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Abstract

Nuclear hormone receptors (NHRS) are transcription factors regulated by small molecules. The
functions of NHRs range from development of primary and secondary lymphoid organs, to
regulation of differentiation and function of DCs, macrophages and T cells. The human genome
has 48 classic (hormone and vitamin receptors) and non-classic (all others) NHRs; 17 non-classic
receptors are orphans, meaning that the endogenous ligand is unknown. Understanding the
function of orphan NHRs requires the identification of their natural ligands. The mevalonate
pathway, including its sterol and non-sterol intermediates and derivatives, is a source of ligands
for many classic and non-classic NHRs. For example, cholesterol biosynthetic intermediates
(CBISs) are natural ligands for RORy/yt. CBIs are universal endogenous metabolites in mammalian
cells, and to study NHRs that bind CBIs requires ligand-free reporters system in sterol auxotroph
cells. Furthermore, RORY/yt shows broad specificity to sterol lipids, suggesting that RORy/vt is
either a general sterol sensor or specificity is defined by an abundant endogenous ligand. Unlike
other NHRs, which regulate specific metabolic pathways, there is no connection between the
genetic programs induced by RORy/vyt and ligand biosynthesis. In this review we summarize the
roles of non-classic NHRs and their potential ligands in the immune system.
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Introduction

Nuclear hormone receptors (NHRS) are a superfamily of transcription factors that contain a
DNA binding domain and a ligand binding domain (LBD) that binds small molecules, such
as lipids, hormones, vitamins and metabolites of amino acids (reviewed in [1, 2]). NHRs can
be grouped into 6 groups based on sequence homology [1] (summarized in Table 1). The
presence or absence of the ligand in the LBD modulates the structural conformation of
NHRs. The conformational change in the NHR induced by binding of an agonist ligand
promotes the recruitment of nuclear receptor coactivators (Ncoas) and subsequently drives
the transcription of NHR target genes [2]. In contrast, the conformation of ligand-free NHRs
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promotes the recruitment of nuclear receptor corepressors (Ncor) that inhibit the
transcription of NHR target genes [2].

The history of NHRs is fascinating and could be divided into 4 eras. The first one, from
1840-1926 physiologists postulated the existence of hormones [3] and vitamins [4] — special
classes of signaling molecules produced by glands (hormones) or obtained from the diet
(vitamins) and transported by the circulatory system to target distant organs to regulate
physiology and behavior. The search for these substances led to the isolation of the thyroid
hormone [5] and the discoveries of vitamins A and D [6, 7], all compounds with unknown
structures or receptors at that time. The determination of the chemical structure and
synthesis of the thyroid hormone [8] gave way to the “orphan ligand” or second era (1927-
1984), in which most known hormones and vitamins were identified, structurally
characterized and synthesized, but still with no receptors identified. The cloning of the
receptors for glucocorticoids [9] and vitamin A [10, 11] ended the era of “orphan ligands” as
these orphan ligands were “adopted” by their respective, discovered receptors (1985-1997 —
third era). For sake of simplicity we will call these receptors, which recognize the hormones
and vitamins identified during the first era: Classic NHRs. The sequence homologies of
classic NHRs suggested that hormone and vitamin receptors are members of a large
superfamily of nuclear receptors [11-13]. Furthermore, the cloning and sequencing of
classic receptors revealed the existence of related proteins for which there were no known
ligands [12]. However, the extend of the diversity of non-classic NHRs could not be
accessed. The sequencing of the C. elegans genome in 1998 revealed the full diversity of the
NHR family and marks the beginning of the fourth era of “non-classic NHRs”: in the C.
elegans genome 1.5% of all predicted protein sequences are NHRs and the majority of those
are non-classic and orphans for their ligands [14]. The human genome project identified 48
NHRs, of which only 12 belong to the classic receptor group, while 17 of the non-classic
receptors are still orphans for their ligands [1].

Non-classic NHRs are broadly expressed in tissues and have been shown to be important in
the regulation of metabolism and the development in many organ systems, including the
immune system. This review focuses on the roles of non-classic NHRs in immunity with
particular attention paid to those receptors that are orphans (see Table 1). We will not
discuss in detail the peroxisome proliferator activated receptors (PPARSs) and the retinoid X
receptors, as there is extensive literature about them and they would deserve each a separate
review.

The mevalonate pathway: Source of CBIs and NHR ligands

The mevalonate pathway is divided into a pre-sterol and sterol phase [15] (Fig. 1). Pre-sterol
intermediates of the mevalonate pathway are cholesterol biosynthetic intermediates (CBIs)
but they are not exclusive for the cholesterol pathway and can be used as intermediates for
other biosynthetic pathways and cellular functions like the synthesis of Heme A and O,
Isopentenyl-adenine (tRNA), ubiquinone, dolichol and protein prenylation [15] (Fig. 1).
These intermediates have important functions in cell biology and immunity. Isopentenyl-PP
is a pre-sterol metabolite that is recognized by human v8T cells in tumors and in cells
infected “in vitro” with the bacteria Escherichia coli and Staphylococcus aureus [16, 17].
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Another pre-sterol is Farnesyl-PP that is required for post-translational modification
(farnesylation) of proteins, like Ras, which is essential for the differentiation of Thl cells
[18]. Furthermore, a mutation in the enzyme mevalonate kinase (MVK), occurring in the
pre-sterol part of the mevalonate pathway, has been linked to hyper-lgD syndrome [19, 20].
The transition between the pre-sterol and sterol phases of the pathway is marked by the
cyclization of squalene and related metabolites into sterols which are compounds containing
4 structural rings: A, B, C, D (Fig. 1). Cholesterol itself is processed further into oxysterols,
bile acids, estrogens, androgens, corticoid and mineralocorticoid hormones and vitamin D in
what we could call post-cholesterol products of the pathway (Fig.1).

Since the pre-sterol metabolites of the pathway can be used as intermediates in other
metabolic pathways, the term CBIs is here limited to the sterol compounds produced by the
cyclization of squalene and its derivatives. The sterol phase of the mevalonate pathway is
branched into two main routes for the production of cholesterol, the Bloch pathway [21] and
the Kandutsch-Russell pathway [22] (Fig. 1). Besides the production of cholesterol, a shunt
in the mevalonate pathway leads to the production of 24,25 epoxycholesterol [23], a potent
LXR ligand [24, 25]. Most studies have been done with CBIs derived from the Bloch
pathway, because most of these are commercially available. Therefore, it is possible that
metabolites from the Kandutsch-Russell and shunt pathways produce ligands for NHRs that
are as potent as the products of the Bloch pathway tested so far. The Bloch and Kandutsch-
Russell routes of cholesterol biosynthesis differ by the timing of removal of a double bond at
A24 by the enzyme DHCR24 (Fig. 1). This can happen very early with the conversion of
lanosterol into 24,25-dihydrolanosterol (Fig. 1). However, while any CBI can be processed
by DHCR24, the preferential substrate for DHCR24 is 24-dihydrolathosterol (Fig.1) and that
most likely in living cells, cholesterol biosynthesis branches preferentially from the Bloch
into the Kandutsch-Russell pathway downstream of zymosterol [26] (Fig. 1). In the
Kandutsch-Russell pathway the immediate precursor of cholesterol is 7-dehydrocholesterol
(7-DHC) which is converted into cholesterol by the enzyme DHCR7 (Fig.1). In the Bloch
pathway, the immediate precursor of cholesterol is desmosterol (24-dehydrocholesterol)
whose double bound at A24 is removed by DHCR24 (Fig.1). The physiological significance
of the branching in cholesterol biosynthesis is not fully understood. However, genetic
polymorphisms of DHCR7 which is the last enzyme in the Kandutsch-Russell pathway are
associated with susceptibility to autoimmune diseases like multiple sclerosis [27] and type 1
diabetes [28]. This could be related to the fact that 7-DHC, the last CBI in the Kandutsch-
Russell pathway, is the main intermediate for vitamin D3 [29], a very potent mediator of
immune function as we will discuss in detail below. It is also possible that the different CBIs
produced by the two alternative pathways have different functions in cells and that the use of
one branch or another will depend on cell type and expression of DHCR24. Nevertheless,
the increased production of cholesterol by overexpression of Dhcr24 has a protective role
against oxidative stress in mammalian cells [30]. Maybe, the presence of the A24 double
bond protects desmosterol from side-chain oxidations that result in the production of
oxysterols like 25-hydroxycholesterol [31]. Thus, it is tempting to speculate that by
regulating the conversion of desmosterol into cholesterol, the Bloch pathway limits the
concentration of precursor cholesterol available for the enzymatic and non-enzymatic
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production of oxysterols which act as signaling components on several aspects of the
biology of dendritic cells, macrophages and T cells (reviewed in [32]).

The synthesis of the pre-sterol components is distributed over the mitochondria, cytosol,
peroxisomes and endoplasmatic reticulum [33] (Fig.1). However, the production of the first
linear committed precursor squalene, the sterol biosynthetic enzymes and their sterol
products are all located in the endoplasmatic reticulum [33, 34] (Fig.1). One exception is the
lamin B receptor (LBR), which is a nuclear protein with catalytic A14-reductase activity
which removes the A14 double bond of FF-MAS, converting it into T-MAS [35] (Fig. 1).
The function of the nuclear enzymatic activity is not well understood but both LBR and the
ER resident enzyme DHCR14 can provide substantial redundancy in the A14-reductase
activity required for cholesterol biosynthesis, and one single Lbr allele can rescue
cholesterol biosynthesis in Dhcr14~/~ animals [36]. However, in both humans [37] and mice
[38] viable mutations of the LBR/Ibr gene have resulted in abnormal development of the
neutrophil nucleus, which instead of the normal multi-lobulated pattern, show a bilobed or
ovoid shape. This defect in the nuclear shape of neutrophils is called the Pelger-Huet
anomaly [39]. An in vitro study of granulocyte differentiation using cells derived from mice
with the ichthyosis mutation (ic!), a Lbr mutant that contains a CC insertion at the A14-
reductase domain, suggests that the phagocytosis of (icl) neutrophils is normal while
chemotaxis and oxidative burst are deficient [40]. The same group has shown that it is the
Al4-reductase activity of LBR and not of the redundant enzyme DHCR14 that is necessary
to partially rescue the maturation defects of (icl) neutrophils in mouse cells [41]. It is
tempting to speculate that the enzymatic activity of Lbr may convert nuclear CBIs into NHR
ligands. In this context, lanosterol, which is a direct precursor of RORy/yt ligands [42], is
increased in the nucleus of Lipid A-stimulated mouse macrophages [43], suggesting that
signaling pathways such as TLR4 can increase the permeability of the nucleus for some C4-
methylated CBIs. It would be important to examine whether the concentration of lanosterol
and other CBIs is increased in the nucleus of Th17 cells or RORyt* ILCs. Furthermore, it
would be essential to define whether CBls present in the cell nucleus can be processed
further into NHR ligands by nuclear enzymes like LBR.

A line that has been little explored is the possibility that the canonical CBls of the Bloch and
Kandutsch-Russell pathway can be metabolized into alternative non-canonical metabolites
of CBIs. For example, the CBIs lanosterol can be prematurely processed by the enzyme
SC4AMOL, leading to the formation of 4a-carboxy lanosterol [44, 45] (Fig. 1). Lanosterol
can also be metabolized by enzymes outside the cholesterol biosynthetic pathway giving rise
to CBI based oxysterols like lanosterol-26-diol that promotes the negative regulation of
cholesterol biosynthesis in mammalian cells[46]. Since these compounds are oxysterols they
could play a role in the function of oxysterol receptors LXR and RORyt in the immune
system. Sterols with exact mass corresponding to non-canonical intermediates of lanosterol
have been found in the thymus and are suspected to be RORy/yt ligands [42]. The function
of non-canonical CBIs and metabolites of CBIs is in its infancy and much research is still
needed to determine whether they are present at physiological levels in normal tissues and
whether they show specific agonist activity to NHRs and other immune receptors.
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NHRs in the development and function of the immune system

Classic NHRs, such as hormone and vitamin receptors, have been shown to be important
regulators of the immune system. Induction of transcription by the glucocorticoid receptor
has been shown to control apoptosis in CD4*CD8* double thymocytes and to mediate
immunosuppression of the mature T-cell response in the periphery (reviewed in [47]).
Signaling via the vitamin A and D receptors controls B-cell and T-cell development and
innate immunity (reviewed in [48]). Vitamin A has functions that are context dependent
acting either as enhancers or suppressors of B cell proliferation, antigen presentation by
dendritic cells or T cell function [48]. The best example of vitamin A function in the
immune system is its effect on the differentiation of Th17 cells under non-inflammatory
conditions, while in the presence of TGF-f it promotes the differentiation of regulatory T
(Treg) cells [48]. In contrast, vitamin D has mainly suppressive effects on B cells, dendritic
cellsand T cells [48]

Orphan NHRs have also been shown to be involved in immunity (Table 1). The largest
group of orphan NHRs known to have an influence on immunity regulates the development
and function of hematopoietic cells in mice and potentially in humans. The majority of non-
classic NHRs (Table 1) expressed in hematopoietic cells have immune phenotypes restricted
to specific cell lineages. Some examples include NR2F6 (EAR2) which acts as a suppressor
of Th17-cell function in mice [49], and NR3B1 (ESRRA) which is a modulator of aerobic
glycolysis, a process which is required for the differentiation of activated cells and other cell
lineages that have precursors that are dependent on a high proliferation rate, such as effector
and memory T cells in mice [50]. The members of the NR4A family, NR4A1 (NUR77),
NR4A2 (NURR1) and NR4A3 (NORZ1) have been shown to play a redundant role in T-cell
homeostasis and definite phenotypes are observed only when all three members of the
NR4A family are deleted specifically in mouse T cells [51]. The triple knockout (TKO) of
the complete NR4A family in mice shows that these receptors are strong suppressors of
Th1- and Th2-cell differentiation and promoters of Foxp3 expression and Treg-cell
differentiation [51]. Consequently, TKO-NR4A mice have no Treg cells and suffer from
overt autoimmune disease similar to that observed in Foxp3~'~ animals [51]. Given that
NRA4A receptors are widely expressed in tissues, specific studies are required to define the
cell-specific functions of these receptors in each immune cell lineage. For example, aside
from having a role in T-cell biology, NR4A1 has also been shown to be essential for the
differentiation of mouse Ly6C™ monocytes from bone marrow precursors [52]. Ly6C™
monocytes circulate in the blood and spleen and patrol the blood vessels, scanning the
endothelium. In the presence of TLR7 “danger signals” Ly6C™~ monocytes facilitate the
neutrophil-driven necrosis of endothelial cells [53]. Another orphan NHR with cell lineage-
restricted function is NROB2 (SHP), which is expressed in macrophages, and which has
been shown to suppress TLR signaling and protect mice from septic shock [54].

RORvt, a lymphoid tissue-specific isoform of RORy (NR1F3) with an identical LBD to
RORYy, is a master regulator for several lymphoid lineages. RORyt has been shown to be
required for the differentiation of a specific innate lymphoid cell type 3 lineage (ILC3) — the
lymphoid tissue inducer (Lti) cells — and thus regulates the development of secondary
lymphoid organs such as lymph nodes [55, 56]. This role is represented here by the
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development of lymphoid aggregates induced by Lti-like cells in the adult mouse (Fig. 2A,
bottom).

In addition to directly regulating specific cellular lineages of the immune system, many non-
classic NHRs also have indirect functions in immunity, for example, by inducing non-
immune tissues to produce signaling molecules that affect immune cells, or by regulating
cellular “niches” for the development of lymphoid organs. Specifically, NR3B3 (ESRRG),
NR1I2 (PXR), NR1D1 (REV-ERBa) and NR1F1 (RORa) are examples of non-classic
NHRs expressed in non-immune tissues which then drive immune phenotypes in those
tissues [57-59]. The increased expression of the orphan NHR NR3B3 in the liver results in
increased production of hepcidin by liver cells [57]; liver hepcidin is subsequently released
in the blood where it circulates and binds to its receptor in macrophages and induces these
cells to reduce their iron export [60]. This increases the iron load in macrophages, which can
promote the growth of some intracellular microbes [60], suggesting that hepcidin induction
by NR3B3 could act as a bacterial evasion mechanism for Salmonella thyphimurium
infection in mice [57], the extension of these findings to humans could turn this NHR into a
therapeutic target [57]. Two non-classic NHRs that are in the process of deorphanization,
ROR(a,B,y) and REV-ERB(a,B) (Table 1) are also involved in the regulation of the
circadian clock, which contains a regulatory loop that consists on the BMAL1:CLOCK
heterodimer driving the expression of the repressors period (PER1-3) and cryptochrome
(CRY1-2) reviewed in [61]. RORs and REV-ERBs act by binding to the same ROR-
response elements (RORE) in many genes including BMALL1 [61]. Binding of RORs
promotes transcription and binding of REV-ERBS represses transcription of target
containing RORE [61]. The expression of TLRs in mouse intestinal epithelial cells (IECs) is
regulated by the circadian clock and the NHRs RORa and REV-ERBa are directly involved
in the promotion and repression of expression of TLRs1-5, TLR9 and NOD?2 during the day
[58] (Fig. 2A, Top). Furthermore, IECs from PXR™~ mice have increased expression of
TLRs which results in greater permeability of the intestinal epithelium and increased
inflammation [59]. In contrast the TLR levels in PXR*/* mice are lower and permeability of
the intestinal barrier is lower [59]. This process seems to be regulated by binding of indole
metabolites from bacterial symbionts to PXR [59] (Fig. 2A, Top). Whether PXR directly
regulates the expression of TLR4 is still open to debate.

Several NHRs have been implicated in the regulation of the immune microenvironment in
the form of stromal and vascular components, which are required for the maturation of
different lymphoid organs. For example, the non-classic orphan NHR NR2F2 (COUP-TFII)
has been shown to be essential for the development of the lymphatic endothelium in the
fetus, which serves as a “niche” for the formation of primary and secondary lymphoid
tissues [62]. Another NHR involved in immune “niche” formation is NR5A1 which may be
a receptor for phosphatidyl-inositols [63] (Table 1), which regulates the development of the
tubular framework required for the formation of the structured vasculature in the mouse
spleen [64]. This function appears to be evolutionarily conserved, as in humans NR5A1
mutations have been associated with asplenia [65], although it is not yet confirmed whether
the mechanism that leads to loss of spleen development in humans is associated with the
defect in tubular framework formation observed in Nr5a1~~ animals.
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Finally, it is important to point out recent findings suggesting that NHRs could be hijacked
by pathogens as a mechanism to evade the immune response. For example, the non-classic
orphan receptor NR2C2 (TR4) is expressed in macrophages and can bind oxygenated
derivatives of mycolic acid produced by phagocytosed Mycobacterium tuberculosis [66]
(Fig.2B). The engagement of NR2C2 with these oxygenated bacterial products results in the
differentiation of the infected macrophages into foam cells and promotes the formation of
granulomas, which protect the bacteria from the immune system [66].

These examples are just the “tip of the iceberg” of the involvement of NHRs in the immune
system, since many NHRs, orphans both in ligand and function, are expressed in different
lineages of human and mouse immune cells (see Table 1 for detail).

Deorphanization: Connecting NHRs to general cell metabolism

The identification of the physiological ligands for NHRs is crucial for understanding their
function. Recent evidence that cholesterol biosynthetic intermediates (CBIs) serve as natural
FXR, and Liver X Receptor (LXR) and RORy/vt ligands (Table 1 and Fig.1) provides a
framework with which to interrogate other NHRs [42, 67—70]. These pioneering studies
suggest that CBIs have functions beyond their role as either cholesterol intermediates or
regulators of cholesterol biosynthesis, a view that is now supported by a considerable body
of work that will be discussed in detail below.

Specific CBIs have been assigned as NHR modulators. For example, desmosterol, which is
the last intermediate before cholesterol in the Bloch pathway (Fig. 1), has been shown to be
a physiological LXRa/B ligand in foam macrophages [68]. The binding of desmosterol to
LXRa/B in mouse peritoneal foam macrophages “in vitro” results in the suppression of
expression of pro-inflammatory genes induced by TLR4 [68]. Another example are C4-
methylated CBIs, which are those comprehending the intermediates from lanosterol to 4a-
methyl-zymosterol (Fig. 1), and that have been identified as physiological ligands for
RORy/vt [42]. Importantly, genetic deletion of enzymes involved in the synthesis of C4-
methylated CBIs like Cyp51 and Sc4mol (Fig. 1), recapitulate the immune phenotype
observed in RORy/yt-deficient mice, including defects in the development of lymph nodes
and Th17 cells, while sparing other RORyt-independent T-cell and hematopoietic lineages
[42]. It therefore follows that in human patients with mutations in cholesterol biosynthetic
enzyme SC4MOL [71], in which CBIs of the C4-methylsterol group accumulate, suffer
from autoimmune psoriasis that may be associated with the ability of the accumulating C4-
methylsterols to act as RORy/yt ligands. Nonetheless, the identification of universal
endogenous mammalian metabolites such as CBIs as ligands for NHRs, suggests that CBls
and other endogenous metabolites could be ligands for other orphan NHRs.

Challenges in the deorphanization of NHRs that bind endogenous

metabolites

Since CBIs are endogenous ligands produced by all mammalian cells, NHRs that bind CBIs
will be in a “constitutively active” state. This contrasts with the behavior of “classic” NHRs.
The standard model for NHR-promoted transcription is based on hormone and vitamin
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receptors expressed in cells which do not produce the ligand themselves, and therefore are
present as Apo (empty) receptors. The addition of exogenous ligand generates the Holo
(ligand bound) receptor that is transcriptionally active. Thus, luciferase-based reporters can
be used to screen for exogenous ligands since the background noise caused by NHRs present
in cells in Apo configuration is low. Under these conditions, the addition of high affinity
ligand produces a sharp increase in specific reporter transcription. While some deorphanized
NHRs, such as DAF-12, which binds dafachronic acids in nematodes [72] fit into this
model, ligands to other NHRs may not be identified based solely on luciferase assays or
receptor binding and may require to link the identified ligand with the biological activity of
the receptor. A very stringent criteria that still needs to be applied to many non-classic
NHRs that have putative ligands (Table 1).

The study of NHRs with endogenous ligands, such as RORy/vt, will require the next
generation of reporter systems, which are based on ligand-auxotroph cell lines and
maintained in ligand-free synthetic media [42]. In the case of RORY/yt, this was achieved by
growing and maintaining insect cells, which are natural sterol auxotrophs, in sterol-free
synthetic media [42, 73]. Insect cells are incapable of producing any type of sterol lipid,
which has to be provided in the media. In such ligand-free systems the constitutive activity
of RORy/yt which is normally observed in mammalian cells is completely abolished, and the
agonist activity of specific ligands for RORy/yt can be directly assessed with luciferase
reporters [42]. However, the findings from such ligand-free reporter systems need to be
confirmed by genetic depletion or manipulation of the enzymes in the ligand biosynthetic
pathway in order to map the exact origin of the endogenous ligand in mammalian cells [42].
One drawback of genetic studies is that they are less useful for NHRs with broad specificity
for a whole class of ligands like RORY. This is because genetic manipulation of an enzyme
in the cholesterol biosynthetic pathway results in the depletion of CBIs downstream of the
targeted enzyme, while it promotes accumulation and increases in the intracellular
concentration of the CBI produced upstream the deleted enzyme. This is seen in Cyp517/~
fibroblasts, where precursor CBI (Fig. 1, Lanosterol) can therefore accumulate to reach
concentrations hundreds of times above the physiological concentration found in non-
manipulated cells [74]. When this approach is used to study NHRs with broad ligand
specificity such as RORy/vt, this accumulation of precursor CBI could result in the partial
replacement of the physiological ligand by the accumulated cholesterol biosynthetic
precursor [42].

Specificity of orphan NHRs for ligands

Classic hormone and vitamin receptors are exquisitely specific for their ligands but the
example of RORy/yt indicates that this is not necessarily the case for all NHRs.
Experimental evidence suggests that NHR specificity correlates with ligand binding pocket
(LBP) size [75]. Some orphan NHRs, such as NR4A2, have LBPs that are so small and
filled up with aromatic amino acid side-chains that they are thought to be ligand-
independent [76]. However, the finding that the small molecule 1,1-bis(3-indolyl)-1- (p-
chlorophenyl)methane (DIM-C-pPhCI) is a NR4A2 agonist [77] suggests that NR4A
receptors may be modulated by endogenous ligands, even though the binding site for these
compounds within the NR4A2 LBD has not been yet identified. Generally, NHRs that bind
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hormones or vitamins have small LBPs with volumes <300 A3, which can only
accommodate a small number of potential molecules [75]. At the other extreme are receptors
such as peroxisome proliferator-activated receptors (PPARS), liver receptor homolog-1
(LRH-1), PXR and constitutive androstane receptor (CAR), specialized in the catabolism of
xenobiotics or ligands which are large fatty acids and phospholipids (Table 1). The LBPs of
these receptors have volumes of >900 A3 [75]. The LBPs of RORs and LXRs fall in the
intermediate volume range between >300 and <900 A3 [75]. Thus, one would expect RORs
to be more specific than PPARs and less specific than vitamin or hormone receptors. As
discussed above, experiments in ligand-free reporter systems show that RORYy/yt-dependent
transcription can be induced by a broad range of sterol lipids, like CBIs, oxysterols, sterol
acids and secosterols [42]. This explains why several groups have described different
ligands for RORy/+t, including CBIs [42, 67], oxysterols [78, 79] and vitamin D derivatives
[80]. The broad recognition of sterol lipids by RORYy/yt may indicate that there is no highly
specific ligand and that RORy/yt, PPARs and other NHRs with medium to large LBPs may
be similar in ligand binding to that of xeno/endobiotic receptors such as CAR and PXR,
which can be modulated by a large number of structurally unrelated ligands [81-84]. The
receptors with broad specificity are shown in Table 1. Conversely, the specificity of these
receptors may be defined not by the receptor but by the abundance of a specific ligand
present in a particular cell. In most mammalian cells RORy/yt is semi-saturated by an
abundant endogenous ligand like CBIs [42, 67]. It follows that it may not matter that
RORy/vyt is promiscuous to sterol lipids, since the presence of an abundant local CBI will
result in the occupancy of most intracellular RORy/vyt by the CBI, which outcompetes other
exogenous sterols. In this case removing the endogenous ligand may result in an “apparent”
broad specificity that does not exist under physiological conditions. Because of this effect,
when an orphan NHR shows promiscuous binding to structurally related ligands in ligand-
free, cell-based reporters or as recombinant protein, these studies need to be supported by
genetic studies in which the ligand metabolic pathway is manipulated. Furthermore, future
studies will require that NHR target gene expression is directly accessed by Chip-IPs to test
whether the effect of a given metabolite on a cell is directly linked to its binding to a given
NHR.

The specificity of an NHR could also be modulated by accessory proteins such as
intracellular lipid binding proteins (iLBPs) that shuttle lipids from the cytoplasm to the
nucleus in cells and in many cases transfer them to NHR [85-88]. The cellular retinoid acid
binding protein I (CRABP-I11), a iLBP, binds retinoic acid in the cytoplasm, which results in
increased nuclear transport of retinoic acid-loaded CRABP-II and direct interaction with the
retinoic acid receptor (RAR), a step that promotes the transfer of retinoic acid from CRABP-
Il to RAR [85, 86]. Similarly, fatty acid binding proteins (FABPSs), another family of iLBPs,
bind long-chain fatty acids (LCFA) and other PPAR ligands, which are then transported to
the nucleus where they interact with PPARs and transfer the bound lipid to the NHR [87,
88]. For example, when FABP5 is loaded with retinoic acid, the retinoic acid becomes a
PPARP/S ligand [89], suggesting that in these conditions FABP5 directly defines the ligand
for PPARp/S. Furthermore, the competition of lipid binding proteins such as FABP5 and
CRABP-II for retinoic acid defines whether retinoic acid will act as a RAR ligand or a
PPAR ligand [89]. This has physiological consequences since activation of PPARp/S by
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retinoic acid has been shown to inhibit TNF-a-induced apoptosis in tumor and keratinocyte
derived cell lines, while activation of RAR by retinoic acid rather enhances TNF-a-induced
apoptosis in these cells [89]. Thus, changing the FABP5/CRABP-II ratio in cells can shift
retinoic acid binding from one receptor to another and convert a pro-apoptotic signal
mediated by RAR into an anti-apoptotic signal mediated by PPAR [89].

It is tempting to speculate that similarly to RARs and PPARs, RORs may also utilize iLBPs
for ligand transport/loading. The need for a dedicated iLBP for particular biological
outcomes in response to stimulation with broad activity NHR ligands would explain why
CBIs provided in media can only partially reconstitute RORy/yt reporter activity in
mammalian cells with genetic deficiencies in sterol biosynthesis such as Fdft1~/~ cells [42].
If this is the case, it is tempting to speculate that the specificity of RORy/yt would depend on
the interacting iLBP and depending on cell type and context, RORy/yt could bind different
sterols.

RORs: Metabolic regulators of cholesterol biosynthesis?

Another distinct feature of metabolic NHR-regulated transcription is the “feedback”
mechanisms whereby the genetic program induced by NHRs directly modulates the ligand
biosynthetic pathway. For example, in the liver, binding of oxysterols to LXRa promotes
the conversion of oxysterols into bile acids [90], while binding of bile acids to FXR results
in inhibition of bile acid biosynthesis in the liver and increased transport of bile acids from
intestine to liver [91]. However, for other orphan NHRs the connection between NHR
activation and ligand metabolism is not so obvious. CBIs are ligands for RORy/yt but as yet,
there is no known direct link between the genes and cellular processes regulated by RORy/yt
and cholesterol biosynthesis or catabolism. RORyt plays an important role in immunity,
particularly in the development of lymph nodes [55, 56], gut-associated lymphoid tissues
(GALT) [92] and Th17 cells [93]. The lymph node and GALT deficiencies in RORy/yt-
deficient animals are attributed to the absence of specific cell lineages, lymphoid tissue
inducer cells (Lti) and Lti-like cells [55, 56, 92]. Lti cells are thought to be the terminal
differentiation products of an 1d2-dependent precursor derived from common lymphoid
progenitors (CLPs) [94]. In the T-cell lineage, RORyt is important in the differentiation of
Th17 cells but not for other T helper cell lineages [93]. Surprisingly for a transcription factor
with such dramatic effects on Th17-cell differentiation, RORvt directly regulates the
expression of only a small number of genes, including some interleukins and chemokines
(11173, 1117f, Ccl20), interleukin receptors (1123r, 111r1, Lth4r1) and proteases and
membrane proteins (Furin, Fam124b, Tmem176a, Tmem176b)[95]. None of these RORyt
targets have been shown to be directly related to the metabolism of sterol lipids. RORyt does
play a role in Th17-cell differentiation as a positive and negative modulator of genetic
programs initiated by other key transcription factors including IRF4, BATF and STAT3 [95]
but a direct connection between cholesterol metabolism and the genetic programs initiated
by these transcription factors has not been reported so far.
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Conclusions

NHRs play an important role in the development and function of the immune system. The
deorphanization of NHRs is not a trivial process. Some NHRs bind common endogenous
metabolites present in all mammalian cells. For these NHRs it is necessary to develop new
technologies such as ligand-free, cell-based reporter systems and genetic manipulation of
metabolic pathways to define candidate ligands. If the NHR is highly specific for one
metabolite, the technologies discussed in this Review maybe enough to identify a natural
ligand. However, when receptors are of broad specificity, genetic manipulation of the ligand
biosynthetic pathway may restrict the number of potential ligands. Further support for the
ligand has to be obtained by identification of ligand carriers such as iLBPs that are natural
protein partners of the NHR and assessment of effects on NHR target gene expression after
manipulation of ligand concentration in cells. Almost half of NHRs have been shown to bind
post-cholesterol derivatives of cholesterol [1]. In the last years, pre-cholesterol CBIs have
been identified as ligands for at least two NHRs, LXR and RORy/yt [42, 67, 68, 96]. As
many canonical and non-canonical CBIs are being identified, an exciting possibility is that
these CBIs could act like intracellular hormones, serving as messengers that drive the
communication between different cellular compartments.
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Figure 1.

The mevalonate pathway, NHRs and immunity. The mevalonate pathway is divided into
pre-sterol and sterol stages (red segmented line). Compound structures and names without
immune functions are in black and enzymes of the cholesterol pathway are named in (red).
The pre-sterol intermediates are mainly produced in peroxisomes. Peroxisomes transform
Acetyl-CoA into farnesyl-diphosphate (light blue) which is also a precursor for Heme A and
O, Ubiquinone, dolichol, protein prenylation and sterol biosynthesis. The sterol-stage occurs
in the endoplasmic reticulum. It starts when squalene or its derivatives, which are linear
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precursors are cyclicized by the enzyme LSS giving origin to sterol lipids which are
molecules with 4 structural rings (A,B,C,D) shown here in the molecule lanosterol. For sake
of simplicity only the Bloch pathway is shown in its totality. Substrates have similar
structures for each pathway but the shunt pathway has a epoxy group in the side-chain (blue
arrow) while the enzyme DHCR24 removes the A24 double bond of any CBI (blue arrow in
lanosterol) to produce the intermediates of the Kandutsch-Russell pathway. The preferred
substrate of DHCR24 is 7,24-cholestadien-3p-ol (red segmented arrow).The removal of
methyl groups at C4 from T-MAS requires two cycles of processing by the enzymes
SCAMOL, NSDHL and HSD17B7. Shown is only the first cycle, the second is represented
by a circle (4aC to 3one to 3ol). The CBIs from lanosterol to 4a-methyl-zymosterol are also
called methylsterols or C4-methylated sterols. Non-canonical CBIs are produced when one
intermediate in the pathway is processed “out of order” like lanosterol (green arrow)
producing 4a-derivatives of Lanosterol. The CBls that were identified as NHR ligands with
immune functions are named in (olive green) and NHR name is in (blue); for NHR names
see Table 1. Many CBIs bind RORy/yt but the immune function of these compounds has not
been demonstrated. For a complete list of sterols that bind RORy/yt and promote reporter
activity in ligand-free systems see [42].
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Examples of the role of non-classical NHRs in immunity. (A). Control of immune
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Rev-erbo

homeostasis in the mouse gut by NHRs. In epithelium of the gut (cells with villi) the
expression of PRRs (pattern recognition receptors) is regulated by non-classic NHRs (Top).
The microbiota (yellow squares) produce indole metabolites (black dots) and pathogen
associated molecular patterns (PAMPS) (green triangles). The binding of indole metabolites
to nuclear PXR results in the regulation of TLR4 expression (top). Furthermore, the
expression of many PRRs like TLRs1-5, TLR9 and NOD?2 is regulated by the 12 hour cycle
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of the circadian clock that contains two non-classic NHRs, RORa, which promotes
transcription of PRRs and REV-ERBa which represses transcription of PRRs. RORyt
regulates the differentiation of Th17 cells and Lti-like cells (bottom) in the intestinal lamina
propria. In the intestinal lamina propria Lti-like cells most likely develop from common
lymphoid progenitors (CLP) (brown cells) that interact with the stroma (orange fibroblasts)
and induce them to differentiate into Lti-like cells (green cells), which then expand forming
cryptopatches and recruiting other lymphoid cells like T cells (Blue cells). (B). Hijacking of
the immune system by microbes using NHRs. Mycolic acid derivatives (blue stars) produced
by Mycobacterium tuberculosis (red bars) in the phagosome of macrophages (blue cell) can
act as NR2C2 (beige semicircle) ligands, promoting the formation of granulomas that
protect the bacteria from immune clearance.
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