. J
Immunol. 164, 4443-4451.

Barragan M, Good M & Kolls JK (2015) Regulation
of dendritic cell function by vitamin D. Nutrients 7,
8127-8151.

Bruce D, Yu S, Ooi JH & Cantorna MT (2011)
Converging pathways lead to overproduction of IL-17
in the absence of vitamin D signaling. Int Immunol 23,
519-528.

Mahto H, Tripathy R, Das BK & Panda AK (2018)
Association between vitamin D receptor
polymorphisms and systemic lupus erythematosus in
an Indian cohort. Int J Rheum Dis 21, 468-476.
Carvalho C, Marinho A, Leal B, Bettencourt A,
Boleixa D, Almeida I, Farinha F, Costa PP,
Vasconcelos C & Silva BM (2015) Association
between vitamin D receptor (VDR) gene
polymorphisms and systemic lupus erythematosus in
Portuguese patients. Lupus 24, 846-853.

Sakulpipatsin W, Verasertniyom O, Nantiruj K,
Totemchokchyakarn K, Lertsrisatit P & Janwityanujit
S (2006) Vitamin D receptor gene Bsml
polymorphisms in Thai patients with systemic lupus
erythematosus. Arthritis Res Ther 8, R48.

Lima GL, Paupitz J, Aikawa NE, Takayama L, Bonfa
E & Pereira RMR (2016) Vitamin D supplementation in
adolescents and young adults with juvenile systemic
lupus erythematosus for improvement in disease activity

2889



Nuclear receptor regulation of germinal centers

214

215

216

217

218

219

220

221

222

2890

and fatigue scores: a randomized, double-blind,
placebo-controlled trial. Arthritis Care Res 68, 91-98.
Mu Q, Zhang H & Luo XM (2015) SLE: another
autoimmune disorder influenced by microbes and diet?
Front Immunol 6, 1-10. https://doi.org/10.3389/fimmu.
2015.00608

Ding Y, Liao W, He X-J & Xiang W (2017) Effects of
1,25(0H)(2) D(3) and vitamin D receptor on
peripheral CD4(+) /CD8(+) double-positive T
lymphocytes in a mouse model of systemic lupus
erythematosus. J Cell Mol Med 21, 975-985.
Warnecke M, Oster H, Revelli JP, Alvarez-Bolado G
& Eichele G (2005) Abnormal development of the
locus coeruleus in Ear2(Nr2f6)-deficient mice impairs
the functionality of the forebrain clock and affects
nociception. Genes Dev 19, 614-25.

Liu X, Huang X & Sigmund CD (2003) Identification
of a Nuclear Orphan Receptor (Ear2) as a Negative
Regulator of Renin Gene Transcription. Circ Res 92,
1033-1040.

Li X-B, Jiao S, Sun H, Xue J, Zhao W-T, Fan L, Wu
G-H & Fang J (2011) The orphan nuclear receptor
EAR?2 is overexpressed in colorectal cancer and it
regulates survivability of colon cancer cells. Cancer
Lett 309, 137-144.

Ichim CV, Dervovi¢ DD, Zuniga-Pfliicker JC & Wells
RA (2014) The orphan nuclear receptor Ear-2 (Nr2f6)
is a novel negative regulator of T cell development.
Exp Hematol 42, 46-58.

Hermann-Kleiter N, Gruber T, Lutz-Nicoladoni C,
Thuille N, Fresser F, Labi V, Schiefermeier N,
Warnecke M, Huber L, Villunger A et al. (2008) The
nuclear orphan receptor NR2F6 suppresses
lymphocyte activation and T helper 17-dependent
autoimmunity. Immunity 29, 205-16.

Hermann-Kleiter N, Klepsch V, Wallner S, Siegmund
K, Klepsch S, Tuzlak S, Villunger A, Kaminski S,
Pfeifhofer-Obermair C, Gruber T et al. (2015) The
nuclear orphan receptor NR2F6 is a central checkpoint
for cancer immune surveillance. Cell Rep 12, 2072-85.
Klepsch V, Hermann-Kleiter N, Do-Dinh P, Jakic B,
Offermann A, Efremova M, Sopper S, Rieder D,
Krogsdam A, Gamerith G et al. (2018) Nuclear
receptor NR2F6 inhibition potentiates responses to
PD-L1/PD-1 cancer immune checkpoint blockade. Nat
Commun 9, 1538.

223

224

225

226

227

228

229

230

W. J. Olson et al.

Olson W1, Jakic B, Labi V, Schoeler K, Kind M,
Klepsch V, Baier G & Hermann-Kleiter N (2019)
Orphan nuclear receptor NR2F6 Suppresses T
follicular helper cell accumulation through regulation
of IL-21. Cell Rep 28, 2878-2891.

Choi JY, Ho JH, Pasoto SG, Bunin V, Kim ST,
Carrasco S, Borba EF, Goncalves CR, Costa PR,
Kallas EG et al. (2015) Circulating follicular helper-
like T cells in systemic lupus erythematosus:
association with disease activity. Arthritis Rheumatol
67, 988-99.

Bocharnikov AV, Keegan J, Wacleche VS, Cao Y,
Fonseka CY, Wang G, Muise ES, Zhang KX, Arazi
A, Keras G et al. (2019) PD-1hiCXCRS5- T peripheral
helper cells promote B cell responses in lupus via
MAF and IL-21. JCI Insight 4, 1-20. https://doi.org/
10.1172/jci.insight.130062

Aloulou M, Carr EJ, Gador M, Bignon A, Liblau RS,
Fazilleau N & Linterman MA (2016) Follicular
regulatory T cells can be specific for the immunizing
antigen and derive from naive T cells. Nat Commun 7,
1-10. https://doi.org/10.1038/ncomms10579

Ritvo PG, Churlaud G, Quiniou V, Florez L, Brimaud
F, Fourcade G, Mariotti-Ferrandiz E & Klatzmann D
(2017) Tfr cells lack IL-2Ralpha but express decoy IL-
1R2 and IL-1Ra and suppress the IL-1-dependent
activation of Tth cells. Sci Immunol 2, 1-11. https://d
oi.org/10.1126/sciimmunol.aan0368

de Goer de Herve MG, Abdoh M, Jaafoura S,

Durali D & Taoufik Y (2019) Follicular CD4 T cells
tutor CD8 early memory precursors: an initiatory
journey to the frontier of B cell territory. iScience 20,
100-109.

Zappasodi R, Budhu S, Hellmann MD, Postow MA,
Senbabaoglu Y, Manne S, Gasmi B, Liu CL, Zhong
H, Li YY et al. (2018) Non-conventional inhibitory
CD4(+)Foxp3(-)PD-1(hi) T cells as a biomarker of
immune checkpoint blockade activity. Cancer Cell 33,
1017-1032.¢€7.

Hollern DP, Xu N, Thennavan A, Glodowski C,
Garcia-Recio S, Mott KR, He X, Garay JP, Carey-
Ewend K, Marron D et al. (2019) B cells and T
follicular helper cells mediate response to checkpoint
inhibitors in high mutation burden mouse models of
breast cancer. Cell 179, 1191-1206.e21.

The FEBS Journal 287 (2020) 2866-2890 © 2020 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.3389/fimmu.2015.00608
https://doi.org/10.3389/fimmu.2015.00608
https://doi.org/10.1172/jci.insight.130062
https://doi.org/10.1172/jci.insight.130062
https://doi.org/doi: 10.1038/ncomms10579
https://doi.org/10.1126/sciimmunol.aan0368
https://doi.org/10.1126/sciimmunol.aan0368

	Outline placeholder
	febs15312-aff-0001
	febs15312-aff-0002

	 Intro�duc�tion
	 Nuclear recep�tors
	 The ger�mi�nal cen�ter reac�tion
	febs15312-fig-0001
	febs15312-fig-0002

	 Sys�temic lupus ery�the�mato�sus (SLE)
	 Nuclear recep�tor reg�u�la�tion of GC responses and autoim�mu�nity
	 Steroid hor�mone recep�tors
	febs15312-fig-0003
	febs15312-tbl-0001
	 The estro�gen recep�tor fam�ily (ER; NR3A)
	 Glu�co�cor�ti�coid recep�tor (GR; NR3C1)
	 Min�er�alo�cor�ti�coid recep�tor (MR; NR3C2)
	 The pro�ges�terone recep�tor (PR; NR3C3, PGR) and the andro�gen recep�tor (AR; NR3C4, AR)

	 Non�s�teroidal nuclear recep�tors
	 Perox�i�some pro�lif�er�a�tor-ac�ti�vated recep�tors (PPARs; NR1C)
	 Retinoic acid recep�tor (RAR; NR1B)
	 RAR-re�lated orphan recep�tor alpha and gamma (ROR&agr;; NR1F1, ROR&ggr;;NR1F3)
	 Vita�min D recep�tor (VDR; NR1I1)
	 Nuclear recep�tor sub�fam�ily 2 group F mem�ber 6 (NR2F6; EAR-2, COUP-TFIII)

	 Sum�mary and out�look
	 Acknowl�edg�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	febs15312-bib-0001
	febs15312-bib-0002
	febs15312-bib-0003
	febs15312-bib-0004
	febs15312-bib-0005
	febs15312-bib-0006
	febs15312-bib-0007
	febs15312-bib-0008
	febs15312-bib-0009
	febs15312-bib-0010
	febs15312-bib-0011
	febs15312-bib-0012
	febs15312-bib-0013
	febs15312-bib-0014
	febs15312-bib-0015
	febs15312-bib-0016
	febs15312-bib-0017
	febs15312-bib-0018
	febs15312-bib-0019
	febs15312-bib-0020
	febs15312-bib-0021
	febs15312-bib-0022
	febs15312-bib-0023
	febs15312-bib-0024
	febs15312-bib-0025
	febs15312-bib-0026
	febs15312-bib-0027
	febs15312-bib-0028
	febs15312-bib-0029
	febs15312-bib-0030
	febs15312-bib-0031
	febs15312-bib-0032
	febs15312-bib-0033
	febs15312-bib-0034
	febs15312-bib-0035
	febs15312-bib-0036
	febs15312-bib-0037
	febs15312-bib-0038
	febs15312-bib-0039
	febs15312-bib-0040
	febs15312-bib-0041
	febs15312-bib-0042
	febs15312-bib-0043
	febs15312-bib-0044
	febs15312-bib-0045
	febs15312-bib-0046
	febs15312-bib-0047
	febs15312-bib-0048
	febs15312-bib-0049
	febs15312-bib-0050
	febs15312-bib-0051
	febs15312-bib-0052
	febs15312-bib-0053
	febs15312-bib-0054
	febs15312-bib-0055
	febs15312-bib-0056
	febs15312-bib-0057
	febs15312-bib-0058
	febs15312-bib-0059
	febs15312-bib-0060
	febs15312-bib-0061
	febs15312-bib-0062
	febs15312-bib-0063
	febs15312-bib-0064
	febs15312-bib-0065
	febs15312-bib-0066
	febs15312-bib-0067
	febs15312-bib-0068
	febs15312-bib-0069
	febs15312-bib-0070
	febs15312-bib-0071
	febs15312-bib-0072
	febs15312-bib-0073
	febs15312-bib-0074
	febs15312-bib-0075
	febs15312-bib-0076
	febs15312-bib-0077
	febs15312-bib-0078
	febs15312-bib-0079
	febs15312-bib-0080
	febs15312-bib-0081
	febs15312-bib-0082
	febs15312-bib-0083
	febs15312-bib-0084
	febs15312-bib-0085
	febs15312-bib-0086
	febs15312-bib-0087
	febs15312-bib-0088
	febs15312-bib-0089
	febs15312-bib-0090
	febs15312-bib-0091
	febs15312-bib-0092
	febs15312-bib-0093
	febs15312-bib-0094
	febs15312-bib-0095
	febs15312-bib-0096
	febs15312-bib-0097
	febs15312-bib-0098
	febs15312-bib-0099
	febs15312-bib-0100
	febs15312-bib-0101
	febs15312-bib-0102
	febs15312-bib-0103
	febs15312-bib-0104
	febs15312-bib-0105
	febs15312-bib-0106
	febs15312-bib-0107
	febs15312-bib-0108
	febs15312-bib-0109
	febs15312-bib-0110
	febs15312-bib-0111
	febs15312-bib-0112
	febs15312-bib-0113
	febs15312-bib-0114
	febs15312-bib-0115
	febs15312-bib-0116
	febs15312-bib-0117
	febs15312-bib-0118
	febs15312-bib-0119
	febs15312-bib-0120
	febs15312-bib-0121
	febs15312-bib-0122
	febs15312-bib-0123
	febs15312-bib-0124
	febs15312-bib-0125
	febs15312-bib-0126
	febs15312-bib-0127
	febs15312-bib-0128
	febs15312-bib-0129
	febs15312-bib-0130
	febs15312-bib-0131
	febs15312-bib-0132
	febs15312-bib-0133
	febs15312-bib-0134
	febs15312-bib-0135
	febs15312-bib-0136
	febs15312-bib-0137
	febs15312-bib-0138
	febs15312-bib-0139
	febs15312-bib-0140
	febs15312-bib-0141
	febs15312-bib-0142
	febs15312-bib-0143
	febs15312-bib-0144
	febs15312-bib-0145
	febs15312-bib-0146
	febs15312-bib-0147
	febs15312-bib-0148
	febs15312-bib-0149
	febs15312-bib-0150
	febs15312-bib-0151
	febs15312-bib-0152
	febs15312-bib-0153
	febs15312-bib-0154
	febs15312-bib-0155
	febs15312-bib-0156
	febs15312-bib-0157
	febs15312-bib-0158
	febs15312-bib-0159
	febs15312-bib-0160
	febs15312-bib-0161
	febs15312-bib-0162
	febs15312-bib-0163
	febs15312-bib-0164
	febs15312-bib-0165
	febs15312-bib-0166
	febs15312-bib-0167
	febs15312-bib-0168
	febs15312-bib-0169
	febs15312-bib-0170
	febs15312-bib-0171
	febs15312-bib-0172
	febs15312-bib-0173
	febs15312-bib-0174
	febs15312-bib-0175
	febs15312-bib-0176
	febs15312-bib-0177
	febs15312-bib-0178
	febs15312-bib-0179
	febs15312-bib-0180
	febs15312-bib-0181
	febs15312-bib-0182
	febs15312-bib-0183
	febs15312-bib-0184
	febs15312-bib-0185
	febs15312-bib-0186
	febs15312-bib-0187
	febs15312-bib-0188
	febs15312-bib-0189
	febs15312-bib-0190
	febs15312-bib-0191
	febs15312-bib-0192
	febs15312-bib-0193
	febs15312-bib-0194
	febs15312-bib-0195
	febs15312-bib-0196
	febs15312-bib-0197
	febs15312-bib-0198
	febs15312-bib-0199
	febs15312-bib-0200
	febs15312-bib-0201
	febs15312-bib-0202
	febs15312-bib-0203
	febs15312-bib-0204
	febs15312-bib-0205
	febs15312-bib-0206
	febs15312-bib-0207
	febs15312-bib-0208
	febs15312-bib-0209
	febs15312-bib-0210
	febs15312-bib-0211
	febs15312-bib-0212
	febs15312-bib-0213
	febs15312-bib-0214
	febs15312-bib-0215
	febs15312-bib-0216
	febs15312-bib-0217
	febs15312-bib-0218
	febs15312-bib-0219
	febs15312-bib-0220
	febs15312-bib-0221
	febs15312-bib-0222
	febs15312-bib-0223
	febs15312-bib-0224
	febs15312-bib-0225
	febs15312-bib-0226
	febs15312-bib-0227
	febs15312-bib-0228
	febs15312-bib-0229
	febs15312-bib-0230


