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Oxysterols are cholesterol oxidation products, which can be absorbed from the diet, or generated by auto-oxidation or by
enzymatic mechanisms. Oxysterols result from oxidation of cholesterol on the sterol rings, the side chain, or both. This
generates a diverse range of oxysterol congeners that have distinct biophysical properties.
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| 1. Introduction

In addition to being reaction intermediates in the synthesis of bile-acids and steroid hormones, many oxysterols are
biologically active signalling molecules, regulating diverse cellular processes. Consequently, the dysregulation of oxysterol
production and action is associated with a range of diseases, including cancers [, atherosclerosis [4, age-related macular
degeneration, neurodegeneration and osteoporosis Bl. The focus of the current review are the roles of oxysterols in
immune system physiology and pathology 4I=I8],

A key class of intracellular receptors for oxysterols exert their cellular effects through changes in the transcription of target
genes . Archetypal nuclear receptors for oxysterols are the liver X receptors (LXRs), which exist as heterodimers with
retinoid X receptors (RXRs). Of the two human LXRs, LXRa (nuclear receptor subfamily 1, group H, member 3 (NR1H3))
is abundant in macrophages, liver, intestine, adipose tissue, lung, kidney and adrenal gland, whereas LXRB (NR1H2) is
ubiquitous 8. Binding of certain side-chain oxysterols (22(R)-HC, 24(S)-HC, 25-HC, or 27-HC) elicits conformational
changes that promote dissociation of LXR-RXR complexes from transcriptional co-repressors, and stimulates LXR-RXR
interaction with the sterol response elements (SREs) of target genes. These mechanisms increase the transcription of
genes involved in cholesterol clearance (ATP-binding cassette A1 and G1, CYP7ALl , apolipoprotein E) and those which
regulate multiple components of the immune system 41,

There are three widely expressed members of the SRE-binding protein family (SREBP1a, SREBP1b and SREBP2), which
are transcription factors tethered to the ER via a transmembrane-spanning domain. In the ER, SREBPs interact with
SREBP cleavage-activating proteins (SCAPs). When the levels of cholesterol and oxysterols are low, SCAP transports
SREBPs to the Golgi apparatus where it is cleaved by two resident proteases, releasing an N-terminal domain. This
domain translocates to the nucleus, where it binds to SREs in the promoters of target genes [&. These target genes
include those involved in fatty acid metabolism, cholesterol transport and immune responses €. Cholesterol, or certain
oxysterols (most notably 25-HC), bind to the ER-resident proteins insulin-induced gene-1 (INSIG-1) or INSIG-2, promoting
interaction with SCAP 19, preventing its translocation to the Golgi and activation of SREBP. Consequently, cholesterol
and some oxysterols are negative modulators of SREBP-dependent transcription.

Despite the potential for therapeutic exploitation of nuclear receptor-mediated oxysterol signalling in the regulation of
immune cell biology, this does have two key limitations. Firstly, transcriptional mechanisms are slow, with a lag of tens of
minutes to hours between the initial stimulus (change in the levels of a particular oxysterol) and the cellular response. This
may be unsuitable for the control of cellular processes that can occur over much shorter timescales, such as motility,
endocytosis and secretion. Secondly, in terms of the development of oxysterol-based immunomodulatory drugs, LXR
agonists act on the liver to increase the expression of SREBP1c, which promotes the clinically unfavourable condition of
hypertriglyceridemia B2 Targeting the main focus of the current review, cell-surface receptors for oxysterols might
provide effective solutions to these limitations. These targets can be divided into two classes: G protein-coupled receptors
(GPRs) and ion channels.



| 2. G Protein-Coupled Receptors

G protein-coupled receptors (GPCRs) are predominantly located in the cell-surface membrane. They have a characteristic
7-transmembrane (7TM) topology and regulate the activities of second-messenger-producing enzymes. Figure 1
summarizes some of the properties of the three types of GPCR that are present in the mammalian immune system and
which interact with oxysterols.
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Figure 1. Overview of the biological functions and distribution (Expression)s of oxysterol activated GPCRs in cells of the
immune system. The structures of their endogenous oxysterol ligands, details of other endogenous ligands and, where
available, models of their three-dimensional structures of these receptors are also shown. This image was created using
BioRender (BioRender.com).

The expression of GPR183 in eosinophils, together with increased oxysterol production in inflamed airways, could be
responsible for recruitment to the tissue 3. Another specialized immune compartment is the gastrointestinal tract, where
lymphoid tissue inducer (LTi)-like group 3 innate lymphoid cells (ILC3) have been found to be organized in a GPR183
dependent manner and this affects inflammatory processes in the bowel [24123],

Hydroxysterol dehydrogenase-3 B7 (HSD3B7) is an enzyme relevant in the degradation of 7a,25-OHC and a number of
other oxysterols to form bile acids. HSD3B7 is expressed in secondary lymph organ stromal cells and fDC and is
necessary to create a balanced gradient 28, It has also been found in the intestines, especially in stromal cells
surrounding the lymphoid structures 4. Interestingly, the cue for fDC localization itself is given by 7a,27-OHC, which is
produced by another enzyme, Cyp27al, also expressed in stromal cells, but also degraded by HSD3B7 1. This might be
another mechanism to achieve differential signalling.

The full length cryo-EM receptor structures resolved by Liu et al., 2020 18 further elucidated the binding of CXCL8, G; and
an antagonist at the intracellular site, overlapping with the G-protein site. CXCL8 turned out to have a fairly shallow
binding compared to other chemokine receptor/ligand complexes. In comparison with CXCR1, two major interaction sites
are likely key to permissive ELR* CXCL recognition, the PP-PC motif region on the N terminus and CSR2 that directly
interacts with the ELR motif. Another interesting finding was a resolved cholesterol located on the TM 2, 3, 4 interface at
the height of the inner membrane leaflet in the active state structure. This might indicate a different oxysterol binding site,
stabilizing the receptor in the active conformation. There have been studies looking at possible effects of cholesterol in
general chemokine receptor function ¥, and some of the mechanisms might be correlated or overlapping.

Comparing different structures resolved in recent years, some major differences can be seen in the tilt of the CRD region.
This might be due to different activation states 2921, Deshpande et al. [22 solved a full receptor structure, stabilized in the
active state by nanobody binding, with cholesterol bound in a deep pocket inside the 7TM region (PDB:603C). This
binding produces the activating changes for GPCRs, independent of Hh, especially the marked shift in TM6. The binding
pocket opens up with the receptor in a more active-like state; for example, with agonists bound higher up in the receptor,
or by stimulation from the CRD site.

GABA is the main inhibitory neurotransmitter in the vertebrate central nervous system. It exerts biological effects by
interacting with ionotropic GABApRs (see Section 3.1.3), which contain an intrinsic chloride channel, and with
metabotropic GABAgRs, which are GPCRs. There is limited evidence supporting a modulatory role for oxysterols in
GABAgR signalling. In brain slices from the rat lateral septum, the superfusion of 25-HC selectively reduced GABAgR- but
not GABAR-dependent inhibitory post-synaptic potentials 23], Microglia are known to possess both GABAgR subtypes.
The activation of these receptors inhibits microglial IL-6 and IL-12p40 secretion in response to LPS 24, The GABAgR-
selective antagonist, baclofen, is reported to inhibit DC cell activation and their priming of Th17* T cells (23,



| 3. lon Channels

Gating of ion channels permits rapid changes in intracellular ion concentrations in response to diverse stimuli, leading to
alterations in membrane potential, the second messenger Ca 2+ , cell volume, cell-death, gene expression, secretion,
endocytosis, or motility. The gating of a limited range of ion channels is known to be modulated by oxysterols, often in a
congener- and channel subtype-selective channel fashion. In addition to cell-surface channel proteins, IP 3R Ca 2+
release channels are located predominantly on the ER and are also modulated by oxysterols. This includes the
stimulation of the proteolytic degradation of IP 3Rs 28, and the assembly of IP 3R signalling complexes by &4, and direct
interactions with, ORP4L [28]. The cell-surface ion channels that are modulated by oxysterols can be divided into three
functional categories: those gated by ligands; those gated by changes in membrane potential (voltage-gated); and those
gated by multiple stimuli (multi-modal gating). The presence and roles of these channels in the immune system are largely
unexplored. These channels have considerable potential as targets for the development of new therapies to combat
immune disorders, including autoimmune diseases 4=,

Negative modulation of NMDARs by some oxysterol congeners might provide an explanation for an absence of
cytotoxicity in immune cells, in the face of high concentrations of excitatory amino acids encountered in the blood.
NMDARs are present in some immune cells, as reviewed by Boldyrev in 2005 29 Using fluorescence-activated
cytometry, GIuN1 was detected in human peripheral lymphocytes, with the activation of NMDARs in these cells being
associated with Ca 2+ influx, ROS production and cell death. In NK cells derived from this population, NMDA had no effect
on IFN-y production, but suppressed that stimulated by IL-2 B9, In mouse splenic B-lymphocytes, non-competitive
NMDAR antagonists reduced proliferation, chemotaxis and immunoglobulin secretion, but enhanced IL-10 production.
However, these antagonists block K + currents through voltage-gated K v 1.3 and K Ca 3.1 present in these and other
immune cells (see Section 3.2.1.1 and Section 3.3.1 ) B2 These observations highlight the need for caution when
interpreting the effects of small molecule drugs on immune cells.

Voltage-gated Na + channels have a canonical role in underlying action potentials in excitable tissues, but regulate cell-
volume, motility, secretion and death in other cell types. They are comprised of a channel-forming, voltage-sensing a
subunit (Na v 1.1-1.5 encoded by SCN1A-SCN5A , Na v 1.6 encoded by SCN8A , Na v 1.7-1.8 encoded by SCN9A—
SCN11A, and Na x encoded by SCN7A) in combination with accessory proteins, such as the B-sub-units (Na v 1-4
encoded by SCN1B—SCN4B ), which influence channel gating or trafficking 3. Canonical antagonists of these channels
include the puffer-fish toxin, tetrodotoxin (TTX), and the small molecule drug, amiloride. Since voltage-gated Na +
channels are present in lymphocyte- and monocyte-derived immune cells, there is potential for small molecule modulators
of these channels to be utilized as immunotherapeutic drugs. This is offset by potentially severe side-effects of such drugs
on the nervous system 24,

The opening of a subset of voltage-gated K + channels is stimulated by increased cytoplasmic Ca 2+ concentrations. A
well-characterized member of this family is called K Ca 1.1, or Slo-1, the large-conductance K + channel BK, or MaxiK
and is encoded by the calcium-activated K + channel subunit, subfamily M, alpha-1 ( KCNMAL ) gene. BK channels are
formed from tetrameric assemblies of K Ca 1.1 protein and their electrophysiology, trafficking and interactions with ligands
are modulated by associations with accessory proteins, most notably B and y subunits 2. A key component of K Ca 1.1
gating is a switch from positively charged amino acids (the “RKK ring”) binding to negatively charged glutamate residues
in the protein when in a closed state, to binding oxygen atoms of membrane lipids when in an open state. This gating
mechanism helps explain the modulation of BK channel gating by lipophilic modulators 28, BK gating can be modulated
by cholesterol and by bile acids that interact with the channel complex at distinct sites, including at the B1 subunits 2.

| 4. Conclusions and Perspectives

Cells of the immune system contain multiple GPCRs and ion channels that are modulated by oxysterols. However, in
many cases, it is unclear if these signalling proteins are influenced by cholesterol oxidation products in vivo under
physiological or pathological settings. Similarly, many of the consequences of oxysterol modulation of GPCRs and ion
channels within the immune system have not been investigated. Furthermore, the molecular mechanisms by which
oxysterols alter the function of many of these receptors awaits full characterization. Consequently, there is considerable
scope for exploration of cell-surface receptors for oxysterols in the immune system, both for scientific discovery and for
the development of new immunotherapeutic regimes.
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