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Oxysterol control of macrophage-dependent inflammation
Eric V. Dang
Abstract

Cholesterol is a key structural component of mammalian cell membranes. Unlike
other lipids such as fatty acids, cholesterol cannot be catabolized for energy production,
necessitating feedback mechanisms to prevent pathological cholesterol accumulation.
Feedback inhibition of cholesterol metabolism involves regulation of SREBP2, the
master transcriptional regulator of cholesterol synthesis, and its chaperone protein
SCAP. In states of high cholesterol content, cholesterol causes SCAP/SREBP2 to be
retained in the ER. Interestingly, biochemical studies have shown that the oxysterol 25-
hydroxycholesterol (25-HC) is also capable of blocking SREBP2 activation by trapping it
in the ER. This has raised the question of whether endogenous oxysterols have a
physiologic function in controlling cholesterol metabolism.

Ch25h is an ER transmembrane enzyme that catalyzes the conversion of
cholesterol to 25-hydroxycholesterol. The knockout mouse for this enzyme was reported
to have no baseline defects in cholesterol homeostasis, calling into question whether
25-HC is required for inhibition of SREBP2 in vivo. In this thesis, | find that Ch25h
upregulation is required in macrophages to shut down their endogenous cholesterol
biosynthesis in response to bacterial pathogen sensing. Deletion of Ch25h in activated
macrophages results in increased expression of cholesterol biosynthesis genes, as well
as a hyper-inflammatory phenotype characterized by overproduction of the cytokine IL-
1B. These findings identify a new role for regulation of the SREBP2 pathway in

controlling set-points for inflammation.
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IL-1B normally exists in the cytosol in a pro-form and must be cleaved by an
oligomeric protein complex known as the ‘inflammasome’ to become active. Here, | find
that Ch25h provides a check on IL-1p overproduction by preventing cholesterol-
dependent activation of the AIM2 inflammasome, which is triggered by the presence of
cytosolic DNA. | find that Ch25h-deficient activated macrophages have impaired
mitochondrial function, signs of mitochondrial membrane damage, and cytosolic
accumulation of mitochondrial DNA. Thus, Ch25h is induced in macrophages by type |
IFN to protect mitochondria from cholesterol-dependent damage upon bacterial sensing.
Since AIM2 is a sequence non-specific DNA binding protein, | suggest that this circuit
exists to prevent macrophages from spuriously engaging inflammation in response to
host-derived nucleic acids.

The work described in this thesis identifies a metabolic circuit that sheds light on
how cellular cholesterol accumulation can trigger inflammasomes. This has implications
for metabolic inflammation, and provides a framework for future explorations into the
role of cholesterol as an inflammatory driver in diseases such as atherosclerosis and

metabolic syndrome.
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Chapter 1

25-hydroxycholesterol blocks interleukin 1-driven inflammation

downstream of type | interferon



Summary

Type-l interferon (IFN) protects against viruses yet it also has a poorly understood
suppressive influence on inflammation. Here we report that activated mouse
macrophages lacking the IFN-stimulated gene, cholesterol 25-hydroxylase (Ch25h), and
that are unable to produce the oxysterol 25-hydroxycholesterol (25-HC), overproduce
inflammatory interleukin 1 (IL1)-family cytokines. 25-HC acts by antagonizing sterol
response element binding protein (SREBP) processing to reduce //1b transcription and
to broadly repress IL1-activating inflammasomes. In accord with these dual actions of
25-HC, Ch25h-deficient mice exhibit increased sensitivity to septic shock, exacerbated
experimental autoimmune encephalomyelitis and a stronger ability to repress bacterial
growth. These findings identify an oxysterol, 25-HC, as a critical mediator in the
negative feedback pathway of IFN signaling on IL1-family cytokine production and

inflammasome activity.



Introduction

As well as having potent anti-viral activity, type | IFN has a suppressive influence on
immunity, an action that helps prevent uncontrolled inflammation and that underlies its
utility in treatment of certain autoimmune diseases such as multiple sclerosis (7-4). This
suppressive action also contributes to the increased propensity for bacterial infection
following viral infection (1, 2). A central facet of the IFN-mediated suppressive effect is
down-regulation of inflammasome activity and IL1 production (3, 5). However, which of
the several hundred IFN-stimulated genes are responsible for these effects are poorly
defined. The IFN-stimulated gene Ch25h (6) was recently shown to have broad anti-

viral activity (7, 8), but whether this gene has an anti-inflammatory role is unknown.



Results

Ch25h is an enzyme that hydroxylates cholesterol at the 25 position to generate
25-hydroxycholesterol (25-HC) (9). Ch25h is strongly induced in myeloid cells by Toll-
like receptor (TLR) ligands in a type | IFN—dependent manner (710). Recently, we and
others identified a role for a downstream product of Ch25h, 7a,25-dihydroxycholesterol
(7a,25-HC), as a ligand for EBI2 (GPR183) (11, 12). During studies comparing Ch25h-
and EBI2-deficient mice, we found that Ch25h™~ mice had increased frequencies of IL-
17A" T cells in spleen and lymph nodes (Fig. 1A). The frequencies of IFN-y—producing
and regulatory T cells were unaffected (fig. S1A). Ch25h-deficient mice also had
increased neutrophil counts (Fig. 1B), a phenotype seen in other strains with elevated
IL-17A" cells (13, 14). Gpr183~~ mice were not affected in these parameters (fig. S1B).
These data indicated that Ch25h was acting via an EBI2-independent pathway to
regulate IL-17A" T cell and neutrophil numbers, two cell populations that often promote
inflammation.

Because Ch25h can be expressed at high levels in activated macrophages
(7, 8, 15—17), we asked whether the IL-17A—polarizing activity of lipopolysaccharide
(LPS)—stimulated macrophage cultures was altered by Ch25h deficiency. Culture
supernatants from Ch25h-deficient macrophages induced more IL-17A" T cells than
supernatants from control macrophages (Fig. 1Cand fig. S1, C and D). T helper 1 (Ty1)
and Ty2 cell differentiation were unaffected (Fig. 1C and fig. S1C). As expected, LPS
stimulation of bone marrow—derived macrophages (BMDMs) caused Ch25h induction in
an IFN-a receptor (IFNaR)—dependent manner (fig. S1E), and this was associated with

increased 25-HC in culture supernatants (fig. S1F). However, when 25-HC was added



to T cell cultures at this concentration (100 nM), it was without effect (fig. S1G). These
data suggested that the Ch25h™~ and control macrophage culture supernatants were
differing in some other constituent that affected Ty17 cell differentiation.

Cytokines that synergize with transforming growth factor—3 (TGFp) to induce
Tn17 cells include IL-1B, IL-23, and IL-6 (718). Analysis after LPS stimulation revealed
that /l1b was transiently overproduced in Ch25h-deficient macrophages,
whereas /I6 and /23 were unaltered (Fig. 2A). LPS stimulated EBI2-deficient BMDMs
had wild-type amounts of //1b (fig. S2A). Activated BMDMs lacking Cyp7b1, the enzyme
that converts 25-HC to 7a,25-HC, also produced normal //1b levels (fig. S2A), and their
culture supernatants contained unaltered amounts of 25-HC (fig. S2B), consistent with
minimal Cyp7b1 expression in BMDMs (fig. S2C). Flow cytometric analysis showed
elevated pro—IL-1B in Ch25h-deficient compared with wild-type macrophages (Fig. 2B).
Confirming the presence of secreted IL-1p3, IL-17A induction by Ch25h-deficient
macrophage supernatants required T cell IL-1 receptor (IL-1R) expression (fig. S2D).
The I11b elevation in Ch25h™~ BMDMs occurred without a change in transcript stability
and was preceded by induction of precursor mRNA, which indicated that it was due to
increased transcription (Fig. 2C).

IL-1B secretion occurs after cleavage of pro—IL-13 by the inflammasome-
activated protease caspase-1 (79). LPS treatment causes inflammasome priming by up-
regulating expression of Casp-1, NiIrp3, and Asc (19), and induction of these transcripts
occurred normally in Ch25-deficient BMDMs (fig. S2E). Full inflammasome activation
depends on exposure to an activating agent, such as adenosine triphosphate (ATP)

(19). IL-1B was elevated in the supernatant of LPS-stimulated Ch25h~ BMDMs



exposed to ATP (Fig. 2D), whereas IL-6 was unaffected (Fig. 2D), and IL-23 was too
low for measurement by enzyme-linked immunosorbent assay. LPS-stimulated Ch25h-
deficient BMDMs also overproduced IL-18, another caspase-1-dependent IL-1 family
member (79) (Fig. 2D). The increased secretion of IL-18 occurred in the absence of any
transcript level differences (fig. S2F), which suggested that Ch25h-deficient BMDMs
had elevated inflammasome activity.

Type I IFN inhibits NLRP3-containing inflammasomes by an undefined
mechanism (2, 4, 5). LPS-primed Ch25h-deficient BMDMs exposed to ATP showed
exaggerated caspase-1 activity, compared with equivalently treated control
macrophages (Fig. 2), F and G, and generated more processed IL-1B (Fig. 2H). A slight
elevation in caspase-1 activity was evident in Ch25h‘/‘macrophages not exposed to
ATP (Fig. 2, F and G), consistent with the elevated IL-1B bioactivity in these
supernatants (Fig. 1C). Increased caspase-1 activity in Ch25h-deficient BMDMs was
also observed after treatment with the additional NRLP3-inflammasome activators
nigericin and alum, the NLRC4-inflammasome activator flagellin, and the AIM2-
inflammasome activator poly(deoxyadenylic-deoxythymidylic) acid [poly(dA:dT)] (Fig.
21). This broad inflammasome-repressive action of Ch25h suggests that it acts across
nucleotide-binding oligomerization domain—like receptors (NLRs) or at a site
downstream of the NLRs.

To test whether the Ch25h product was sufficient to regulate //1b expression and
caspase-1 activation, LPS-treated BMDMs were incubated with 25-HC. 25-HC
suppressed lI1b mRNA, protein expression, and inflammasome activity in Ch25h-

deficient cells, such that the amounts induced were similar to endogenously 25-HC—



producing control cells (Fig. 3A and fig. S3A). 25-HC had no significant effect

on /6 expression (fig. S3A). Mass spectrometry of Ch25h”~ BMDMs incubated with 25-
HC confirmed their ability to take up the oxysterol (fig. S3B). Incubation with similar
concentrations of cholesterol or 7a,25-HC did not cause any change in //1b levels or
protein expression (Fig. 3A). Moreover, although transduction of both control and
Ch25h-deficient BMDMs with wild-type Ch25h repressed //1b expression and
inflammasome activity, transduction with a point mutant that lacks enzymatic function
(20) did not (Fig. 3B and fig. S3C).

25-HC is one of several oxysterol ligands for the nuclear hormone receptors, liver
X receptor—a (LXRa, encoded by Nr1h3) and LXRB (Nr1h2) (21, 22), which can
negatively regulate //1b expression (23-26). However, whether 25-HC has a
physiological role as an LXR ligand remains unclear (27, 28). We did not observe any
overinduction of //1b transcripts, intracellular pro—IL-1[3, or secreted IL-1B after LPS
exposure of macrophages generated from LXR-deficient (Nr1h27-37") mice compared
with those from control bone marrow (BM) (fig. S3D). Moreover, transduction of LXR-
deficient cells with Ch25h led to a similar repression in IL-1B production to that observed
with control BMDMs (fig. S3E). These observations suggest that 25-HC acts via an
LXR-independent mechanism to regulate //7b transcription.

In vitro, 25-HC can repress sterol response element-binding protein (SREBP)
processing into active transcription factors, which are required for cholesterol
biosynthesis (29, 30) (fig. S3F). However, Ch25h-deficient mice have intact cholesterol
metabolism, which makes it unclear whether 25-HC has a physiological role as a

negative regulator of SREBP processing and, therefore, sterol biosynthesis (9, 28). To



further explore how Ch25h might regulate //7b expression and inflammasome activity,
we performed RNA sequencing (RNAseq) on LPS-treated BMDMs. This analysis
revealed a striking elevation in transcripts for SREBP target genes in Ch25h™"
macrophages (Fig. 3C and fig. S3G). It also confirmed the elevation in //1b and showed
that /118, 116, and tumor necrosis factor (Tnf) were not greatly changed (fig. S3H). A
panel of IFN-stimulated genes was induced in both wild-type and Ch25h-deficient cells
compared with /fnar1”~ BMDMs (fig. S31). Nr1h2”~37~ macrophages showed little
alteration in the expression of SREBP target genes (Fig. 3C and fig. S3H). Western
blotting confirmed that Ch25h deficiency was sufficient to deregulate SREBP processing
in activated BMDMs (fig. S3J). These data implicate repression of SREBPs as a major
pathway of gene regulation by 25-HC in activated macrophages. Sterol biosynthesis is
down-regulated in IFN-exposed cells (7, 37), and our findings suggest that Ch25h is a
key IFN-induced gene responsible for this repression.

25-HC antagonizes processing of SREBP-1 and -2 by promoting their insulin-
induced gene (INSIG)-mediated retention in the endoplasmic reticulum (ER), out of
reach of activator proteases in the Golgi (32) (fig. S3F). To test whether 25-HC—
mediated suppression of //1b could be explained by activation of INSIG, we took
advantage of the observation that INSIG overexpression is sufficient to inhibit SREBP
processing even without addition of a ligand (32). Indeed, INSIG1 overexpression in
Ch25h-deficient BMDMs led to reductions in LPS-stimulated //1b transcripts and pro—IL-
18 levels, whereas expression of //6 was unaffected (Fig. 3D). In a second approach,
we examined macrophages lacking the SREBP-cleavage—activating protein (SCAP)

that is required for transport of SREBPs from the ER to the Golgi for processing (32)



(fig. S3F). SCAP-deficient BMDMs expressed reduced amounts of //1b and underwent
reduced caspase-1 activation (Fig. 3E). These data indicate that repression of SREBP
processing contributes to the mechanism of 25-HC—mediated down-regulation

of //1b and inflammasome activity.

To test whether IL-1 family cytokine production was regulated by Ch25h in vivo,
mice were treated with LPS. After a sublethal LPS dose, Ch25h-deficient mice had
more IL-1B and IL-18 in serum compared with controls (Fig. 4A and fig. S4A). IL-1q, a
cytokine that is often coreleased with IL-1B (33), was also increased (fig. S4A). Serum
IL-6 levels were unaffected (fig. S4B), and TNF was too low to measure. Splenic
macrophages from the knockout mice showed deregulated expression of several
SREBP-target genes (fig. S4C). BM chimera analysis established that Ch25h was
required in hematopoietic cells for regulation of IL-13 and IL-1a and that both
hematopoietic and stromal cell Ch25h regulated IL-18 (fig. S4, D and E).
Overexpression of Ch25h in hematopoietic cells led to elevated baseline 25-HC in
serum (fig. S4F) and to reduced IL-1B production after LPS treatment (fig. S4G). After
exposure to a lethal LPS dose, Ch25h-deficient mice succumbed ~12 hours sooner than
controls (Fig. 4B). Although it is recognized that LPS-induced death is influenced by
factors besides IL-1 family cytokines, these data establish the important role of this
single enzyme in resisting the lethal impact of septic shock (fig. S4H).

We also tested the effect of Ch25 deficiency on the course of myelin
oligodendrocytes glycoprotein (MOG)-induced EAE, an IL-17—driven inflammatory

disease (2). In accord with increased IL-17A" cell generation and with evidence that IL-



1B contributes to central nervous system pathology in this model (4), Ch25h-deficient
mice suffered from exacerbated disease compared with controls (Fig. 4C).

Macrophage infection by the bacterium Listeria monocytogenes induces type |
IFN and Ch25h expression, and bacterial replication in liver and spleen is promoted by
type | IFN signaling (7, 2). Ch25h-deficient mice were more resistant to Listeria growth
than littermate controls (Fig. 4D); IL-1B, IL-1a, and IL-18 were elevated in the serum of
infected mice (fig. S5A) and in BMDMs (fig. S5B); and the macrophage supernatants
induced greater IL-17A" T cell differentiation (fig. S5C). Bacterial growth in BMDMs
initially occurred at the same rate and then became more strongly repressed in Ch25h-
deficient cells (fig. S5D). Although there is not yet a consensus on the mechanism of
IFNaR-mediated augmentation of Listeria growth (7, 2), our data indicate that type |
IFN—-mediated Ch25h induction contributes to host susceptibility to bacterial infection
(fig. S5E).

Neutrophil recruitment to the peritoneum in response to the inflammasome
activator, alum, is IL-1B—dependent (5). After treatment with alum alone, Ch25h-
deficient and wild-type mice showed similar amounts of neutrophil recruitment (Fig. 4E).
However, Ch25h-deficient mice suffered an inability to suppress neutrophil recruitment
after type I IFN induction by poly(l:C) treatment (Fig. 4E). Similar findings were made in
Ch25h-deficient BM chimeras (fig. S5F). Six hours after poly(l:C) treatment, wild-type
mice showed a 20-fold increase in 25-HC serum concentrations (Fig. 4F). These data
indicate that 25-HC functions downstream of type | IFN to repress IL-13—mediated

peritoneal inflammation (fig. S5E).
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Discussion

We identify Ch25h as an essential part of the negative-feedback mechanism
regulating IL-1 family cytokine production during inflammatory conditions involving
type | IFN. 25-HC functions as a repressor of //71b expression and as a broad inhibitor
of inflammasome activity. Our findings support a model where 25-HC engagement of
INSIG and antagonism of SCAP-dependent SREBP processing
reduces II1b expression and inflammasome activity. We speculate that repression of
SREBP decreases I/1b expression and inflammasome activity by reducing cellular
content of key sterols, possibly including cholesterol itself. 25-HC-mediated feedback
regulation of inflammation requires multiple steps (fig. S3F), and we suggest that this
serves as a built-in delay to allow adequate IL-1 family cytokine production and
inflammasome activation before repression occurs. The anti-inflammatory actions of
25-HC defined in this study reveal a pathway that may contribute to the therapeutic
activity of type | IFN in treatment of inflammasome-dependent autoimmune disease (4),
the successful use of type | IFN in treatment of some types of cancer (1), and the
widespread occurrence of uncontrolled bacterial infection after viral infection (1, 2) (fig.

S5E).
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Experimental procedures

Mice. Wild-type and Ly5.2 (CD45.1) congenic C57BL/6 (B6) mice, 6—-12 weeks old,
were from National Cancer Institute. Ebi2-/- mice(42) were backcrossed to C57BL/6J for
11 generations. These mice carry an eGFP gene inserted in place of the Ebi2 open
reading frame. Ch25h-/- mice(75) were backcrossed to C57BL/6J for 10 generations.
Lxra+/- and Lxrb+/- mice were from Jackson laboratories. Animals were housed in a
specific pathogen—free environment in the Laboratory Animal Research Center at UCSF
and all experiments conformed to the ethical principles and guidelines approved by the

UCSF Institutional and Animal Care and Use Committee.

Cells. Bone marrow (BM) cells were differentiated in DMEM with 10% FBS and 10% M-
CSF-conditioned medium for 6-7 days, then plated at 1 x 10° cells/ml and cultured
overnight. BMDMs were primed with 100 ng/ml LPS (E. coli 0111:B4; Sigma) for the
indicated time. For ELISA detection of IL1p, IL1a. and IL18 and Caspase-1, ATP
(Sigma) was added at the concentration of 5 mM for the final 45 min of culture. In one
set of experiments nigericin (0.4 mM; Sigma-Aldrich), alum (300 mg/ml; Pierce
Biochemicals), poly(dA:dT) (1 mg/10° cells; Sigma-Aldrich) and flagellin (1 mg/10° cells;
a gift from Anthony DeFranco) were added to LPS-stimulated BMDMs for 12 hours in

order to activate inflammasomes.

Bone marrow chimeras. Ly5.2 congenic or Ch25h-/- mice were lethally irradiated with
either 1,100 or 1,300 rad in split doses and reconstituted with 1-3 x 10° BM cells from

wild-type and Ch25h—/— donors. Mice were analyzed 8-12 weeks later.
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BMDM transduction. BM cells were differentiated in DMEM with 10% FBS and 10% M-
CSF-conditioned medium for 2 days then spin-infected with a retroviral construct
expressing Ch25h, Ch25h mut(20), Insig1 or control and an IRES-Thy1.1 cassette as a
reporter. In some experiments a retroviral construct expressing ER-Cre and an IRES-
hCD4 was used. Two days after the spin infection, Thy1.1 positive cells were FACS
sorted and cultured for a further 3 days before performing any experiment. Cells were
always cultured in presence of 10% M-CSF-conditioned medium. ER-Cre transduced
BMDMs were cultured in the presence of 4-hydroxytamoxifen (1 uM) for 2 days before

performing any experiment.

Flow Cytometry. Cells were stained with Abs to TCRyd (GL3), TCRp (H57-597), IL17A
(17B7), IFNy (XMG1.2), CD11b (M1/70), Ly6G (1A8), Ly6C (HK1.4), CD115 (AFS98),
F4/80 (Cl:A3-1), pro-IL1B (NJTEN3), CD4 (RM4-5), CD44 (IM7) and CD25 (PC61) (from
Biolegend, BD Biosciences, or eBioscience). Biotin conjugates were detected with
streptavidin Qdot605 (Invitrogen). To detect IL17A and IFNy, cells were stimulated for 4
h with 50 ng/ml PMA (Sigma-Aldrich) and 1 mg/ml ionomycin (EMD Biosciences) in
brefeldin A (BD Biosciences). Cells were stained with fixable viability dye (eFluor780;
eBioscience) to exclude dead cells then stained for surface antigens, treated with BD
Cytofix Buffer and Perm/Wash reagent (BD Biosciences), and stained with anti—IL17A
and anti-IFNy . To detect pro-IL1p cells were treated with BD Cytofix Buffer and
Perm/Wash reagent (BD Biosciences), and stained with anti-pro-IL1p. Intracellular
caspase-1 activity was analyzed with CaspalLux1 E1D2 kit (Oncolmmunin, Inc.)

following the manufacturer’s protocol.
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Cytokine enzyme-linked immunosorbent assays. Supernatants from cultured
BMDMs were collected at the times indicated. Enzyme-linked immunosorbent assay
(ELISA) antibody pairs used for IL6, IL1B3, IL1a and IL18 were as listed below. All ELISA
antibodies were used at 2 mg/ml for capture and 1 mg/ml for detection. Detection
antibodies were biotinylated and labelled by streptavidin-conjugated horseradish
peroxidase (HRP), and visualized by the addition of Substrate Reagent Pack (R&D).
Color development was stopped with 3 M H2SO4. Recombinant cytokines served as
standards and were purchased from Peprotech or R&D. Absorbances at 450 nm were
measured on a tunable microplate reader (VersaMax, Molecular Devices). Cytokine
supernatant concentrations were calculated by extrapolating absorbance values from
standard curves where known concentrations were plotted against absorbance using
SoftMax Pro 5 software. Capture/detection antibody pairs were as follows: anti-IL1a
unconjugated (364/3B3-14) and biotinylated (Polyclonal) from eBioscience; anti-IL1p3,
unconjugated (B122) and biotinylated (polyclonal); anti-IL18 biotinylated (74) and
biotinylated (93-10C) from MBL international; anti-IL6 unconjugated (MP5-20F3) and

biotinylated (MP5-32C11).

Sterols. 25-hydroxycholesterol, 7a25 hydroxycholesterol and cholesterol (Avanti Polar

Lipids) were prepared in ethanol as 10 mM stock solutions.

Endotoxic shock model. Mice (8—10 weeks old) were injected i.v. with 50 mg/kg LPS

(E. coli 0111:B4; Sigma) and monitored 8 times daily for a total of 6 days. For serum

14



cytokine measurements, a separate cohort of mice received 20 mg/kg LPS and blood

was collected 12 h later.

In vivo peritonitis. For neutrophil recruitment in the peritoneum, mice were injected i.v.
with 200 ug poly(l:C) followed by a second i.p. injection of 350 mg alum (Pierce) 5 hr
later. 12—14 hr after alum injection, mice were sacrificed, peritoneal cavities were

lavaged with 6 ml of medium and peritoneal cells were analyzed by FACS.

EAE model. Groups of female mice 8—-10 weeks of age were immunized
subcutaneously on day 0 with 100 mg MOG(35-55) (Genemed) emulsified in CFA
(Chondrex). Pertussis toxin (List Biological Labs) in 100 ul saline was injected

intravenously twice, on days 0 and 2, and disease severity was assigned scores.

Th17 priming. Naive CD4+ T cells were first enriched from spleen and peripheral lymph
nodes with anti-CD4-coated magnetic beads (Miltenyi Biotec) and then sorted with a
FACSAria (BD Biosciences) as CD4+ CD8- CD25- CD44lo CD62Lhi. Naive CD4+ T
cells were stimulated with plate-bound anti-CD3 (2 ug/ml) and soluble anti-CD28 (2
pg/ml) for 4 days. For experiments with BMDM supernatants, the T cells were incubated
ina 1in 2 dilution of 12 hr LPS stimulated BMDM culture supernatant that had been
centrifuged and 0.2um filtered and in the presence or absence of TGF (1 ng/ml). For
conventional Th17 priming, the T cells were cultured in medium containing IL6 (20
ng/ml, Peprotech), TGFB (1 ng/ml), IL1B (10 ng/ml, R&D Systems), anti-IFNy (10 ug/ml)

and anti-IL4 (10 pg/ml, BD Biosciences).
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Listeria infection. For in vivo infection, mice aged 8-10 weeks were infected
intravenously with 5 x 10° L. monocytogenes i.v. for 2 days. For in vitro infection,
BMDMs were seeded onto TC-treated dishes, incubated overnight, and infected with L.
monocytogenes at a multiplicity of infection (MOI) of 10. After 30 min the infected cells
were washed, gentamicin (50 ug/ml) treated and the cells and the supernatant were

analyzed after 24 or 48 hours.

Quantification of 25-Hydroxycholesterol. BMDM were treated as above, medium was
extracted with organic solvents and 25-HC quantified on a 4000 QTRAP liquid

chromatography mass spectrometer (Applied Biosystems) as described(15).

RNA Isolation and Real-Time RT-PCR. Total RNA was isolated from ~5.0x10°
BMDMs with the Trizol reagent (Life technology) following the manufacturer’s protocol.
Real-time PCR was performed using SYBR Green PCR Mix (Roche) and an ABI prism
7300 sequence detection system (Applied Biosystems, Foster city, CA). Hprt mRNA
levels were used as internal controls. Primer sequences are shown in Table S1.
RNA-seq and analysis. Bone marrow-derived macrophages (1x10°) were stimulated
with 100ng/ml LPS for 8hrs. Cells were then washed 2x with PBS and the cell pellets
were snap frozen in liquid nitrogen and stored at -80°C. RNA was extracted using the
Qiagen RNeasy Kit. RNA quality was checked using the Agilent 2100 Bioanalyzer (RIN
> 9 for all samples). Barcoded sequencing libraries were then generated using 100ng
of RNA with the Ovation RNA-seq System V2 and Encore Rapid Library System. The

UCSF Human Genetics Core performed next-generation sequencing (lllumina HiSeq
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2500) with 100bp paired end reads. Sequences were reported as FASTQ files, which
were aligned to the mm9 mouse genome using STAR (Spliced Transcript Alignment to
a Reference) (43). Generation of Log2FC values and further analyses were performed

using a Bioconductor package on RStudio.
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Figure 1. Elevated frequency of IL-17A—-producing T cells in Ch25h™~ mice and
increased IL-17A" T cell induction by activated Ch25h™" macrophages

(A) (Left) Representative fluorescence-activated cell sorted (FACS) plots of intracellular
staining for IL-17A and IFN-y in T cell receptor (TCR) yd+ cells. (Right) Percentage of
IL-17A* y& T cells and IL-17A* CD4" T cells in the indicated organs in Ch25h™" and
Ch25h™" mice (n = 22 per genotype, means + SD).

(B) (Left) Representative FACS plot showing frequency of neutrophils, detected by
staining for Ly6G and CD11b, in blood and spleen of Ch25h*~ and Ch25h™" mice.
(Right) Percentage of neutrophils in blood and spleen for 25 mice of each genotype
(means £ SD).

(C) Percentage of IL-17A" CD4 T cells primed in vitro with supernatant of 8-hour LPS-
stimulated Ch25h"~ or Ch25h™~ BMDMs, in the presence of 1 ng/ml of TGFB, for 4
days. Each point represents cells from an individual mouse, and data are pooled from
more than 10 experiments. *P < 0.05; **P < 0.01, ***P < 0.005 (unpaired Student’s ¢
test).
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Figure 2. LPS-activated Ch25h™" macrophages overproduce IL-1 and show

increased inflammasome activity.

(A) Time course quantitative real-time fluorescence polymerase chain reaction (QPCR)
analysis of /I1b, 1123, and II6 expression in BMDMs stimulated with LPS. Data are
standardized by comparison to Hprt, and A.U. indicates arbitrary unit (means £ SD from
six independent experiments).

(B) Pro—IL-1B intracellular level (arbitrary units) in BMDMs stimulated with LPS for 8
hours. Histogram plot is representative of data from more than 20 mice of each type.
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(C) (Left) Time course qPCR analysis of //17b mRNA expression after treatment with
actinomycin D for the indicated time, starting 4 hours after LPS stimulation. (Right) Time
course gPCR analysis of intron-containing (newly transcribed) pre-//1b mRNA
expression in BMDMs after stimulation with LPS. Both panels show means £ SD from
three independent experiments.

(D) (Left) IL-1B secretion by BMDMs stimulated with LPS for 8 or 12 hours and
incubated with 5 mM ATP for 45 min. (Right) IL-6 secretion by BMDMs stimulated with
LPS for 8 or 12 hours.

(E) IL-18 secretion by BMDMs stimulated with LPS for 8 or 12 hours and with ATP for
45 min. (F) Intracellular level of activated caspase-1 in BMDMs stimulated with LPS for
8 hours and ATP for 45 min. Each point in (D), (E), and (F) represents data for an
independent BMDM culture, and data are pooled from five experiments.

(G) Caspase-1 secretion by BMDMs stimulated with LPS for 8 hours and with ATP for
45 min. MFI, mean fluorescence intensity.

(H) Immunoblotting on cell pellet (pellet) and supernatant (sup) for pro—IL-1 and
mature IL-1B (p17) and for activated caspase-1 (p10) in BMDMs stimulated with LPS for
8 hours and with ATP for 45 min. (I) Caspase-1 secretion by BMDMs stimulated with
LPS for 8 hours, after culture with nigericin, alum, flagellin, or poly(dA:dT). Bars in (G)
and (1) show means (xSD) of three experiments.
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Figure 3. 25-HC represses IL-1 expression and inflammasome activation, and
Ch25h-deficient macrophages show overexpression of SREBP-target genes.
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(A) Il1b expression and pro—IL-1pB intracellular level in wild-type and Ch25”~ BMDMs
stimulated with LPS for 8 hours in the presence of 100 nM 25-HC; 7a,25-HC; or
cholesterol (CH) or with carrier (means + SD from three independent experiments).
EtOH, ethanol.

(B) Secreted caspase-1 in BMDMs retrovirally (RV) transduced with empty vector,
vector encoding Ch25h, or mutated Ch25h and then stimulated with LPS for 8 hours
and ATP for 45 min (means = SD from three independent experiments).

(C) Heat map of differentially expressed genes after RNAseq of wild-type, Ch25h™~, and
Nr1h27-37~ BMDMs stimulated with LPS for 8 hours (determined based on log2 fold
change).

(D) Effect of Insig1 overexpression on II1b, 116, and pro—IL-1p levels in 8-hour LPS-
stimulated BMDMs (means + SD from three independent experiments). F.1., fold
induced.

(E) Il1b expression, intracellular level of activated caspase-1 and secreted caspase-1 in
wild-type and Scap™"* BMDMs retrovirally transduced with ER-Cre, treated for 2 days
with 4-hydroxytamoxifen, and then stimulated with LPS for 8 hours (means £ SD from
three independent experiments). *P < 0.05; **P < 0.01, ***P < 0.005 (unpaired Student’s
t test).
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Figure 4. Exaggerated IL-1 family cytokine production, septic shock, and EAE and
improved antibacterial response in Ch25h-deficient mice.
(A) Serum IL-1B in Ch25h"~ and Ch25h~~ mice 12 hours after injection of 20 mg/kg
LPS. Each point represents an individual mouse, and data are pooled from three

experiments.
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(B) Survival of mice (n = 10 per genotype) injected with 50 mg/kg LPS (P < 0.0001 by
Gehan-Breslow-Wilcoxon test).

(C) EAE severity in Ch25h™~ and Ch25h™" mice immunized with MOGas.ss in CFA plus
PTX (n = 12 per genotype, means + SD).

(D) Bacterial growth in spleen and liver of mice infected with 5 x 10°L. monocytogenes
for 3 days.

(E) Frequency of neutrophils in the peritoneal cavity of mice challenged with PBS or
poly(l:C) intravenously followed by alum intraperitoneally. Treatments were as indicated
in diagram on left. Each point represents cells from an individual mouse, and data are
pooled from at least three experiments.

(F) 25-HC concentration in serum of PBS or poly(l:C)-injected mice (means + SD from
three independent experiments). *P < 0.05; **P < 0.01, ***P < 0.005 (unpaired Student’s
t test).
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Supplemental Figure 1. Cytokine production by lymphocytes in Ch25h-/- mice.
(A) Percent of IFNy" y8 T cells, IFNy" CD4" T and CD4" CD25" T cells in the indicated
organs in Ch25h*~ and Ch25h™" mice (n=22 per genotype, mean * s.d.).

(B) (Left) percent of IL17A* and IFNy* v8 T cells in pLN in EBI2*~ and EBI2™~ mice
(n=13 per genotype, mean + s.d.). (Right) percent of neutrophils in blood of EBI2*~ and
EBI2™~ mice (n=13 per genotype, mean + s.d.).

(C) (Left) percent of IL17A" and IFNy" CD4 T cells primed in vitro with supernatant of
LPS-stimulated Ch25h*~ or Ch25h™ BMDMs in the absence of TGFp for 4 days.
(Right) percent of IL4" and IL13" CD4 T cells primed in vitro with supernatant of LPS-
stimulated Ch25h*~ or Ch25h™ BMDMs in the presence of 1 ng/ml TGF for 4 days.
(D) Percent of IL17A" CD4 T cells primed in vitro with supernatant of LPS-stimulated
Ch25h*~ or Ch25h™" peritoneal macrophages in the presence of 1 ng/ml of TGFp for 4
days. Each point indicates an individual culture and data are pooled from 3 experiments
(E) Time course of Ch25h mRNA expression in BMDMs generated from the indicated
mice and stimulated with LPS (mean +/- SD from 6 independent experiments).

(F) 25-HC concentration in supernatants of control and LPS-stimulated Ch25h™ or
Ch25h” BMDMs.

(G) Percent of CD4 T cells expressing IL-17A following in vitro priming under Th17
polarizing conditions and treatment with 25-HC at the indicated concentrations for 5
days. Each point indicates an individual culture and data are pooled from 3 experiments
*, p<0.05; **, p<0.01, ***, p<0.005 (unpaired Student’s T-test).
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Supplemental Figure 2. EBI2 is not responsible for the Ch25h phenotype.

(A) Time course of Ch25h mRNA expression in BMDMs from wild-type, EBI2™~ and
Cyp7b17"~ mice stimulated with LPS (mean # s.d. from 6 independent experiments).

(B) 25-HC concentration in supernatant of LPS-stimulated Cyp7b1*" or Cyp7b1”-
BMDMs.

(C) Time course of Ch25h and Cyp7b1 mRNA expression in BMDMs stimulated with
LPS.

(D) Percent of IL17A* CD4 T cells from wild-type or IL1R17"~ mice primed in vitro with
supernatant of LPS-stimulated Ch25h** or Ch25h™" BMDMs in the presence of 1 ng/mi
of TGFp for 4 days.

(E) Nirp3, Asc and Casp-1 expression in wild-type and Ch25h™ BMDMs stimulated with
LPS for 8 hours.

(F) Time course of /18 expression in wild-type and Ch25h™ BMDMs stimulated with
LPS for 8 hours.

*, p<0.05; **, p<0.01, ***, p<0.005 (unpaired Student’s T-test).
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Supplemental Figure 3. SREBP pathway overactivation in Ch25h-/- BMDMs

(A) (Left) Secreted caspase-1 in wild-type and Ch25h”" BMDMs stimulated with LPS for
8hrs in the presence of 100nM 25-HC or carrier. Secreted caspase-1 was measured
after incubation with ATP. (Right) //6 expression in wild-type and Ch25h”" BMDMSs
stimulated with LPS for 8hrs in the presence of 100nM 25-HC, 7a,25-HC, or cholesterol
(CH) or with carrier (mean +/- SD from 3 independent experiments).

(B) 25-HC concentration in cell pellet of LPS-stimulated Ch25h™~ BMDMs incubated
with 100nM 25-HC for 8 hours. Right panel, 25-HC concentration in supernatant from
293T cells transduced with empty vector or Ch25h-encoding retroviral vector (mean +
s.d. from 3 independent experiments).

(C) (Left) I11b in BMDMs transduced with empty vector, vector encoding Ch25h or
mutated Ch25h and stimulated with LPS for 8hrs. (Right) IL-18 in BMDMs transduced
with empty vector, vector encoding Ch25h or mutated Ch25h and stimulated with LPS
for 8hrs and ATP for 45min (mean +/- SD from 3 independent experiments).

(D) 111b and pro-IL1p intracellular level in wild-type and LXRa/B double-deficient BMDMs
stimulated with LPS for 8 hours (mean % s.d. from 3 independent experiments).

(E) IL1pB secretion by wild-type and LXRa/ double-deficient BMDMs retrovirally
transduced with empty vector or vector encoding Ch25h and stimulated with LPS for 8
hours and ATP for 45 min (mean +/- SD from 3 independent experiments)

(F) Pathway of 25-HC induction and repressive action on sterol biosynthesis. CH25H,
INSIG, SCAP, and SREBP are each transmembrane proteins situated in the
endoplasmic reticulum (ER). IFNAR1 signaling upregulates CH25H, generating 25-HC
that binds INSIG and causes it to inhibit SCAP and prevent SREBP from leaving the
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ER. When 25-HC is low, INSIG releases SCAP and allows it to chaperone SREBP to
the Golgi where it undergoes proteolytic processing, leading to release of the active
form (SREBP*) for movement to the nucleus (NUC) to act as a transcription factor

(G) Srebp1a, Srebp2, and Ldlr transcript expression determined by qPCR in wild type
and Ch25h™~ BMDMs stimulated with LPS for 8 hours (mean +/- SD from 3 independent
experiments)

(H) RNAseq data for inflammatory cytokines from 8 hour LPS-stimulated wild-type,
Ch25h~~ or LXRa/p”~ BMDMs. Bars indicate means (ts.d., n=2).

(1) RNAseq data for IFN-stimulated genes from 8hr LPS-stimulated wild-type, Ch25h™,
or Ifnar1” BMDMs. Bars indicate means (n=2)

(J) Immunoblotting for membrane resident and nuclear SREBP2 and loading controls
(IP3R1 and H3K9) on membrane and nuclear fractions from wild-type and Ch25h™
BMDMs stimulated with LPS for 8hrs.
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Supplemental Figure 4. Hematopoietic expression of Ch25h blocks LPS-induced
IL-1 family cytokine production in vivo

(A) Serum IL-1a and IL-18 in Ch25h™ and Ch25h™ 12 hours after injection of 20mg/kg
LPS. Each point in A and B represents an individual mouse and data are pooled from 3
experiments

(B) Serum IL6 in wild-type and Ch25h” mice 12 hours after injection of 20 mg/kg LPS.
(C) LdIr, Hmgcs1, Srebp2, and Fasn transcript expression determined by qPCR in
splenic macrophages from wild-type and Ch25h™ mice injected 6 hours earlier with
20mg/kg LPS (mean +/- SD, n=3)

(D) Serum IL1B, IL1a. and IL18 12 hours after injection of 20 mg/kg LPS in wild-type
mice irradiated and transplanted with wild type or Ch25h” BM for 8 weeks. Cont
indicates uninjected control chimeras. Each point represents an individual mouse and
date are pooled from 3 experiments.

(E) Serum IL1B, IL1a and 1L18 12 hours after injection of 20 mg/kg LPS in wild-type or
Ch25h™" mice irradiated and transplanted with wild-type BM for 8 weeks. Each point
represents an individual mouse and date are pooled from 2 experiments.

(F) 25-HC concentration in serum of mice irradiated and transplanted with wild-type or
Ch25h-/- BM retrovirally transduced with either empty vector or vector encoding Ch25h.
(G) Serum IL1B 12 hours after injection of 20 mg/kg LPS in mice of the type in F. Each
point in F and G represents an individual mouse and data are pooled from 2

experiments
(H) Model for 25-HC induction and repressive action during LPS-induced septic shock
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Figure S5. Ch25h-/- mice have exaggerated inflammatory responses to Listeria

(A) Serum IL1B, IL1a and IL18 from mice infected with 5x10° L. monocytogenes for 3
days. (mean +/- SD from 3 independent experiments)

(B) IL1B, IL1a and IL-18 secreted by BMDMs cultured with L. monocytogenes for 48
hours (MOI=10). Each point represents an individual mouse and data are pooled from 3
experiments

(C) Percent of IL17A" CD4 T cells primed for 4 days in vitro with supernatant of BMDMs
cultured with L. monocytogenes for 48 hours (MOI=10). Each point represents an
independent BMDM culture and data are pooled from 3 experiments

(D) Intracellular growth of L. monocytogenes in wild type or Ch25h”" BMDMs. Each point
represents an independent BMDM culture and data are pooled from 2 experiments

(E) Model for 25-HC induction and repressive actions during a type | IFN-inducing
bacterial infection or bacterial and viral co-infection. Neuts, neutrophils

(F) Frequency of neutrophils in the peritoneal cavity of BM chimeric mice challenged
with Poly(l:C) followed by alum as in Fig. 4E. Each point represents an individual mouse
and data are pooled from 2 experiments

*, p<0.05; **, p<0.01, ***, p<0.005 (unpaired Student’s T-test).
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Supplemental Table 1. Primers used in this study

Forward primer Reverse primer
Hprt AGGTTGCAAGCTTGCTGGT TGAAGTACTCATTATAGTCAAGGGCA
I11b AGCTTCCTTGTGCAAGTGTCT GACAGCCCAGGTCAAAGGTT
116 TGGCTAAGGACCAAGACCATCCAA | AACGCACTAGGTTTGCCGAGTAGA
1118 TCAAAGTGCCAGTGAACCCC GGTCACAGCCAGTCCTCTTAC
1123p19 TATCCAGTGTGAAGATGGTTGTG CACTAAGGGCTCAGTCAGAGTTG
Ch25h GCGACGCTACAAGATCCA CACGAACACCAGGTGCTG
Cyp7bl TTCCTCCACTCATACACAATG CGTGCTTTTCTTCTTACCATC
Abcgl TTCCCCTGGAGATGAGTGT CAGTAGGCCACAGGGAACAT
Nlrpla AGGCTCTTTACCCTCTTCTA ATGTGCTTCTTCTTCTGGTA
Nlrp3 TCCTGCAGAGCCTACAGTTG ACGCCTACCAGGAAATCTCG
Nlrc4 TCACCACGGATGACGAACAG GTCAATCAGACCACCTGGCA
Aim2 ACAAAGGCAGTGGGAACAAGA GAAAACTTCCTGACGCCACC
Asc GCCAGAACAGGACACTTTGTG ACACTGCCATGCAAAGCATC
Caspasel CGCCCTGTTGGAAAGGAACT CCCTCAGGATCTTGTCAGCC
Caspasell ACAATGCTGAACGCAGTGAC CTGGTTCCTCCATTTCCAGA
Srebpla TTGGCACCTGGGCTGCT GCGCCATGGACGAGCTG
Srebp2 CTTGACTTCCTTGCTGCA GCGTGAGTGTGGGCGAATC
Ldlr GAAGTCGACACTGTACTGACCACC | CTCCTCATTCCCTCTGCCAGCCAT
pre-Il1b GGGCCTCAAAGGAAAGAATC AAAGGCAGAGTCTTCGGTGA
Fasn ACCCGAGGGATCTGGTGAA CTGTCGTGTCAGTAGCCGAG
Hmgcsl GGAAGCCTTTGGGGACGTTA ACACTCCAACCCTCTTCCCT
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Chapter 2

25-Hydroxycholesterols in innate and adaptive immunity
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Summary

Cholesterol and components of the cholesterol biosynthetic pathway have fundamental
roles in all mammalian cells. Hydroxylated forms of cholesterol are now emerging as
important regulators of immune function. This involves effects on the cholesterol
biosynthetic pathway and cell membrane properties, actions that can have anti-viral and
anti-inflammatory influences. In addition, a dihydroxylated form of cholesterol functions
as an immune cell guidance cue by engaging the G-protein coupled receptor EBI2, and
it is required for mounting adaptive immune responses. Here we review current
understanding of the closely related oxysterols, 25-hydroxycholesterol and 7a,25-
dihydroxycholesterol, and the growing evidence that they have wide-ranging influences

on innate and adaptive immunity.
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Introduction

Cholesterol is one of the most abundant lipids in mammalian cells, constituting
up to 25% of plasma membrane lipid'. Due to its rigid, hydrophobic structure,
cholesterol increases membrane packing and different membranes within the cell have
dissimilarities in fluidity as a result of differing cholesterol concentrations. Cholesterol-
rich microdomains (rafts) in the plasma membrane are important for signaling by
transmembrane receptors? and cholesterol distribution in membranes affects the
entrance, replication and budding of viruses™ *. The pathway of sterol biosynthesis from
acetyl-CoA is active in all nucleated cells and in addition to the production of cholesterol
it generates isoprenoids, lipids that are required for attaching signaling proteins to
membranes® (Fig 1). Downstream metabolites of cholesterol include oxysterols, bile
acids and steroid hormones® ’.

Forty years ago, 25-hydroxycholesterol (25-HC) was shown to have a potent
ability to mediate feedback regulation of cholesterol biosynthesis® °; however, the
physiological significance of this oxysterol came into question when mice deficient in the
lipid were found to have normal whole body cholesterol metabolism’'% ', Indications
that 25-HC might have immune-related functions were hinted at by the finding that the
enzyme required for 25-HC synthesis was upregulated in macrophages and dendritic
cells (DCs) exposed to various inflammatory mediators'®"°. Stronger evidence that 25-
HC has wide ranging roles in the immune system came from further studies of innate
and adaptive immunity. One line of investigation focused on defining the requirements
for anti-viral immunity and this led to the recognition that 25-HC is induced in

macrophages by type | interferon (IFN) and has a broad ability to neutralize the

40



replication of viruses'® . A distinct set of investigations aimed at defining the guidance
cue requirements for B cells during the antibody response led to the identification of a
role for the G-protein coupled receptor EBI2 (GPR183) in positioning activated B cells to
supportive niches'® '°; separate work de-orphanized EBI2 and revealed its ligand to be
7a,25-HC?* 2" 25-HC has also been found to regulate IgA production’, to promote
macrophage foam cell formation?*, to augment the production of some inflammatory

2324 and to mediate feedback inhibition of IL1-family cytokine production®.

cytokines
7a,25-HC has been found to function as a guidance cue also for EBI2-expressing
dendritic cells®® %", Here, we review the requirements for 25-HC and 7a,25-HC

biosynthesis and function and discuss what is known about how these 25-hydroxylated

forms of cholesterol regulate innate and adaptive immune cell behavior.
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Production of 25-HC and 7a,25-HC

Cholesterol has 4 rings and an 8-carbon side chain, and it carries a 3s-OH group
at ring A that confers polarity on this otherwise hydrophobic molecule (Fig. 2). 25-HC is
synthesized from cholesterol by the addition of a second hydroxyl group at the 25-
position, located almost at the opposite end of the structure to the 3#-OH, which makes
25-HC considerably more hydrophilic than cholesterol®. The 25-hydroxylation reaction is
carried out by cholesterol 25-hydroxylase (CH25H) a multi-transmembrane endoplasmic
reticulum (ER) protein. CH25H is a member of a family of lipid desaturases and
hydroxylases that contain a tripartite histidine box motif active site and use diiron-
oxygen as a cofactor” "2 There may be other enzymes capable of producing 25-HC
in vitro, although whether they have a role in generating this lipid in vivo remains to be
determined’”.

Conversion of 25-HC to 7a,25-HC involves hydroxycholesterol 7a-hydroxylase
(CYP7B1)-mediated hydroxylation at the 7a position?>. CYP7B1 is a cytochrome P450
family enzyme and is also situated in the ER®. The enzymatic pathway generating 25-
HC and 7a,25-HC was characterized as part of a series of studies that identified 17
enzymes functioning in the liver to convert cholesterol into bile acids’. CYP7B1 is
abundant in the liver and has a role in bile acid synthesis due to its 7a hydroxylation of
27-HC’. By contrast, CH25H is poorly expressed in healthy liver, but is more abundant
in several other tissues, leading to an early suggestion that it might function in
generating 25-HC for biological processes other than bile acid production’. CYP7B1 is
also expressed at low levels in a range of tissues in agreement with it too having roles

beyond bile acid synthesis?°.
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7a-hydroxylated sterols, including 7a-HC and 7a,25-HC, are metabolized by 3[3-
hydroxy-A5-C27 steroid oxidoreductase (HSD3B7) through oxidation of the 33 hydroxyl
into a ketone group and isomerization of the A*>® double bond. Like CH25H and
CYP7B1, HSD3BY7 is situated in the ER’. HSD3B7 functions at an essential step in bile
acid synthesis and is very abundant in liver*®. This enzyme is also detectable in other
tissues, including lymphoid tissues®!, and recent work that is discussed further below

has shown that it has an extra-hepatic role in metabolizing 7a,25-HC.
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Feedback suppression of sterol biosynthesis

The existence of a negative feedback loop in which cholesterol suppresses its
own biosynthesis emerged from classic studies on whole animal cholesterol
homeostasis carried out in the 1930s (reviewed in*?). Experiments exploring the
mechanism of cholesterol feedback regulation led to the discovery that several oxidized
forms of cholesterol, including 25-HC, were more effective at inhibiting sterol
biosynthesis in vitro than cholesterol itself® °. A remarkable series of biochemical and
cell biological studies led to the molecular definition of the cholesterol negative feedback
circuit (Fig. 3)*2.

Sterol biosynthesis is promoted by sterol response element binding proteins
(SREBPs; in particular SREBP2), transcription factors that derive from inactive
membrane-spanning proteins in the ER> 32, In its active state, SREBP2 promotes
expression of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), a rate limiting
enzyme in the cholesterol biosynthetic pathway, and many other enzymes in the
pathway, as well as molecules involved in cholesterol uptake such as the low density
lipoprotein (LDL) receptor®®. To become active transcription factors, SREBPs must
move from the ER to the Golgi to be processed by site-1 and site-2 proteases (Fig. 3).
SREBPs are escorted from the ER to Golgi by the multi-transmembrane SREBP-
cleavage activating protein (SCAP)%*. SCAP is not just an escort protein, but also a
cholesterol sensor, that contains a sterol-sensing domain (SSD); when cholesterol
levels in the ER build up, SCAP conformation is modified, causing it to bind ER-resident
INSIG proteins (insulin induced genes-1 and -2). The interaction with INSIG proteins

retains SREBPs in the ER in their inactive form, accounting for the mechanism of
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cholesterol-mediated feedback inhibition of sterol biosynthesis. It was predicted that 25-
HC might function in the same way, but it turned out that 25-HC instead binds the multi-
transmembrane INSIG proteins and modifies their conformation to cause association
with SCAP. Through this alternate pathway 25-HC achieves the same outcome of
preventing SREBP processing (Fig. 3)*2.

As well as repressing the expression of sterol biosynthetic enzymes such as
HMGCR by inhibiting SREBP processing, sterols, including 25-HC, promote the post-
translational downregulation of HMGCR?2. 25-HC promotes INSIG association with
HMGCR, and this leads to ubiquitylation and proteasomal degradation of this multi-
transmembrane ER enzyme®.

Although this work deciphered many aspects of cholesterol- and 25-HC-mediated
inhibition of sterol biosynthesis, it did not elucidate the in vivo significance of this
activity. Indeed, when Ch25h™~ mice were generated they were found to be 25-HC-
deficient as expected, but they suffered no defects in whole animal cholesterol
metabolism’ leaving an important question mark over the understanding of 25-HC
function'® . New findings about the actions of 25-HC in the immune system are now
beginning to show that this oxysterol does have a physiological role as a regulator of
sterol synthesis. Rather than functioning to control cholesterol homeostasis at the
organismal level, 25-HC may provide a mechanism to enable selective control of the
sterol biosynthetic pathway in restricted populations of cells responding to infectious

agents and inflammatory mediators, as discussed further below.
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Antiviral effects of 25-HC

Viruses often alter cellular lipid metabolism to support their replication® *. Over
the past two decades several studies have found that inhibition of the cholesterol
biosynthetic pathway or reducing cellular cholesterol content can decrease virus entry
and replication* ***2. This in turn led to the discovery that type | IFNs, a family of
cytokines that are strongly induced by most viral infections, cause down-regulation of
sterol biosynthesis in a mechanism that contributes to protection of the cell**.

It was therefore speculated that oxysterols might have a role in the negative
regulation of sterol synthesis during viral infection. Mass spectrometry analysis of
murine cytomegalovirus (MCMV)-infected macrophage cultures for ~20 different
oxysterols revealed, remarkably, that the only one to increase substantially after viral
infection was 25-HC'® *4. Similar observations were made for type | IFN- and
IFNy—stimulated cells. In complementary work, CH25H was found to be one of the more
strongly induced interferon stimulated genes (ISGs) out of several hundred such
genes' % In a screen of almost 300 ISGs for suppression of vesicular stomatitis
virus (VSV) replication in HEK293T cells, CH25H was amongst the most efficacious*.
25-HC had anti-viral activity in cell culture assays against more than 10 enveloped
viruses (including MCMV, vesicular stomatitis virus (VSV), West Nile virus, HIV,

16, 17 35, 44, 46, 47 and one

influenza virus, murid herpesvirus 68 (MHV68), and Ebola virus)
non-enveloped virus (polio virus)*®, but was inactive against another non-enveloped
virus (adenovirus)'® 7. Reciprocally, CH25H-deficient macrophages and B cells were

more sensitive to infection by VSV'". Although the number of in vivo experiments has so
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far been limited, treatment of mice with high doses of 25-HC decreased MHVG8 lytic
infection and HIV replication, and Ch25h-deficient mice had increased MHV68 growth™’.
Although they agreed about the importance of 25-HC as an anti-viral mediator, these
studies differed in their conclusions about the mechanism of action. One study found
that 25-HC blocked entry of VSV and HIV and suggested that the effect of 25-HC might
be through direct modification of cell membranes'” (Fig. 4). In accord with this model,
25-HC causes cholesterol to become more readily extracted from the plasma
membrane and it (together with other side chain oxysterols) has direct membrane-
disordering effects*® °°. At high concentrations 25-HC increases cholesterol ester
formation in cells and this may contribute to its mechanism of altering membrane
properties** ®'. Cholesterol esters are forms of cholesterol with a fatty acid (typically
oleic acid) attached via the 33-hydroxyl; cholesterol esters do not partition effectively
into bilayers, but intercalate into lipid droplets. In contrast with this direct membrane
modification model, another study suggested that 25-HC blocks viral replication after
entry into the cell by impeding viral gene expression'® (Fig. 4). Evidence was provided
that 25-HC-mediated antagonism of SREBPs might be involved, although this pathway
was not thought to account for all of the observed anti-viral effect'®. SREBP pathway
inhibition would fit with the finding that addition of isoprenoids partially rescues viral
replication in IFN-treated cells'®. Several viruses require prenylation of either viral or
host proteins for productive infection®. Inhibition of SREBPs also antagonized WNYV,
hepatitis C virus (HCV) and Andes virus infection, possibly by reducing plasma
membrane cholesterol or by decreasing fatty acid synthesis®® 3% 4’ A further possible

mechanism for the anti-viral action of 25-HC has been suggested by the finding that
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exposure of cells to micromolar amounts of this oxysterol activates the integrated stress
response by an undefined pathway44. This response causes suppression of protein
synthesis and can thereby inhibit viral replication**. Finally, 25HC-mediated repression
of polio virus replication was suggested to occur through interaction with oxysterol
binding protein (OSBP)*® and hence a reduction in cholesterol accumulation in
membranes that function as platforms for viral replication®®. By interacting with OSBP,
25-HC can repress OSBP-mediated delivery of cholesterol from the ER to the Golgi®.
Inhibition of OSBP function might also contribute to the mechanism of 25-HC-mediated
inhibition of influenza virus and VSV replication®*. Taken together, these observations
indicate that the lipid synthesis and compartmentalization-altering activities of 25-HC
enable it to inhibit viral replication at multiple steps along the pathway of entry,

replication and budding.
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Inflammation-regulatory effects of 25-HC

As well as having anti-viral and pro-inflammatory actions, type | IFNs have a
suppressive effect on the immune response, an action that helps to prevent
uncontrolled inflammation and that underlies their use for the treatment of certain
autoimmune diseases such as multiple sclerosis® 2. This suppressive action also
contributes to an increased propensity for bacterial infection following IFN induction by
viral infection and to the detrimental effect of type | IFN induction during various primary
bacterial infections® *°. A central facet of the IFN-mediated suppressive effect is down-
regulation of inflammasome activity and the production of IL-1 family (IL-1a, IL-1 s and
IL-18) cytokines®” *°. Recent work has provided evidence that 25-HC has a role
downstream of type | IFN in mediating this anti-inflammatory effect (Fig. 5). Ch25h-
deficient macrophages over-produce //1b transcripts and have deregulated caspase-1-
activating inflammasome activity?®. Both of these effects are due to a loss of 25-HC-
mediated repression of SREBP processing®’. The mechanism by which SREBPs
promote //1b transcription is not yet clear although no direct interaction between
SREBPs and the //1b promoter has been reported, which indicates that the effect is
probably indirect.

Inflammasome activation is a complex process that involves an activator
engaging a triggering protein that catalyzes high order oligomerization of ASC
(apoptosis-associated speck-like protein containing a CARD), which in turn leads to
recruitment and activation of the caspase-1 protease® ®'. Active caspase-1 then
cleaves the pro-forms of IL-1s»and IL-18 for release from the cell while also promoting a

form of cell death known as pyroptosis®'. The ability of 25-HC to antagonize
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inflammasome activation by NLRP3-, NLRC4- and AIM2-containing inflammasomes
indicates that SREBP activity influences a step downstream of the activator, perhaps
the ASC oligomerization or caspase-1 activation step®'. Consistent with such
antagonism, overexpression of Ch25h represses caspase-1 processing and cell death
induced in response to Listeria monocytogenes infection'. As the suppressive effect of
25-HC depends on repression of SREBP processingZ5, it seems reasonable to
speculate that altered cellular lipid content downstream of altered SREBP activity
influences the oligomerization of inflammasome components. Changes to cellular lipid
content may not be due to repression of HMGCR expression by decreased SREBP
activity, however, as treatment of cells with statins can promote IL-1 release® .
Instead it may reflect an influence of SREBP on lipid uptake and distribution in the cell.
The loss of 25-HC-mediated repression of IL-1-family cytokine production and
inflammasome activity in mice was evident in a number of ways. Ch25h-deficient mice
over-produced IL-14 IL-1a and IL-18 following LPS injection and died more rapidly from

k?*. When immunized under conditions that promote an IL-1-dependent form

septic shoc
of experimental autoimmune encephalomyelitis®®, Ch25h-deficient mice had more
severe disease than littermate controls®. Ch25h-deficient mice also had a stronger
ability to repress the growth of Listeria monocytogenes® whereas mice with
overexpression of Ch25h were less able to control infection'®, which is consistent with
type | IFN induction by this organism favoring growth by causing the repression of IL-14%
production® *°. Type | IFN induction by a range of bacteria, including Mycobacterium

64, 65

tuberculosis , is associated with decreased IL-1 levels and enhanced bacterial
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growth®® *°_ It will be important to determine whether 25-HC contributes to the
repression of IL-1 family cytokine production in these infections also.

IL-1 s over-production is seen in several human genetic disorders that lead to
increased inflammasome activity®®. One such disease, hyperimmunoglobulinemia D
with periodic fever syndrome (HIDS) is caused by hypomorphic mutations in
mevalonate kinase (MVK), an enzyme catalyzing the second step in isoprenoid and
sterol synthesis (Fig. 1)%. It is not clear why MVK-deficient patients have increased
levels of IL-1ssalthough some work has suggested that it reflects a role for
geranylgeraniol pyrophosphate in suppressing IL-1 - secretion, probably through its role
in protein prenylation®” . Fibroblasts from MVK-deficient patients compensate for the
decreased MVK activity by upregulating HMGCR expression to increase levels of
mevalonate (Fig. 1) and enable normal sterol synthesis’®. However, given that fever in
MVK-deficient patients is triggered periodically, possibly by type | IFN-provoking
stimuli®®, the MVK deficiency may cause cholesterol availability in the ER of activated
macrophages to be scarce under conditions where CH25H is normally highly active.
This could limit 25-HC production and lead to the type of exaggerated SREBP activation
that is observed in IFN-exposed CH25H-deficient cells®. These observations also raise
the question of whether mutations in other enzymes or components of the isoprene and
sterol biosynthetic pathways occur in autoinflammatory diseases.

In contrast to the repressive action of 25-HC on IL-1-family cytokine production,
other work found that 25-HC can augment macrophage and epithelial cell secretion of
some inflammatory cytokines, such as IL-6, IL-8 and MCSF?*?*, These CH25H-

dependent effects were observed most clearly in the context of cells stimulated with the
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dsRNA mimetic poly(l:C), which engages Toll-like receptor 3 (TLR3) and the
intracellular dsRNA-sensing pathway. Infection of Ch25h-deficient mice with influenza
virus, a dsRNA virus, led to decreased production of IL-6, MCSF and type | IFN in the
lung, less lung pathology and enhanced survival?®. The authors conclude that 25-HC-
mediated amplification of inflammation during viral infection can contribute to tissue
pathology. The mechanism by which 25-HC augmented IL-6, IL-8 and MCSF production
was not defined although it was suggested to involve increased promoter binding by
AP1 and NF #B transcription factors®> ?*. The related oxysterol 27-HC may augment
inflammatory cytokine production by binding oestrogen receptor-a (ERa) and stimulating
NF-kB activation”'. Whether the ERa-binding ability of 25-HC"? has relevance in this
context is not known.

More studies are needed to determine the full range of conditions under which
25-HC represses versus augments inflammatory cytokine production. In particular it will
be important to determine whether these effects occur under the same inducing
conditions and at the same time, or whether the effects are temporally separated. It will
also be important to compare the dose-sensitivity of the effects. 25-HC-mediated
suppression of IL-1 s production and of caspase-1 activation was observable with
100nM concentrations, whereas some of the pro-inflammatory effects of 25-HC
occurred during exposure to several uM or higher concentrations. Whether such high
concentrations are physiologically relevant is unknown, although high levels of 25-HC
have been reported in the sputum of patients with chronic obstructive pulmonary
disease®*. Perhaps the amount of 25-HC induced during a response determines

whether an anti- or pro-inflammatory output of this pathway dominates. The importance
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of achieving the correct balance of anti- and pro-inflammatory effects may be
particularly significant during viral and bacterial co-infection. 25-HC may help to achieve
control of both the viral infection (through direct anti-viral effects) and the bacterial
infection (for example, through IL-6-mediated augmentation of adaptive immunity and
7a,25-HC-mediated immune cell recruitment) while limiting the extent of inflammasome-

and IL-1-mediated tissue damage.
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25-HC and macrophage foam cell formation

An important function of macrophages is the phagocytic clearance of dying cells.
Such engulfment loads the macrophage with a large amount of cholesterol and other
lipids. Engulfment of cholesterol-rich substances stimulates acyl-coenzyme
A:cholesterol acyltransferase 1 (ACAT1), the enzyme that forms cholesterol esters, and
these bud off from the ER for storage in lipid droplets within the cytoplasm®'. Mice or
humans on a high cholesterol diet can develop atherosclerosis and a signature feature
of this inflammatory disease is the appearance of lipid-laden macrophages (foam cells)
in vascular lesions”. As well as being rich in cholesterol, atherosclerotic plaques
contain a range of oxysterols including 25-HC™. Using systems biology approaches in a
model macrophage system, it was found that the transcription factor ATF3 mediates
protection against lipid body formation in macrophages®. The gene that is most strongly
regulated by ATF3 is CH25H. Given that 25-HC at high concentrations promotes

cholesterol esterification and lipid body formation”>""

, the authors provided support for a
model whereby ATF3-mediated suppression of CH25H expression and hence 25-HC
production functioned to antagonize foam cell formation??. Atherosclerosis-prone apoe"'
mice that additionally lacked Cyp7b1 suffered more severe disease’’. This was
attributed to the increased levels of 27-HC in these animals’’ (Fig. 2), but it seems
possible that it was also a consequence of increased 25-HC'®. The importance of
Ch25h in vivo during foam cell formation and atherosclerotic disease progression needs
to be investigated.

As well as being induced within atherosclerotic plaques, ATF3 is induced in

macrophages by LPS and functions as a negative regulator of a range of inflammatory
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genes including those encoding IL-6, IL-12b and iNOS"®. ATF3-mediated repression of
Ch25h might contribute to this regulatory effect’?; however, as LPS strongly induces
CH25H under a variety of conditions®, more work needs to be done to understand how
the negative influence of ATF3 on the CH25H promoter® is overcome in some settings.
Under conditions in which both ATF3 and CH25H are upregulated, combined repression
of IL-6, IL-12 and IL-1 family cytokine production may occur, perhaps achieving a more

global anti-inflammatory feedback effect.
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7a,25-HC as an EBI2 ligand

Whereas the evidence that 25-HC is biologically active has existed since at least
the 1970s, a biological activity for 7a,25-HC was discovered only in 2011. Due to an
interest in identifying ligands for orphan G protein-coupled receptors (GPCRs) that are
abundant in the immune system, two groups carried out large-scale biochemical
fractionation of porcine and ovine liver extracts that activated the orphan receptor EBI2
(GPR183)% 2", Both groups identified 7a,25-HC as the most active ligand for EBI2, with
the related oxysterol 7a,27-HC having about 10-fold less potency. Despite differing by
only a single hydroxyl group, 25-HC was almost inactive as a ligand for EBI2%% %',
EBI2 was identified as an Epstein-Barr virus (EBV)-induced gene in B cells®'. EBI2 is
coupled with Ga;and ligand engagement leads to the activation of Rho family GTPases
and mitogen-activated protein kinases including ERK and p38, and to intracellular
calcium flux?® 8234 Binding of EBI2 by 7a,25-HC also induces B-arrestin recruitment to
the receptor and receptor internalization® 2" *'. Structural models of oxysterol-EBI2
docking and mutation analysis have identified many key residues of EBI2 for ligand
binding®*®’”. These include a glutamate in extracellular loop 2 (ECL2) that is suggested
to be held in place by disulphide bonds and to contact the 3 hydroxyl of 7a,25-HC®".
The 7a and 25 hydroxyl groups of 7a,25-HC are predicted to contact essential residues
within the transmembrane domains of EBI2%’. If, as suggested, ECL2 occupies a pre-
folded position over the binding pocket of EBI2, this orientation may indicate that 7a,25-
HC accesses EBI2 laterally from the lipid bilayer, as has been proposed for

188

sphingosine-1-phosphate access to S1PR1™". Tool compounds with EBI2 antagonistic
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activity have recently been identified and may prove useful in interrogation of the

oxysterol-EBI2 pathway®®.

For B cell guidance
EBI2 is widely expressed in the immune system and is rapidly upregulated in B

cells following B cell receptor engagement™

. Activated B cells migrate strongly in
response to nanomolar concentrations of 7a,25-HC?% 2" 3! Within a few hours of
antigen encounter, EBI2 promotes B cell positioning in the outer follicles of lymphoid
tissue, close to sites where antigen enters these structures®' (Fig. 6). After 6 hours to 1
day of antigen encounter, EBI2 functions together with the chemokine receptor CCR7 to
distribute activated B cells along the interface between the B cell follicle and T cell zone,
a location that facilitates encounters between B cells and cognate T helper (Ty) cells'®
19.91.92 ©D40 signals derived from Ty cells sustain EBI2 expression on activated B cells
while promoting CCR7 downregulation, which leads to EBI2-dependent B cell
positioning again in the outer follicle but now with a preference for interfollicular
regions®" %, The purpose of B cell positioning in interfollicular regions needs further
investigation, but the enriched presence of DCs in these areas and the ability of DCs to

augment plasmablast responses® %

points to a possible role for EBI2 in favouring B
cell-DC contacts. Alternatively, macrophages or specialized stromal cells of this region®
may provide supportive or mitogenic signals for B cells®” or the position may enhance
exposure to newly arriving antigen®. During differentiation into GC B cells, EBI2 down-
18,19

regulation is important for precursor cell movement to the follicle centre

Downregulation of EBI2 probably occurs due to BCL6-mediated repression and may
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involve signaling through STAT6-dependent cytokine receptors® '°; however, low
levels of EBI2 expression can be maintained in some GC B cells such that the receptor
could potentially influence cells even in this compartment®.

EBI2 deficiency in mice leads to reduced early IgM and IgG antibody responses
against several types of T cell-dependent antigen, and when EBI2 deficiency is
restricted to B cells, antibody responses remain defective'® '°. Each B cell migration
step that is influenced by EBI2 seems likely to have some effect on the efficiency with
which B cells acquire antigen and receive signals from Ty cells, and possibly from DCs
and other accessory cells. The extent to which each of these EBI2-dependent steps is
required for mounting a plasma cell response can be expected to differ depending on
the properties and amount of the inducing antigen. Although EBI2 was suggested to
have direct signaling influences on B cell responses in vitro®' this effect was not found in
all studies™®. It remains to be seen whether the receptor will have influences on B cell
responses beyond those on positioning.

In contrast to their compromised IgM and IgG responses, Ch25h™~ mice have
increased IgA production’. However, this effect does not reflect a role for CH25H in
generating 7a,25-HC as Cyp7b1~~ mice have the opposite phenotype, having a slight
reduction in serum IgA"®, and EBI2-deficient mice have not been reported to have
altered IgA production. The mechanism at work is not yet clear although it was
suggested that 25-HC could antagonize IgA isotype switching in vitro'®. Beyond direct
effects on B cells, it might be speculated that altered inflammatory cytokine production
in intestinal tissues due to the lack of 25-HC leads directly, or perhaps indirectly through

alterations in the commensal flora'™", to effects on IgA production.
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Although it is strongly upregulated after B cell activation, EBI2 also influences the
distribution of naive B cells, favoring their migration to the outer edge versus center of
the follicle, and one real-time imaging study provided evidence that Ebi2”" B cells
migrate faster than wildtype B cells inside follicles'®?. The dominant chemoattractant
receptor on naive B cells, CXCR5, guides the cells into follicles in response to the
chemokine CXCL13%. An in vitro study suggested that EBI2 can heterodimerize with
CXCRS5, but the functional relevance of this putative interaction for in vivo B cell
migration remains untested'®®. CD4"* T cells and a subset of CD8" T cells also express
EBI2 and these cells migrate in response to 7a,25-HC?'. In addition, the receptor is
upregulated in some effector T cells®® '®. BCL6-mediated repression of EBI2
expression in Tgy cells may be important for their ability to support GC responses'®.
The impact of EBI2 deficiency in T cells on immune responses remains to be

investigated.

For dendritic cell homeostasis

DCs in mice and humans highly express EBI2 and mouse DCs migrate in vitro in
response to 7a,25-HC?% 2" 2627 \When the DC compartment in EBI2-deficient mice was
closely examined it was found that the frequency of CD4" DCs in the spleen and lymph
nodes was significantly reduced; this is also the DC subset that expresses the highest
levels of EBI2 and that migrates most vigorously in response to ligand®® ?’. Within the
spleen, CD4" DCs that express the lectin DCIR2 are enriched in marginal zone bridging
channels, a specialized type of interfollicular region, and in situ staining revealed that

EBI2 is necessary for DC positioning in this location®® ?”. The marginal zone bridging
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channels are located adjacent to the marginal zone, a site where blood is released by
open-ended terminal arterioles'®®, and EBI2-mediated positioning in the bridging
channels was shown to facilitate DC encounter with particulate antigens®’. This work
provided an explanation for the decreased number of CD4" DCs in EBI2-deficient mice
as these cells are dependent on lymphotoxin (LT)-a™s& cytokine signals for survival
and positioning in the bridging channels provides exposure to this B cell-derived trophic
factor?” "%, Thus, EBI2 and 7a,25-HC have an important homeostatic role in CD4* DCs
by promoting their positioning in a location where they encounter both a trophic factor
and blood-borne particulate antigens. EBI2 deficiency in DCs is associated with a
reduced ability to support CD4" T cell and B cell responses to particulate blood-borne
antigens®® %, EBI2-mediated positioning of B cells and DCs (and possibly CD4" T cells)
in interfollicular regions may foster interactions between these cell types that directly

augment the antibody response.

In inflammatory and autoimmune diseases

A genetic study in spontaneous hypertensive rats linked a single nucleotide
polymorphism (SNP) in the Ebi2 promoter to inflammation of the heart, pancreas and
several other organs'®®. EB/2-linked SNPs have also been associated with cardiac
inflammation, type | diabetes and inflammatory bowel disease in humans'%®"'"°. Some
of the macrophages present in mouse heart, pancreas, kidney and liver express EBI2
and in vitro studies with rat macrophages suggested that the inflammation-associated
SNP causes decreased EBI2 expression'®. Lower EBI2 expression was argued to lead

to less inhibition of an IRF7-driven inflammatory gene network'®®. This may occur due to
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EBI2 signaling negatively regulating IRF7 activity, and such an EBI2-dependent effect
was recently suggested to occur in plasmacytoid DCs'"". Alternatively, and perhaps
more likely, decreased EBI2 expression may have migration-dependent effects that shift
the balance of myeloid cells in the tissue in favor of more inflammatory cells. Human
blood-derived macrophages upregulate EBI2 after activation and migrate in response to
7a,25-HC™'?# " Consistent with EBI2 influencing cell recruitment in a range of tissues,
EBI2 ligand, detected using a sensitive bioassay, was present in all tissues examined
including liver, lung, heart and brain®’. However, studies in EBI2-deficient mice have not
reported spontaneous tissue inflammation and therefore more work is needed to
establish that the causative rat and human SNPs are acting through effects on EBI2
expression.

Given the function of EBI2 in B cells and DCs in augmenting responses to T cell-
dependent antigens, it is perhaps not surprising that the EBI2 gene is within a
chromosomal interval linked with susceptibility to systemic lupus erythematosus
(SLE)"* "% Further work will be needed to determine whether this linkage involves an
EBI2 allele that is over- or under- expressed. One study did find EBI2 downregulation in
total white blood cells from patients with SLE, although this may have been an indirect
effect of increased type | IFN levels causing alterations in circulating cell types''®. The
association between increased type | IFN levels and SLE'"” and the development of
autoantibody-mediated diseases in type | IFN-treated patients with hepatitis C''® does,
however, raise the question of whether CH25H induction and increased production of
25-HC and 7a,25-HC contribute to autoantibody production or end organ inflammation.

In addition to inflammatory and autoimmune disease, dysregulated EBI2 expression has
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been observed in some lymphoid and myeloid malignancies®. EBI2 was cloned as an
EBV-induced gene and it is notable that EBV" B cells concentrate in interfollicular
regions of tonsil, which is perhaps consistent with EBI2 having a dominant influence on
their positional behavior''® '2°. EBI2 induction may also contribute to the mechanism by

which EBV predisposes to the development of SLE'?".

Enzyme distribution and 7a,25-HC gradients

Although studies on the anti-viral and inflammation-regulatory functions of 25-HC
have highlighted its strong inducibility in myeloid cells by inflammatory signals, the main
Ch25h and Cyp7b1-expressing cell types required for B cell and DC positioning are
radiation-resistant stromal cells®'. Ch25h and Cyp7b1 are abundantly expressed in
inter- and outer-follicular regions of lymphoid tissues whereas their expression is
repressed in the central region of follicles®’. Both enzymes are also abundant in the T-
cell zone, but in this region there is also a high level of expression of HSD3B7, the
enzyme that converts 7a,25-HC to a metabolite that is no longer active as a ligand for
EBI23" (Fig. 2). These observations begin to provide an explanation for how the pattern
of 7a,25-HC in lymphoid tissues is established in the steady state; however, it remains
unknown how the upregulation of CH25H that occurs after exposure to inflammatory
agents re-shapes the 7a,25-HC gradient(s).

Ch25h- and Cyp7b1-deficient mice phenocopy Ebi2-deficient mice in terms of
showing defective B cell positioning in interfollicular regions and reduced T cell-
dependent antibody responses® *'. They also show an equivalent reduction in CD4"

DC numbers? 3" These data provide strong support for the conclusion that the major

62



EBI2 ligand guiding B cell and DC movements in steady-state lymphoid tissues and
early following immunization is 7a,25-HC. The involvement of the related oxysterol,
7a,27-HC (Fig. 2) as a migratory cue under some in vivo conditions or in locations that
have not yet been examined remains likely, particularly considering that 27-HC is the
most abundant oxysterol detected in circulation’. It also remains possible that enzymes
in addition to CH25H may contribute measurably to the generation of 25-HC and 7a,25-
HC in some circumstances® ' %2 Interestingly, Hsd3b7-deficient mice show similar B
cell and DC defects to Ebi2-deficient mice despite having markedly raised
concentrations of 7a,25-HC in lymphoid tissues®'. These data provide support for a
model where the distribution of 7a,25-HC rather than merely its presence is crucial for
EBI2 function, which is consistent with this oxysterol functioning in a compartmentalized

manner, possibly in gradients, to guide cell positioning.

63



Are 25-HC and 7a,25-HC functions integrated?

Given that 7a,25-HC can only be made in regions where 25-HC is generated, an
important question arises regarding how the abundance and distribution of these closely
related lipids is coordinated. Both are able to readily travel out of cells, although it is
unknown whether specific transporters contribute to this flux. How they move through
the interstitial space between cells is only partially understood'??, but it can be
anticipated that the greater hydrophilicity of 7a,25-HC enables it to spread more
efficiently through aqueous environments. 25-HC can travel between cells and this was
shown to occur during in vitro studies where supernatants from virally infected cells
could protect other cells in a 25-HC-dependent manner'® . Similarly, 25-HC from the
supernatants of CH25H-expressing cells can enter CYP7B1-expressing cells and
become converted into 7a,25-HC®'. This serves both to generate the EBI2 ligand and to
inactivate 25-HC as a regulator of SREBP and HMGCR, as well as probably also to loss
of its membrane-modulating influences. Whether CYP7B1 is the only enzyme involved
in metabolizing 25-HC in tissues is not yet clear, but it is known that Cyp7b1”~ mice
have increased 25-HC levels' 8. 25-HC may also be cleared from tissues by
movement into the circulation and uptake by the liver for conversion into bile acids® or
by esterification and association with lipoproteins'?2. Understanding the factors that
control the relative expression levels of CH25H and CYP7B1 in cells will be crucial for
elucidating how the two sets of functions are integrated. It is tempting to speculate that
the 25-HC and 7a,25-HC systems operate hand-in-hand. We propose that when
inflammatory signaling leads to marked upregulation of CH25H (while having less effect

on CYP7B1 expression) this probably causes an increase in the level of 25-HC that is
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layered on top of an existing gradient of 7a,25-HC (see model in Fig. 7). Both 25-HC
and 7a,25-HC levels increase at the whole organ level following exposure to TLR
agonists®® and 25-HC levels increase in the serum of LPS-treated mice and humans'®
'3 EBI2-expressing cells that are recruited by low nanomolar 7a,25-HC concentrations
might be expected to move into a region of high nanomolar 25-HC concentrations (Fig.
7). This migration may enable the newly arriving cells exposed to 25-HC to establish an
anti-viral state, thereby protecting them from infection. In the case of B cells that often
capture antigens in an intact form, this effect may help to ensure that they are not
immediately infected by their cargo'?®. The 25-HC may also dampen inflammasome
activity in arriving cells, perhaps helping to limit the rate of caspase-induced pyroptosis

and thereby allowing them to make a more prolonged contribution to the response.
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Summary and future directions

It is remarkable how a chemical difference as small as a single hydroxyl group
can convert a molecule from a structural part of the cell (cholesterol) to an anti-viral
mediator and inflammation regulator (25-HC), and with one further hydroxyl to a GPCR-
binding guidance cue (7a,25-HC). As highlighted in this review, the last few years have
seen important advances in understanding the functions of 25-HC and 7a,25-HC as
regulators of immune cell function. Of course, with new findings come new questions.
Beyond the topics for investigation highlighted above, there are many other questions
that arise. The nuclear hormone receptors LXRa and LXR} are established targets of

25-HC based on a range of in vitro studies® '*

, yet at this time there is only limited in
vivo evidence that 25-HC functions via these receptors. To the contrary, several reports
have excluded LXRs as having a role in the 25-HC-mediated effects that were studied'
16.17.25.44_Gijven the wide-ranging influences of LXR-mediated gene regulation on

immune cell behavior®® %

, it remains important to ask whether some in vivo actions of
25-HC occur via LXRs. Similarly, more work is needed to understand whether the ability
of 25-HC to bind RORyt has physiological relevance'?®'%®. SREBP contributes to the

metabolic reprogramming of effector T cells'?°

raising the question of whether 25-HC
from activated macrophages or other tissue cells modulates this reprogramming,
perhaps in a manner coordinated by 7a,25-HC-mediated chemoattraction.

The inflammation-regulatory effects of 25-HC — repressing the inflammasome
and IL-1 production while augmenting expression of other inflammatory cytokines such

as IL-6 — indicate that it should not be thought of as a simple negative or positive

regulator of immunity, but as a mediator acting at the ‘knifes edge’ to balance infection-
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controlling responses with tissue-damaging inflammation. The logic of this circuit and
how it is integrated with the numerous other inflammation-induced genes will require a
lot of in vivo work to decipher. As this work proceeds it will be important to bear in mind
that we don’t yet know how the activities of 25-HC made intrinsically versus
encountered from outside the cell compare in their effects on cell behaviour. Similarly,
we don’t know the range of relevant in vivo concentrations for these lipids, although the
effects that have been observed in the nM range seem more likely to be physiologically
relevant than those effects requiring exposure to uM concentrations of lipid. It is also not
known over what in vivo distances 25-HC and 7a,25-HC typically function. This in turn
raises the question of how guidance by an oxysterol chemoattractant compares with
guidance by protein chemoattractants, and how the ability of 7a,,25-HC to pass in and
out of cells affects the speed with which gradients can be formed and shaped, and how
sharp their ‘edges’ can be. Finally, given that 25-HC and 7a,25-HC are made from
cholesterol, are there connections between their function and the levels of cholesterol in
a tissue? Do widely used cholesterol-lowering drugs, such as statins, affect 25-HC or
70,25-HC levels sufficiently to alter their immune activities? We can expect that many
areas of immunology, microbial pathogenesis and metabolic research will converge in
illuminating these and other questions about the effects of 25-HC and 7a,25-HC on
innate and adaptive immunity in the years ahead. We can also anticipate creative efforts
to develop 25-HC- and 7a,25-HC-related molecules that tap the anti-viral and immune-

modulatory activities of the parent molecules for therapeutic purposes.
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Figure 1. Pathway of cholesterol and nonsterol isoprene biosynthesis.
Mevalonate is the first committed intermediate of the pathway and lanosterol is the first
sterol in the pathway. Not all steps are shown and the only enzymes labelled are the
two referred to in the text: HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase) and
MVK (mevalonate kinase). Additional products of the isoprene pathway include
ubiquinone, dolichol and heme A (not shown). P, phosphate; PP, pyrophosphate.
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Figure. 2. Enzymatic steps involved in the generation of oxysterols from
cholesterol.

The hydroxyl groups are highlighted in red. Numbers in top left of boxes indicate
approximate minimum concentrations that give an EBI2-dependent response in various
in vitro assays. Some of the other reported activities of the oxysterols are indicated in
the lower right of each box. ‘Antiviral’ indicates the ability to inhibit replication of many
viruses; Insulin-induced genes 1 and 2 (INSIG) proteins and SREBP-cleavage
activating protein (SCAP) are part of the feedback pathway that negatively regulates
activation of sterol response element binding proteins (SREBPs); ligand binding to
INSIG proteins also represses HMGCR; LXR, ERa and RORyt binding indicates activity
in vitro on the respective nuclear hormone receptors, although the in vivo relevance is
not clear. Not all of the 25-HC activities discussed in the main text are listed. Blue
shading highlights the pathway of focus in this review and enzymes required for this
pathway are in bold. The major pathway of bile acid synthesis is via CYP7A1 and
HSD3BY7.
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Figure 3. Pathway of SREBP regulation by cholesterol and 25-HC.
Insulin-induced genes 1 and 2 (INSIG) proteins, SREBP-cleavage activating protein
(SCAP) and sterol response element binding proteins (SREBPs) are membrane-

spanning ER proteins. Cholesterol binding to the sterol-sensing domain of SCAP (a), or

25-HC binding to INSIG proteins (b), promotes complex formation between INSIG

proteins and SCAP-SREBP and blocks transport of SCAP-SREBP to the Golgi. When

levels of cholesterol and 25-HC are low (c), the SCAP-SREBP complex dissociates

from INSIG protein, which enables binding of transport proteins to SCAP and movement

to the Golgi. Here SREBP is cleaved sequentially by site-1-protease (S1P) and site-2-
protease (S2P) to cytosolically release the helix-loop-helix (HLH) domain of SREBP.

This transcription factor then travels to the nucleus to promote the expression of genes

involved in cholesterol uptake and biosynthesis, such as HMGCR.
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Figure 4. Summary of the anti-viral activities of 25-HC.

Interferon receptor (IFNR) signaling induces the expression of CH25H and promotes
increased production of 25-HC from cholesterol. Various studies have suggested the
25-HC can have the following anti-viral effects: alter plasma membrane lipids (in
particular cholesterol content) to antagonize viral fusion and entry; antagonize viral
replication; antagonize viral and endogenous protein prenylation that can be involved in
viral replication and assembly; and alter the cholesterol distribution in internal
membranes to antagonize formation of membrane-associated ‘factories’ involved in viral
assembly and packaging.
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Figure 5. Inflammation-regulatory activities of 25-HC.

IFNo/B and IFNy induced by viruses and bacteria promote CH25H expression and the
generation of 25-HC.

(A) 25-HC-mediated inhibition of SREBP processing diminishes //1b expression and
inflammasome activity, acting in a negative feedback pathway to counteract IL-1p3
production, as well as IL-1a. and IL-18 release. The mechanism by which SREBP
promotes //1b expression and inflammasome activity is not defined and may be both
downstream of and independent from sterol biosynthesis. No direct interaction between
SREBPs and the //1b promoter has been reported, which indicates that the effect is
probably indirect.

(B) 25-HC amplifies the expression of some inflammatory genes such as those
encoding IL-6, IL-8 and MCSF by a pathway that is not defined. The transcription factor
ATF3 antagonizes CH25H expression. Inflammasome components are also induced by
TLR signaling.
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Figure 6. EBI2 guides naive and activated B cell positioning.

(A) Relative expression levels of EBI2, CXCR5 and CCR7 on wild-type antigen-specific
B cells before and during the response to antigen are summarized. CXCL13, the ligand
for CXCRS5, is abundant throughout the follicle (dark blue shading); CCL21 and CCL19,
ligands for CCR7, are abundant in the T-cell zone (light blue shading). The EBI2 ligand,
70,25-HC, is thought to be most abundant in inter- and outer-follicular regions. Within a
few hours of antigen encounter, EBI2 promotes B cell positioning in the outer follicles of
lymphoid tissue, close to sites where antigen enters these structures. After 6 hours to 1
day of antigen encounter, EBI2 functions together with the chemokine receptor CCR7 to
distribute activated B cells along the interface between the B cell follicle and T cell zone,
a location that facilitates encounters between B cells and cognate T helper (TH) cells.
CD40 signals derived from TH cells sustain EBI2 expression on activated B cells while
promoting CCR7 downregulation, which leads to EBI2-dependent B cell positioning
again in the outer follicle but with a preference for interfollicular regions. During
differentiation into GC B cells, EBI2 down-regulation is important for precursor cell
movement to the follicle centre.

(B) The altered distribution and reduced plasma cell response of EBI2-deficient B cells.
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Figure 7. Models to account for how 25-HC and 7a,25-HC distribution in tissues
may be regulated and influence the migration of EBI2-expressing cells.

(A) A CH25H" cell generates large amounts of 25-HC that travels several cell diameters
through the surrounding tissue and has possible anti-viral and inflammation-regulatory
effects (not shown) over those distances. The minimal expression level of CYP7B1 in
the surrounding cells leads to little 7a,,25-HC production but also limits the extent of
degradation of 25-HC.

(B) A CH25H" cell is surrounded by cells that express CYP7B1 and this gives rise to
overlapping gradients of 25-HC and 7a,25-HC, with the latter chemoattracting EBI2*
cells toward the CH25H" cells and promoting their exposure to 25-HC.

(C) A CH25H and CYP7B1 co-expressing cell generates large amounts of 7a,25-HC
and small amounts of 25-HC and attracts EBI2" cells across a long distance; the _
presence of HSD3B7" cells in a tissue compartment adjacent to the CH25H" CYP7B1"
cell sharply limits the spread of 7a,25-HC in that direction.
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Chapter 3

Oxysterol restraint of cholesterol synthesis prevents AIM2
inflammasome activation
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Summary

Type | interferon restrains interleukin-1f (IL-1B)-driven inflammation in macrophages by
upregulating cholesterol-25-hydroxylase (Ch25h) and repressing SREBP transcription
factors. However, the molecular links between lipid metabolism and IL-1 production
remain obscure. Here we demonstrate that production of 25-hydroxycholesterol (25-HC)
by macrophages is required to prevent inflammasome activation by the DNA sensor
protein absent in melanoma 2 (AIM2). We find that in response to bacterial infection or
lipopolysaccharide (LPS) stimulation, macrophages upregulate Ch25h to maintain
repression of SREBP2 activation and cholesterol synthesis. Increasing macrophage
cholesterol content is sufficient to trigger IL-1pB release in a crystal-independent but
AIM2-dependent manner. Ch25h-deficiency results in cholesterol-dependent reduced
mitochondrial respiratory capacity and release of mitochondrial DNA into the cytosol.
Ch25h/Aim2 double-deficiency rescues the increased inflammasome activity observed
in Ch25h single knockouts. Therefore, activated macrophages utilize 25-HC in an anti-
inflammatory circuit that maintains mitochondrial integrity and prevents spurious AIM2

inflammasome activation.
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Introduction

Cholesterol is a crucial structural component of mammalian cell membranes.
However, unlike fatty acids, cholesterol cannot be catabolized as an energy source,
necessitating feedback mechanisms to control cellular cholesterol content. The
molecular basis for cholesterol feedback inhibition involves the Sterol Regulatory
Element Binding Protein 2 (SREBP2) pathway, whereby increased endoplasmic
reticulum (ER) cholesterol content causes the chaperone protein SCAP to bind more
tightly to INSIG, which results in SREBP2 sequestration in the ER (Goldstein et al.,
2006). In states of low ER cholesterol, SCAP dissociates from INSIG, allowing for
translocation of the SCAP-SREBP2 complex to the Golgi apparatus where SREBP2 is
cleaved (Goldstein et al., 2006). This releases the transcription factor domain of
SREBP2, which translocates to the nucleus and activates the transcription of genes
involved in cholesterol biosynthesis and uptake.

While cholesterol can inhibit sterol biosynthesis, the oxysterol 25-
hydroxycholesterol (25-HC) is even more potent than cholesterol in its capacity to inhibit
SREBP2 in biochemical studies (Goldstein et al., 2006). Whereas cholesterol is sensed
by SCAP, 25-HC binds directly to INSIG causing increased association with SCAP-
SREBP2. However, it has been unclear whether endogenously produced 25-HC
contributes to cholesterol regulation in mammalian cells. Mice deficient in the enzyme
cholesterol 25-hydroxylase (Ch25h), which produces 25-HC from cholesterol, do not
show defects in baseline cholesterol homeostasis, raising the question of whether this

metabolite has a physiologic function (McDonald and Russell, 2010).
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It has recently been appreciated that Ch25h is an interferon (IFN)-inducible gene
in macrophages. Stimulation of mouse bone marrow-derived macrophages (BMDMs)
with lipopolysaccharide (LPS) or polyl:C results in IFNAR1-dependent upregulation of
Ch25h mRNA and 25-HC synthesis (Cyster et al., 2014). Consistent with the key role of
type | interferon (IFN) in responses to viruses, 25-HC has antiviral activity (Blanc et al.,
2013; Cyster et al., 2014; Liu et al., 2013). Type | IFN additionally acts to inhibit IL-13
production in a program that helps prevent unrestrained inflammatory responses
(Cyster et al., 2014). This occurs by repression of //1b transcription and inflammasome-
dependent IL-1 processing (Guarda et al., 2011). Recent work suggests that the
inhibitory action of type | IFN on IL-1( requires induction of Ch25h/25-HC (Reboldi et
al., 2014).

Inflammasomes are multi-protein complexes that form within the cytosol following
exposure to a wide variety of pathogen-derived stimuli (Rathinam and Fitzgerald, 2016).
Inflammasome activation requires recognition of ligand by a sensor protein such as
NLRP3 or AIM2 followed by recruitment of the adaptor protein ASC (Rathinam and
Fitzgerald, 2016). This results in ASC oligomerization and the recruitment and activation
of caspase-1, a protease that processes pro-IL-1B into mature IL-13. How 25-HC
represses inflammasome activation has been unclear. The effects of Ch25h-deficiency
on pro-IL-13 processing could be rescued by overexpression of INSIG1 or deletion of
SCAP, suggesting a contribution by the SREBP pathway, but the nature of this
contribution has not been defined (Reboldi et al., 2014).

Here, we describe a metabolic circuit that links regulation of cellular cholesterol

content to the prevention of inflammasome activation by endogenous ligands. We find
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LPS-activated macrophages shut down cholesterol biosynthesis and decrease their
cholesterol content in a Ch25h-dependent manner. Enforcement of increased
macrophage cholesterol content after LPS stimulation is sufficient to drive
inflammasome-dependent IL-1 production. Cholesterol-dependent inflammasome
activation unexpectedly requires the cytosolic DNA sensor Absent in Melanoma 2
(AIM2). Metabolic studies reveal that Ch25h” and cholesterol-loaded macrophages
have impaired mitochondrial respiration and increased sensitivity to mitochondrial
damage. This results in increased cytosolic mitochondrial DNA (mtDNA) content and
depletion of mtDNA reduces cholesterol-dependent IL-1[3 release. Finally, we find that
Ch25h/Aim2 double-deficiency reverses inflammasome activation caused by Ch25h-
deficiency. These findings suggest that macrophage upregulation of 25-HC after
recognition of pathogens prevents cholesterol-dependent mitochondrial dysfunction and

spurious crosstalk between mtDNA and the inflammasome.
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Results

Ch25h controls IL-1B release and intracellular bacterial growth through ASC-
dependent inflammasomes

Previous work demonstrated that Ch25h” BMDMSs overproduced IL-18 in
response to Listeria monocytogenes infection and had increased control of intracellular
bacterial growth (Reboldi et al., 2014). To determine whether these responses were due
to increased inflammasome activity, we generated Ch25h” Asc” mice. BMDMs from
these mice and their matched controls were treated with either carrier (ethanol) or 25-
HC (1uM), and infected with L. monocytogenes for 24 hours. Ch25h” Asc** BMDMs had
increased production of IL-13, which could be inhibited by addition of 25-HC as
expected (Fig. 1A) (Reboldi et al., 2014). However, in the setting of ASC-deficiency,
Ch25h” BMDMs showed no elevation in levels of extracellular IL-1B and 25-HC addition
to these cultures did not reduce IL-18 levels (Fig. 1B). We also observed decreased L.
monocytogenes colony forming units (CFUs) in Ch25h” Asc™”* BMDMSs, which could be
rescued by the addition of 25-HC to the cellular medium (Fig. 1C). Asc” BMDMs
showed an overall increase in L. monocytogenes CFUs, and the difference between
Ch25h™ and Ch25h” BMDMs was lost in the absence of Asc (Fig. 1D).

In previous work we demonstrated that Ch25h” BMDMs overproduced IL-13

following exposure to LPS and the NLRP3 inflammasome activator ATP (Reboldi et al.,
2014). Consistent with these observations, LPS+ATP treated Ch25h™ cells produced

increased IL-13 compared to heterozygous controls (Fig. 1E). However, in the setting of

Asc™, neither Ch25h genotype produced detectable IL-1p, ruling out the possibility that
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the increased cytokine production by Ch25h™ cells was due to passive loss of
membrane integrity (Fig. 1E). These data support a model in which IL-13
overproduction and decreased bacterial replication in Ch25h” BMDMs are due to
increased activity of ASC-dependent inflammasomes. These observations led us to

more deeply explore how Ch25h and 25-HC act to restrain inflammasome activity.

Ch25h and 25-HC enforce repression of the SREBP2 pathway and cholesterol
synthesis in LPS-activated macrophages

Type | IFN has been described to repress the SREBP2 pathway in macrophages
(Reboldi et al., 2014; York et al., 2015), but it is not clear to what extent this process
depends on 25-HC. We therefore performed time-course analyses of cholesterol
biosynthetic enzyme mRNA expression in control and Ch25h” BMDM s after stimulation
with LPS. As expected, Ch25h transcript levels peaked at approximately 4 hours post-
LPS stimulation and subsequently declined (Fig. 2A) (Cyster et al., 2014). Similar
Ch25h induction kinetics were observed following L. monocytogenes infection (Fig.
S1A). The sterol biosynthetic enzymes Hmgcs1, Lss, Dhcr24 and Sqle were initially
repressed 2 hours post-LPS, regardless of the genetic status of Ch25h (Fig. 2A).
However, by 8 hours after LPS stimulation, Ch25h” BMDMs showed increased
expression of sterol biosynthetic enzyme mRNAs (Fig. 2A). Overexpression of
cholesterol biosynthesis mMRNAs in the absence of Ch25h was also observed after 8
hours of intracellular L. monocytogenes infection (Fig. S1B). The early repression of the
SREBP2 pathway in the context of LPS stimulation was IFNAR1-dependent (data not

shown) consistent with previous studies (York et al., 2015). These data suggest that
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Ch25h is induced in macrophages by bacterial sensing, and acts to repress sterol
biosynthetic enzyme expression. However, Ch25h is not required for initial shutdown of
the cholesterol biosynthesis pathway, but instead is necessary for enforcing sustained
repression.

As a second approach to determine whether Ch25h represses cholesterol
biosynthesis in activated macrophages, we performed liquid chromatography-mass
spectrometry (LC-MS) for cholesterol biosynthetic intermediates in control and Ch25h™
BMDMs after 8 hours of LPS treatment. Ch25h”" BMDMs showed an expected
reduction in 25-HC levels (Fig. 2B). Consistent with our hypothesis, these cells also
showed increased levels of desmosterol, lanosterol, and 7-dehydrocholesterol,
suggesting that Ch25h™ increased cholesterol biosynthesis pathway activity (Fig. 2B).

We next tested whether cholesterol content itself was altered in Ch25h™
macrophages. Using a cholesterol fluorescence assay, we found that Ch25h” BMDMs
showed an initial increase in total cholesterol content compared to wild-type cells (Fig.
2C). LPS stimulation resulted in decreased cholesterol content in both genotypes by 4
hours, whereas only Ch25h™ cells showed an increase in total cholesterol by 8 hours,
which is consistent with the sterol enzyme mRNA analysis (Fig. 2C). Similarly, staining
with filipin, a fluorescent cholesterol-binding antibiotic, showed higher fluorescence
intensity in 8-hour LPS-activated Ch25h”" macrophages (Fig. 2D). We additionally
quantified cholesterol levels using LC-MS at the 8-hour LPS time point, which confirmed
that Ch25h™ resulted in increased cholesterol content (Fig. 2E). To determine whether
Ch25h™ macrophages increase their cholesterol content in vivo, we injected mice |.P.

with LPS and sorted peritoneal macrophages after 8 hours. LPS stimulation caused
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Ch25h™ peritoneal macrophages to increase their cholesterol content, whereas
cholesterol levels in controls remained constant (Fig. S1C).

The increased expression of SREBP2-responsive genes between 4 and 8 hours
of LPS exposure in the Ch25h-deficient setting suggested that there is a latent positive
drive for cholesterol synthesis that is kept in check by 25-HC. mTORC1 signaling has
been shown to drive SREBP1 and SREBP2 activation, and is activated by TLR
stimulation (Duvel et al., 2010; Porstmann et al., 2008; Wang et al., 2011). We therefore
tested whether this pathway was active in LPS stimulated BMDMs. Phospho-flow
cytometry for total S6K1, pS6K1 (Thr389) and pS6 (Ser240/244) showed that LPS
stimulation resulted in a time-dependent increase in mTORC1 activity (Fig. 2F). We
confirmed that S6 phosphorylation during LPS stimulation was mTORC1-dependent
since it was prevented by rapamycin treatment (Fig. S1D). Consistent with mTORC1
activity driving SREBP2 activation, the augmented expression of Hmgcs7 mRNA in
Ch25h™ cells was largely prevented by rapamycin (Fig. 2G). Moreover, in accord with a
connection between SREBP pathway activity and IL-18 production (Reboldi et al.,
2014), rapamycin reversed the overproduction of IL-1 in response to ATP in LPS
stimulated Ch25h” macrophages, while having minimal effect on IL-1B production by
Ch25h™ BMDMs (Fig. 2H). Taken together, these data indicate that Ch25h/25-HC are
required in 8-hour LPS activated macrophages to antagonize mTORC1-induced

SREBP2 pathway activity and prevent cholesterol over-accumulation in the cell.

Non-crystalline cholesterol is sufficient to promote inflammasome activation
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To determine whether increased cholesterol biosynthesis can be functionally
linked to inflammasome activation, we used a murine MSCYV retrovirus system to
transduce cDNAs expressing HMG-CoA reductase (Hmgcr) and dehydrocholesterol 24-
reductase (Dhcr24), enzymes in the cholesterol biosynthetic pathway, into BMDMs.
Using a fluorescent FLICA peptide that acts as a reporter for caspase-1 activity, we
found that over-expression of either of these two cDNAs resulted in increased
inflammasome activity after 8 hours of LPS stimulation (Fig. 3A). Inflammasome
activation in mouse macrophages typically requires addition of a ‘second signal’ (such
as ATP) to engage an inflammasome sensor protein (Rathinam and Fitzgerald, 2016).
However, the effect of increased expression of Hmgcr and Dhcr24 mRNAs on caspase-
1 was observed in the absence of an exogenous second signal. Attempts to measure
IL-1B in the LPS-stimulated macrophage supernatant by ELISA were unsuccessful,
consistent with a low amount of inflammasome activity. We therefore used an IL-17A-
based IL-13 bioassay (Reboldi et al., 2014) to test whether cholesterol synthesis could
drive inflammasome activation. We found that supernatants from BMDMs transduced
with either Hmgcr or Dhcr24 had augmented capacity to stimulate IL-17A production
from T cells, whereas this capacity was lost in the setting of ASC-deficiency (Fig. 3B).

To determine whether cholesterol itself was involved in driving inflammasome
activity, we treated BMDMs with LPS and cholesterol that had been solubilized by
forming complexes with the carrier methyl-B-cyclodextrin (MCD) at a 25:1 ratio of
MCD:cholesterol (MCD-chol). Strikingly, treatment of LPS activated macrophages with
100ug/ml MCD-chol, a concentration typical of other studies (Robinson et al., 2014;

York et al., 2015), was sufficient to promote IL-1 production as measured by ELISA
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(Fig. 3C). A 10-fold lower dose of MCD-chol also triggered IL-13 production as detected
using the IL-1B bioassay (Fig. 3D).

Previous work has suggested that the NLRP3 inflammasome is activated by
cholesterol crystals in macrophages associated with atherosclerotic plaques (Franklin et
al., 2016). To determine whether our observed IL-1[3 release in response to MCD-chol
challenge was due to crystal formation, we took advantage of the fact that crystalline
inflammasome activators depend on phagocytic uptake (Hornung et al., 2008). We
treated LPS-activated BMDMs with cytochalasin D to inhibit actin polymerization and
challenged them with MCD-chol, ATP, or alum. Whereas IL-1[ release by the crystalline
activator alum was blocked by cytochalasin D treatment, IL-1p3 release in response to
MCD-chol or ATP was unaffected, providing evidence that MCD-chol is acting in a
soluble fashion (Fig. 3E).

To determine whether 25-HC can prevent cholesterol-dependent IL-1 release,
we reconstituted Ch25h” BMDMs with either wild-type Ch25h, a mutant Ch25h that
cannot synthesize 25-HC (Reboldi et al., 2014), or empty vector using retroviruses.
Overexpression of wild-type Ch25h could repress mRNA expression of the sterol
biosynthesis enzyme Sqle, whereas vector and Ch25hmut had no effect on this
expression, confirming the functional status of these constructs (Fig. S2A). We found
that while overexpression of Ch25h had a small capacity to diminish IL-1p3 release in
response to ATP, it more substantially reduced the capacity of MCD-cholesterol to
stimulate IL-1pB release, whereas the mutant enzyme had no effect (Fig. 3F). In addition
to its ability to inhibit SREBP2 activation, 25-HC could possibly protect cells from

cholesterol overloading by acting as an LXR agonist. Reconstitution of LXRa/B double
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knockout BMDMs with wild type versus mutant Ch25h showed the same repressive
effect on MCD-cholesterol-dependent IL-1[ release, suggesting that this phenomenon
does not involve ligand action of 25-HC on LXRs (Fig. S2B). These observations
provide further evidence that a key function of Ch25h/25-HC induction in activated

macrophages is to prevent cholesterol-dependent IL-13 production.

Cholesterol-dependent IL-18 release requires the AIM2 inflammasome
Mitochondrial reactive oxygen species (mtROS) have been implicated as
activators of the NLRP3 inflammasome in response to a diverse range of stimuli (Zhou
et al., 2011). Additionally, diseases associated with cholesterol dysregulation have been
shown to induce mtROS (Kennedy et al., 2014). Therefore, we tested whether mtROS
induction could be responsible for cholesterol-dependent IL-1B production. We treated
Ch25h*" and Ch25h” BMDMs with either LPS alone or LPS plus ATP and measured
mtROS by staining with MitoSOX. LPS plus ATP treatment induced an increase in
mtROS as expected (Yu et al., 2014; Zhou et al., 2011). We observed that Ch25h™
BMDMs had heightened mtROS production after LPS plus ATP treatment compared to
control BMDMs (Fig. 4A). Retroviral reconstitution of Ch25h” BMDMs with Ch25h
reduced MitoSOX staining, whereas Ch25hmut showed no effect (Fig. 4B). Treatment
of Ch25h"" and Ch25h”" BMDMs with the mtROS scavenger MitoTEMPO inhibited IL-1p
in both genotypes (Fig. S3A). Furthermore, treatment of uninfected BMDMs with LPS
plus MCD-chol resulted in increased mtROS compared to LPS alone, consistent with
data suggesting that elevated cholesterol content can cause mitochondrial dysfunction

(Fig. 4C). Moreover, using a 293T NLRP3 inflammasome reconstitution system we
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found that the increased cholesterol biosynthesis induced by SREBP2 over-expression
was capable of promoting IL-13 cleavage and release (Fig. S3B, S3C, S3D). Combined,
these observations suggested that IL-1p release by macrophages following cholesterol
accumulation would occur via NLPR3-inflammasome activation. Surprisingly, however,
BMDMs lacking NLRP3 had no defect in IL-18 production in response to LPS plus
MCD-chol treatment, whereas these cells failed to respond to LPS plus ATP (Fig. 4D).

To test whether the observed IL-1j3 release in MCD-chol challenged BMDMs was
an inflammasome-dependent process, as opposed to occurring by passive increases in
permeability, we challenged Asc” and Casp-1/11"- BMDMs with LPS and MCD-chol.
Asc™” (Fig. 4E) and Casp-1/11" (Fig. 4F) BMDMs showed complete abrogation of IL-18
production in response to cholesterol, establishing that this process was indeed
inflammasome-dependent.

To identify the relevant sensor protein required for cholesterol-dependent IL-13
production, we challenged Nirc4”, Casp11”", and Aim2”- BMDMs with LPS and MCD-
Chol. Nirc4” (Fig. 4G) and Casp11” (Fig. 4H) BMDMSs showed no difference in IL-18
production in response to cholesterol challenge. On the other hand, Aim2” BMDMs
showed a striking reduction in IL-1p release under these conditions (Fig. 4l). Given that
different inflammasomes can cooperate in some contexts, we tested whether the low
amount of remaining inflammasome activity in Aim2” BMDMs involved NLRP3.
Consistent with a partially redundant contribution of NLRP3 to cholesterol-induced IL-13
release, Aim2'/'Nlrp3'/' double-deficient BMDMs showed a near complete loss of

secreted IL-1B when compared with Casp1/11” BMDMs (Fig. 4J).
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Neutrophilic peritonitis is a well-described model system for in vivo assessment
of inflammasome activation. To determine whether cholesterol loading could drive
inflammasome activation in vivo, we intraperitoneally injected LPS, LPS and MCD-chol,
or LPS and Alum. Strikingly, MCD-chol was as efficacious as alum in causing neutrophil
accumulation in the peritoneal lavage fluid (Fig. 5A and 5B). To determine whether the
AIM2-dependent inflammasome activation caused by cholesterol in vitro was also
required for neutrophilic peritonitis, we used lethally irradiated mice reconstituted with
wild-type or Aim2” BM. We found that lack of AIM2 in the hematopoietic compartment
resulted in a reduction in MCD-chol induced neutrophil recruitment (Fig. 5C and 5D).
We also generated irradiated chimeras using NIrp3”, or Casp1/11”" BM; consistent with
our observations in BMDMs, we found that lack of NLRP3 had no effect on neutrophil
recruitment following MCD-chol challenge, whereas deletion of caspase-1 resulted in

the expected strong reduction (Fig. 5E).

Ch25h-deficiency results in impaired mitochondrial metabolism

The requirement for AIM2, a DNA sensor, in cholesterol-dependent
inflammasome activation led us to consider the possibility that dysregulation of cellular
cholesterol homeostasis results in release of host DNA into the cytosol. Mitochondria
contain multiple copies of mtDNA that encodes for components of the oxidative
metabolism machinery. A number of recent studies have demonstrated that
mitochondrial dysfunction can lead to mtDNA release into the cytosol (Rongvaux et al.,
2014; West et al., 2015; White et al., 2014). Additionally, baseline mitochondrial

cholesterol levels are low, and increased mitochondrial cholesterol accumulation is
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associated with impaired mitochondrial function (Kennedy et al., 2014). Due to these
observations and our findings that Ch25h-deficiency and cholesterol accumulation
cause mtROS production, we asked whether the altered cholesterol homeostasis
caused by Ch25h-deficiency resulted in impaired mitochondrial function in
macrophages. For this analysis we first assessed mitochondrial respiration and
abundance using Mitotracker Deep Red and Mitotracker Green dyes, respectively, by
flow cytometry. We found that Ch25h” BMDMs showed diminished Mitotracker Deep
Red staining compared to control macrophages after 8 hours of LPS stimulation (Fig.
6A). Additionally, Mitotracker Deep Red staining could be genetically rescued by
retrovirally reconstituting Ch25h” BMDMs with wild-type Ch25h enzyme, but not
Ch25hmut (Fig. 6B). Mitotracker Green staining also showed a small but statistically
significant decrease in 8 hour LPS-stimulated Ch25h” BMDMs compared to control
macrophages (Fig. 6C). This defect could also be rescued by wild-type but not mutant
Ch25h (Fig. 6D). We additionally found that Ch25h” macrophages showed diminished
Mitotracker Deep Red and Mitotracker Green staining in response to 8 hours of L.
monocytogenes infection (Fig. S4A and S4B).

To determine whether increased cholesterol content was sufficient to explain the
Mitotracker staining effects in Ch25h” BMDMs, we treated Asc™* and Asc” BMDMs
with LPS and MCD-chol (10ug/ml) and measured Mitotracker staining by flow
cytometry. Both Mitotracker Deep Red and Mitotracker Green staining were diminished
by increasing cellular cholesterol content (Fig. S4C and S4D). Importantly, Asc”
BMDMs also showed decreased Mitotracker staining, demonstrating that this effect was

not secondary to increased inflammasome activation (Yu et al., 2014). As a second test
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of whether increased cholesterol content was sufficient to affect Mitotracker staining, we
again transduced BMDMs with Hmgcr, or Dhcr24 and stimulated these macrophages
with LPS. Both Mitotracker Deep Red and Mitotracker Green staining were diminished
by enzyme overexpression (Fig. S4E and S4F). To determine whether cholesterol efflux
could rescue Mitotracker staining, we treated macrophages with HDL or the LXR
agonist GW3965 along with LPS. We found that the diminished Mitotracker Deep Red
staining in Ch25h™ cells was rescued by both HDL and GW3965, further supporting a
role for cholesterol in this outcome (Fig. S4G).

Mitochondrial dysfunction is often associated with alterations in the ion potential
of the inner membrane (Shimida et al., 2012). We therefore tested whether Ch25h-
deficiency affected mitochondrial membrane potential using tetramethylrhodamine
methyl ester (TMRM), a cationic dye that becomes sequestered in the mitochondrial
matrix in amounts directly proportional to the membrane potential. LPS stimulation
resulted in diminished TMRM staining in Ch25h™ macrophages compared to controls
(Fig. 6E). TMRM staining could be rescued by retroviral transduction of Ch25h™
macrophages with active but not mutant Ch25h enzyme (Fig. 6F). Diminished TMRM
staining was also observed in Ch25h™ macrophages after L. monocytogenes infection
(Fig. S4H)

As another approach to assess mitochondrial function in Ch25h™ macrophages,
we utilized the Seahorse assay to measure oxygen consumption by BMDMs after 8
hours of LPS stimulation. Ch25h”" macrophages showed a decreased basal oxygen
consumption rate (OCR) compared to wild-type cells (Fig. 6G and 6H). More strikingly,

BMDMs lacking Ch25h showed impaired spare respiratory capacity (SRC) after FCCP
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treatment, suggesting that maximal mitochondrial respiration is impaired in settings of
altered cholesterol homeostasis (Fig. 6G). The decrease in basal oxygen consumption
rate in Ch25h™ macrophages was also coupled to an increased extracellular
acidification rate (ECAR), suggesting that these cells were metabolically reprogrammed
towards aerobic glycolysis (Fig. 6H). To determine whether impaired mitochondrial
respiration in the absence of Ch25h could be explained by increased cholesterol
content, we treated BMDMSs with MCD-chol and again performed Seahorse analysis.
Consistent with our hypothesis, cholesterol loaded macrophages also showed impaired
basal OCR as well as diminished SRC (Fig. S4l).

To test whether Ch25h™ macrophages showed signs of mitochondrial
dysfunction in vivo, we intraperitoneally injected control and Ch25h™ mice with saline or
LPS for 8 hours and assessed Mitotracker staining on peritoneal macrophages by flow
cytometry. While saline treated mice showed no difference between genotypes, we
observed diminished Mitotracker Deep Red and Mitotracker Green staining in peritoneal

macrophages derived from Ch25h” mice after LPS treatment (Fig. 61, 6J, and S4J).

Increased mitochondrial cholesterol content results in cytosolic mtDNA
accumulation and inflammasome activation

Given our observation that Ch25h™ macrophages showed increased cellular
cholesterol and mitochondrial dysfunction, we asked whether these cells had increased
mitochondrial cholesterol content. We used a MACS-based immunoprecipitation system
with anti-Tomm22 coupled beads to isolate mitochondria and mitochondrial-associated

membrane (MAM) from either control or 8 hour LPS-stimulated Ch25h™ or Ch25h™
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BMDMs. Immunoblots of these fractions showed an expected enrichment in the outer
mitochondrial membrane protein Tomm20, depletion of the cytosolic protein B-tubulin,
and partial depletion of the ER/MAM protein calreticulin compared to whole cell extracts
(Fig. S5A). The incomplete depletion of calreticulin was most likely due to MAM
contamination (Hayashi et al., 2007). We saw that while Ch25h™ macrophages showed
no change after stimulation, Ch25h”- BMDMs show increased mitochondrial/MAM
cholesterol content after LPS stimulation (Fig. 7A). Additionally, we found that retroviral
reconstitution of Ch25h”" macrophages with wild type but not mutant Ch25h enzyme
could decrease mitochondrial/MAM cholesterol levels(Fig 7B). Mitochondrial/ MAM
cholesterol content was also increased in BMDMs treated with LPS and MCD-Chol (Fig.
S5B). These findings together with the evidence of mitochondrial damage and the
requirement for AIM2 in cholesterol-dependent inflammasome activation led us to test
whether Ch25h-deficiency and cholesterol loading increased cytosolic mtDNA. We
stimulated control and KO BMDMs with either vehicle or LPS for 8 hours and then
extracted cytosolic DNA. gPCR analysis for mtDNA and nuclear DNA (nucDNA) showed
that Ch25h” BMDMs increased their cytosolic mtDNA, but not nucDNA, after LPS
stimulation (Fig. 7C). Additionally, cholesterol treatment of BMDMs was sufficient to
drive increased mtDNA but not nucDNA accumulation in the cytosol (Fig. S5C).
Consistent with our observation that rapamycin blocks the SREBP2 pathway in Ch25h™
macrophages, we found that rapamycin could also decrease mitochondrial cholesterol
accumulation and cytosolic mtDNA in LPS-treated Ch25h” BMDMs (Fig. S5D, S5E). A
number of recent studies have demonstrated that cytosolic release of mtDNA can

activate the cGAS/STING DNA sensing pathway that triggers the production of type |
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IFNs (Rongvaux et al., 2014; West et al., 2015; White et al., 2014; Aguirre et al, 2017;
Sun et al., 2017). Therefore we asked whether cholesterol treatment of BMDMs would
show evidence of type | IFN induction. However, under the LPS stimulation conditions
required for our inflammasome studies there is a large amount of TLR4-mediated IFN
production and induction of interferon-stimulated genes (ISGs) (Fig. S5F), and we were
unable to detect increased ISG expression with LPS plus MCD-chol stimulation (Supp.
Fig. S5F).

The release of mtDNA into the cytosol of Ch25h” macrophages would
theoretically require an increase in mitochondrial membrane permeability. To test this
more directly, we assessed whether Ch25h™ macrophages had increased cytochrome
C (cyt C), a protein normally sequestered between the mitochondrial inner and outer
membrane, in the cytosol (Campos et al., 2006). Intracellular staining for cyt C in non-
digitonin treated cells detected both cytosolic and mitochondrial cyt C. This signal was
then compared to that for cells that were digitonin-treated, causing cytosolic cyt C to
leak out, prior to intracellular staining. We found that LPS treated, Ch25h™ cells
showed a preferential loss of cyt C after digitonin treatment compared to Ch25h™" cells
(Fig. 7D).

To functionally link increased cytosolic mtDNA accumulation with inflammasome
activation, we used two approaches to deplete mtDNA from BMDMSs. Ethidium bromide
(EtBr) is a DNA intercalating agent that has been used in a number of studies to deplete
mtDNA (Rongvaux et al., 2014; Shimada et al., 2012; Zhong et al., 2016). 2’-3’-
dideoxycytidiine (ddC) is an antiviral nucleoside analogue that has selectivity for the

mtDNA polymerase (Chen and Cheng, 1989; Rongvaux et al., 2014). We cultured
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mature BMDMs for 7 days in the presence of either EtBr or ddC; both conditions
resulted in an approximately 66% loss of cellular mtDNA (Fig. 7E). Strikingly, after
stimulating these cells with LPS alone, LPS plus MCD-chol, or LPS plus ATP we found
that mtDNA depletion selectively reduced IL-1p release in response to cholesterol but
not ATP treatment (Fig. 7F). These results suggest that dysregulated cholesterol
metabolism results in mitochondrial damage, leading to mtDNA-dependent AIM2
inflammasome activation.

To directly test whether Ch25h-deficiency leads to AIM2-dependent
inflammasome activation, we generated Ch25h™Aim2"~ mice. BMDMSs from these mice
and their matched controls were stimulated with LPS and supernatants tested for IL-17A
induction in the IL-1B bioassay. Ch25h™ cells showed increased IL-1pB bioactivity as
expected (Fig. 7G). However, deletion of AIM2 in the setting of Ch25h-deficiency
reduced the IL-1p bioactivity back to Ch25h-sufficient levels (Fig. 7G).

As a second test of whether increased inflammasome activity in Ch25h™
macrophages required AIM2, we stimulated BMDMs with LPS+ATP, a classic NLRP3
activator, and measured IL-1p by ELISA. We again observed increased IL-13 production
in Ch25h”" macrophages compared to Ch25h™" cells (Fig. 7H). Importantly, deletion of
AIM2 in the setting of Ch25h-deficiency resulted in diminished IL-1p production whereas
AlIM2-deficiency did not alter the response of Ch25h-sufficient cells (Fig. 7H). These
results suggest that Ch25h deficiency creates a partial switch in the inflammasome
sensor requirement for responses to ATP. We additionally tested the inflammasome
response of these cells to FIaTOX, an NLRC4 activator, and poly(dA:dT), an AIM2-

activator. With FIaTOX treatment, Ch25h/AIM2 double-deficiency again rescued the
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overproduction of IL-1p observed in Ch25h”" macrophages (Fig. S5G), whereas the
response to poly(dA:dT) was abrogated in the setting of AIM2-deficiency regardless of
the genetic status of Ch25h, as was expected (Fig. S5H).

We next tested whether the enhanced protection from Listeria infection observed
in Ch25h”" macrophages (Fig. 1C) required AIM2. Listeria engages multiple
inflammasome pathways (NLPR3, AIM2, NLRC4) (Wu et al., 2010) and in accord with
this knowledge, AIM2 deficiency led to increased Listeria growth (Fig. 71). Importantly,
however, in contrast to the protective effect of Ch25h loss from Aim2** macrophages,
Ch25h-deficiency did not lead to a significant protection of Aim2”- macrophages (Fig.
71). These findings provide evidence in the context of a bacterial infection that Ch25h
restricts AIM2-inflammasome activation.

Caspase-1 activation has been suggested to cause mitochondrial damage under
some conditions (Yu et al., 2014). To test whether caspase-1 activity was required for
AIM2 inflammasome activation in the setting of Ch25h-deficiency we stimulated BMDMs
with LPS and treated with FLICA to irreversibly inhibit caspase-1. By binding to the
caspase-1 active site, FLICA also allows detection of inflammasome specks. Consistent
with our observations that IL-13 production in response to LPS without ‘signal 2’ is
below the limit of detection of ELISA, speck formation was rare in this condition.
However, speck formation was increased in Ch25h” BMDMs, and this effect was
rescued by AIM2 double-deficiency (Fig. S51). These data suggest that caspase-1
activity is not required for AIM2 inflammasome formation in the setting of Ch25h-

deficiency.
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Finally, to determine whether AIM2 is required for the overproduction of IL-1
from Ch25h-deficient hematopoietic cells in vivo, lethally irradiated wild-type mice were
reconstituted with Ch25h"", Ch25h™", Ch25h*"Aim2™", or Ch25h”"Aim2”~ BM. Following
reconstitution the mice were injected intravenously with saline or LPS for 8 hours and
then serum was harvested for cytokine analysis. Consistent with our previous results,
we saw increased serum IL-1p in LPS-challenged Ch25h”" BM chimeras (Reboldi et al,
2014) (Fig. 71). In keeping with our in vitro observations, we found that Ch25h” Aim2”
BM chimeras had diminished serum IL-1p levels that were similar to Ch25h-sufficient
levels (Fig. 71). Collectively, these data suggest that Ch25h deficiency results in altered

nucleic acid compartmentalization that triggers inflammation via AIM2.
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Discussion

In this study, we identify a metabolic circuit that is crucial for limiting
inflammasome activity in activated macrophages. We show that induction of Ch25h by
type | IFN plays a key role in maintaining suppression of the SREBP2 pathway and
cholesterol biosynthesis in the context of bacterial infection and LPS exposure. These
observations are consistent with a number of recent studies that have demonstrated the
ability of type | IFNs to repress cholesterol metabolism (Robertson et al., 2016)(York et
al, 2015). However, our study suggests that Ch25h is not required to initiate
suppression of sterol biosynthesis, but is instead required to maintain this effect over
time. Consistent with work suggesting that mTORC1 signaling can drive SREBP2
activation (Duvel et al., 2010; Porstmann et al., 2008; Wang et al., 2011), we find that
the overexpression of cholesterol biosynthesis enzymes in Ch25h-deficient cells is
rapamycin-sensitive. Both TCR-activated T cells and LPS-activated macrophages
switch to aerobic glycolysis and engage mTORC1 signaling due to the mutual
requirement of both cell types to massively increase protein synthesis capacity (Powell
et al., 2012). However, activated T cells undergo many rounds of proliferation and thus
are constantly using cholesterol to synthesize new cellular membranes, whereas
macrophages are largely quiescent and therefore susceptible to mTORC1-driven
cholesterol over-accumulation. We speculate that the acute induction of Ch25h in
macrophages allows them to selectively utilize the protein synthesis arm of mMTORCA1
signaling to produce cytokines and other important anti-microbial factors, while

preventing cholesterol buildup and cellular pathology.
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Inflammasome sensor proteins are positioned in the cytosol and this allows them
to distinguish highly pathogenic bacteria from commensals due to the propensity of
pathogens to break out of the phagosome. Because mitochondria are derived from
endosymbiotic bacteria, they contain a number of potential danger-associated molecular
patterns (DAMPs) that could be released into the cytosol to trigger inflammation.
Cholesterol levels in mitochondria are about 40-fold lower than in the plasma membrane
and these organelles are highly sensitive to cellular cholesterol alterations (Bosch et al.,
2011; Mari et al., 2006; Martin et al., 2016). We rationalize that Ch25h upregulation
upon extracellular TLR-based bacterial sensing helps prevent cholesterol-dependent
mitochondrial damage and release of endogenous DAMPS into the cytosol. In the
absence of this pathway, cholesterol-mediated membrane damage can lead to
increases in cytosolic DNA, resulting in engagement of the AIM2 inflammasome and
exaggerated IL-1B production.

It is notable that Ch25h-deficiency augments the response to multiple types of
inflammasome activators. This could in principle be due to a general antagonistic effect
of 25-HC on inflammasome assembly. However, we find that this augmented
inflammasome activity is reversed in the setting of AIM2 deletion, suggesting that the
broad overproduction of IL-1B is due to ectopic AIM2 activation. This may indicate that
the altered metabolic state occurring in the absence of Ch25h makes cells poised to
engage AIM2 inflammasomes. With further mitochondrial stress resulting from infection
or potentially dietary lipid overload, sufficient mtDNA may become released to engage
the AIM2 inflammasome. While our data establish a temporal requirement for Ch25h to

restrain IL-1B production by TLR-activated macrophages, Ch25h expression is not
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preventing IL-1B production. Rather, we suggest that by maintaining the metabolic
health of the cell, Ch25h and 25-HC are helping to ensure that macrophages make a
beneficial and not pathological amount of IL-13 while also being able to perform other
functions. While we have mostly tested this circuit in the context of TLR agonists or
bacterial infection, Ch25h may also be important in controlling IL-1 production during
metabolic inflammation, where it would be critical to keep cytokine concentrations below
a pathologic threshold.

Beyond repressing cholesterol biosynthesis through SREBP2, our data suggest
that 25-HC can counter mitotoxic effects of cholesterol accumulation, based on the
capacity of Ch25h overexpression to block IL-1B release in response to exogenous
cholesterol. The LXR family members were intriguing candidates for this effect, since
they promote cholesterol efflux through upregulation of ABCA1 and ABCG1, and
tentative evidence suggests that 25-HC does have some ligand activity for these
nuclear hormone receptors (Cyster et al., 2014). However, Ch25h retained its capacity
to blunt cholesterol-dependent effects when expressed in LXRa/ double knockout
macrophages. We speculate that this activity of Ch25h may instead be related to the
capacity of 25-HC to act as an allosteric activator of ACAT1, an enzyme that esterifies
cholesterol to allow storage in lipid droplets (Metherall et al., 1991). However, there is at
present no genetic evidence that ACAT1 activity is affected by endogenously produced
25-HC. Future work will be needed to examine effects of 25-HC on cholesterol
esterification in activated macrophages. Alternatively, it is possible that 25-HC itself has

intrinsic mitochondrial protective functions that counter cholesterol. It will be of interest
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in future studies to determine whether 25-HC accumulates in mitochondrial membranes
during conditions of bacterial sensing.

AIM2 is a well-described sensor of cytosolic DNA that can trigger inflammasome
activation (Rathinam and Fitzgerald, 2016). Activation of this sensing pathway is usually
described in the context of pathogen-derived nucleic acids that enter the host cell
cytosol (Rathinam and Fitzgerald, 2016). However, the AIM2 HIN-200 domain is not
sequence-specific, and therefore host DNA represents a potential pool of ligand if the
nucleic acid is de-compartmentalized. Cytosolic release of mtDNA can trigger the
cGAS-dependent DNA sensing pathway in the context of caspase-3/7- and TFAM-
deficiency (Rongvaux et al., 2014; West et al., 2015; White et al., 2014) and in dengue
virus infected cells (Aguirre et al, 2017; Sun et al., 2017), but there are few examples of
AIM2 activation by mtDNA. A number of studies have suggested that oxidized mtDNA
can act as a ligand for NLRP3 (Nakahira et al., 2011; Shimada et al., 2012), which is
consistent with our findings that NLRP3 redundantly contributes to cholesterol-
dependent IL-13 production. Interestingly, the cited studies had to use AIM2-deficient
macrophages to reveal NLRP3-dependent effects in response to transfected mtDNA,;
but to our knowledge there are no prior examples of endogenous mtDNA release
triggering AIM2. It remains an open question as to how exactly cholesterol buildup leads
to cytosolic mtDNA release in macrophages. It would be of interest to determine
whether this process involves Bax/Bak-mediated membrane permeabilization, as there
is conflicting evidence on whether cholesterol promotes or antagonizes Bax
oligomerization and pore formation (Christenson et al., 2008; Montero et al., 2010).

Cholesterol-induced reduced membrane fluidity and increased oxidative stress might
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also lead to other forms of mitochondrial membrane damage (Kennedy et al., 2014;
Martin et al., 2016). Given the complexities associated with determining the exact
nucleic acid sources that trigger cytosolic DNA sensor proteins, and the large size of the
nuclear genome, our studies do not exclude the possibility that increased cholesterol
content of intracellular membranes causes cytosolic accumulation of nuclear DNA as an
additional AIM2 ligand.

Finally, while we believe Ch25h upregulation by type | IFN represents a
physiological circuit that prevents mtDNA from engaging AIM2, these observations raise
additional questions about the role of cholesterol in driving inflammation in chronic
diseases like obesity and metabolic syndrome. A number of studies have implicated
inflammatory cytokines like TNF and IL-1 in promoting insulin resistance in high-fat diet
(HFD) conditions (de Luca and Olefsky, 2008). Additionally, inflammasomes have been
suggested to play a causal role in metabolic inflammation (Stienstra et al., 2011;
Vandanmagsar et al., 2011). However, the exact mechanisms underlying lipid-driven
inflammation are still unclear. Ceramide accumulation has been argued to engage the
NLRP3 inflammasome during HFD (Vandanmagsar et al., 2011), but little is known
about the role of cholesterol-driven inflammation in obesity, despite the fact that LDL
and HDL levels have been used as risk factors for atherosclerosis for decades. A limited
number of reports have noted a connection between cholesterol-dependent
mitochondrial dysfunction under high fat conditions and development of metabolic
diseases (Martin et al., 2016). While it is recognized that cholesterol levels in cells are
tightly controlled and not readily altered by changes in dietary cholesterol, it will be of

interest to determine whether Ch25h-deficient mice have exacerbated mitochondrial
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dysfunction and inflammation in response to HFD, and whether AIM2 deficiency blunts
the inflammatory effects of HFD.

In conclusion, the studies described herein provide mechanistic insight into how
regulation of macrophage cholesterol homeostasis during pathogen sensing integrates
with inflammasome regulation, and they advance our understanding of how cellular

cholesterol can act as an inflammatory driver.
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Experimental procedures

Mice

CD45.1 congenic C57BL/6 (B6) male and female mice, 6-12 weeks old were from
National Cancer Institute. Ch25h” mice were backcrossed onto C57BL/6J for 10
generations. Nr1h2”, Nr1h3”, Nirc4”, Aim2”, Casp11”, Casp1/11”, Asc” and Ifnar1”
" mice have all been previously described. Animals were housed in a specific
pathogen-free environment in the Laboratory Animal Research Center at UCSF and all
experiments conformed to the ethical principles and guidelines approved by the UCSF

Institutional and Animal Care and Use Committee.

Cells

Bone marrow cells were grown in DMEM with 10% FBS and 10% M-CSF media in
bacterial petri dishes for 6 days, then plated at 1x10° cells/ml and left to adhere
overnight. BMDMs were stimulated with 100ng/ml LPS (E. coli 0111:B4; Sigma) for the
indicated times. For ELISA detection of IL-18 in response to MCD-Chol (Sigma),
BMDMs were primed with 100ng/ml LPS for 4 hours, and then MCD-Chol (100ug/ml
unless indicated) was added for the final 4 hours of culture. For other inflammasome
activation experiments, ATP (Sigma) was added for the final 45 minutes of culture at a
concentration of 5mM, alum (400mg/ml; Pierce) and poly(dA:dT) (1ug/ml; Invivogen)
was added for the final 4 hours of culture, and FlaTox (1:100 dilution) was added for the
final 45 minutes of culture. For two sets of experiments, rapamycin (20nM) or

cytochalasin D (2uM; Sigma) was also added for the final 4 hours of culture.
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Bone marrow chimeras

CD45.1 congenic mice were lethally irradiated with 1,100 rad in split doses 3 hours
apart, and reconstituted with 1-3 x 10° BM cells per mouse from wild type, Aim2™, Nirp3
" or Casp1/11”, Ch25h™", Ch25h™, Ch25h*"Aim2”, or Ch25h” Aim2” mice. Mice

were analyzed 8-10 weeks later.

BMDM transduction

BM cells were cultured in DMEM with 10% FBS and 10% M-CSF conditioned medium
for 2 days, then spinfected for 2 hours on days 2 and 3 with retroviruses expressing
Ch25h, Ch25hmut, Hmgcr, Dhcr24, or control and an IRES-thy1.1 cassette as a
reporter. Cells were then plated at 1x10° cells/ml and left to adhere overnight on day 6.

Cells were always cultured in 10% M-CSF conditioned medium.

Listeria monocytogenes infection of BMDMs

L. monocytogenes single colonies were incubated in brain heart infusion (BHI) broth
overnight at 30°C without shaking. Cultures were then diluted 1:10 in BHI broth and
incubated at 37°C with shaking. When cultures were in log-phase growth, bacteria were
added to BMDMs seeded on TC-treated plates at a multiplicity of infection (MOI) of 10
to 1. After 30 minutes infected cells were washed, and media containing gentamicin
(50ug/ml) was added. For CFU determination, cells were lysed in cold ddH,O and

lysates were streaked onto BHI agar plates.

Flow cytometry
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Cells were stained with Abs to CD4 (RM4-5), TCR (H57-597), IL-17A (17B7), CD11b
(M1/70), or Ly6G (1A8). For mitochondrial studies, cells were treated as indicated and
then stained with 30 minutes with Mitotracker Deep Red (100nM), Mitotracker Green
(100nM), TMRM (100nM) or MitoSOX (2.5 uM) at 37°C. All mitochondrial staining
reagents were from Life Technologies. For intracellular cytochrome C staining, cells
were stimulated as indicated and then treated on ice with either control or digitonin (25
ug/ml) for 10 minutes. Cells were then treated with BM Cytofix Buffer and Perm/Wash
reagent (BD Biosciences), and stained with anti-cytochrome C (6H2.B4). Antibodies

were purchased from BD Biosciences or eBiosciences.

IL-1B T cell bioassay

Peripheral lymph nodes (LNs) and spleens from wild type mice were harvested and
mashed through a 70 micron strainer. CD4+ T cells were enriched by positive selection
using CD4+ MACS beads (Miltenyi). T cells (5 x 10°) were then cultured for 4 days in
24-well plates with plate-bound anti-CD3 (2 ug/mL), soluble anti-CD28 (1 ug/mL), and
recombinant TGF- (2 ng/mL) and the indicated BMDM supernatants. Onday 4, T
cells were stimulated with PMA/iononmycin and brefeldin A (BD Biosciences) for 4 hrs.
Cells were stained with fixable viability dye (eFluor780; eBiosciences) to exclude dead
cells, surface stained with Abs to CD4 (RM4-5) and TCRB (H57-597), treated with BM
Cytofix Buffer and Perm/Wash reagent (BD Biosciences), and stained with anti-IL-17A

(17B7). Antibodies were purchased from BD Biosciences or eBiosciences.

Cytokine enzyme-linked immunosorbent assays
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Supernatants from cultured BMDMs and serum from LPS-injected mice were collected
from the indicated conditions and times points. Unconjugated anti-IL-18 (B122;
Biolegend) (2ug/ml) was coated onto 96-well high binding plates and then plates were
washed and blocked for 1 hour with PBS containing 5% FBS. Supernatants were
added to the plates O/N at 4°C. Plates were washed again and biotinylated anti-IL-1B
(polyclonal; eBiosciences) (1ug/ml) was added for 1-2 hours at RT. Biotinylated
detection antibodies were then labeled by streptavidin-conjugated horseradish
peroxidase (HRP) and visualized by addition of Substrate Reagent Pack (R&D). Color
development was stopped by addition of 2N H,SO,4. Recombinant IL-1B (eBiosciences)
was used as a standard. Absorbance at 450 nm was measured on a tunable microplate
reader (VersaMax, Molecular Devices). Cytokine supernatant concentrations were
calculated by extrapolating absorbance values from standard curves where known

concentrations were plotted against absorbance using SoftMax Pro 5 software.

In vivo peritonitis

For neutrophil recruitment into the peritoneum, mice were injected I.P. with saline
containing either LPS (10ug), LPS(10ug)+MCD-Chol(100ug), or LPS+Alum(400ug). 8-
10 hours after injection, mice were sacrificed, peritoneal cavities were lavaged using 5
ml of PBS with 1% FBS and 1mM HEPES, and peritoneal cells were analyzed using
FACS. For mitochondrial cholesterol measurements and Mitotracker staining on
peritoneal macrophages, mice were injected |.P. with saline or LPS (2mg/kg) for 8

hours.
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Quantification of sterols

BMDMs were treated as indicated, sterols were extracted with organic solvents, and
quantitated using a SCIEX API 5000 mass spectrometer coupled to a Shimadzu LC-
20XR high performance liquid chromatograph as previously described(McDonald et al.,

2012).

RNA isolation and Real-time RT-PCR

Total RNA was isolated from 5x10° BMDMs treated as indicated with the Trizol reagent
(Life Technology) following the manufacturer’s protocol. Real-time PCR was performed
using SYBR Green PCR Mix (Roche) and an ABI Prism 7300 sequence detection
system (Applied Biosystems, Foster City, CA). Hprt levels were used as internal

controls. Primer sequences are available upon request.

Seahorse analysis of mitochondrial respiration

For real-time analysis of oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR), BMDMs were analyzed with an XF-24 Extracellular Flux Analyzer
(Seahorse Bioscience). 2x10° BMDMs were plated in Seahorse 24-well plates and the
Seahorse XF Cell Mitochondria Stress assay was performed per manufacturer’s
instructions. Oligomycin was added at 1uM, FCCP at 1uM, and Rotenone/Antimycin A

at 0.5uM each (Seahorse Biosciences).

293T inflammasome reconstitution
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1.5x10° 293T cells were seeded in 24-well plates O/N in DMEM with 10% FBS and
antibiotics. The next day, cells were switched to antibiotic-free DMEM with 10% FBS
and transfected using Lipofectamine 2000 (Life Technologies) with the indicated
plasmids (all 50ng). 24 hours later, cells were stimulated with nigericin (15uM; Sigma)
for 45 minutes. Supernatants were then collected, and cells were lysed in RIPA buffer
(25mM Tris-HCI pH 7.5, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1%
Triton X-100). Western blots were performed with rabbit polyconal anti-caspase-1 p10
(M-20, Santa Cruz), mouse monoclonal anti-NLRP3 (Cryo-2, Adipogen), rabbit

polyclonal anti-ASC (AL177, Adipogen), and goat anti-IL-1B (polyclonal; R&D).

Cytosolic and total DNA extraction

2x10° BMDMs per well seeded in 6-well plates were stimulated as indicated, washed
with ice cold PBS, and scraped off the plates. Cells were then pelleted in a table top
centrifuge by spinning at 800g for 5 minutes at 4°C. Cell pellets were resuspended in
500ul of cytosolic extraction buffer (150mM NaCl, 50mM HEPES pH 7.4, 25 ug/ml
digitonin) and rotated for 10 minutes at 4°C. Cells were then centrifuged at 800g for 3
minutes. Supernatants were collected and centrifuged at 800g for 3 minutes twice
more, followed by a 5 minute centrifugation at 10,000g. DNA was then extracted from
the cell pellets and cytosolic fraction using a QlAamp DNA Micro Kit (Qiagen). DNA
was quantified using gPCR with mtDNA (D loop) and nucDNA (Tert) primers; cytosolic
DNA signals were normalized to cell pellet DNA signals. Primer sequence are available

upon request.
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Mitochondrial DNA depletion

BMDMs were grown as described above. On day 6, media was replaced with DMEM
containing 10% FBS and 10% M-CSF conditioned media containing either ethidium
bromide (100ng/ml) or 2’,3’-dideoxycytidine (40ug/ml). After 5-7 days, BMDMs were
detached and mitochondrial DNA depletion was assessed by total DNA extraction

followed by gPCR for mtDNA and nucDNA as described above.

Amplex Red Cholesterol Quantification

For total cholesterol content, BMDMs were seeded in 6-well plates at 2x10° cells per
well and stimulated as described. Peritoneal macrophages were sorted using a FACS
Aria 1l (BD Biosciences). Cells were then lysed in 500 ul RIPA buffer. Cholesterol
quantification was then performed using the Amplex Red Cholesterol Assay (Life
Technologies) per manufacturer’s instructions and readout on a Qubit 3.0 Fluorometer
(Life Technologies). For mitochondrial cholesterol content, BMDMs were seeded in
10cm dishes at 1x107 cells per dish and treated as indicated. Mitochondria were then
isolated using anti-TOM22 MACS beads with the Mouse Mitochondria Isolation Kit
(Miltenyi Biotec) per manufacturer’s instructions. Isolated mitochondria were then lysed
in 200ul RIPA buffer. Amplex Red fluorescent concentrations were normalized based

on total protein content using the BCA Protein Assay Kit (Pierce).

Confocal microscopy
BMDMs (1x10°) were seeded on round glass coverslips in 24-well plates overnight and

then stimulated with LPS for 8 hours along with 150X FLICA reagent (ImmunoChemistry
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Technologies). Cells were then fixed with 1% PFA for 20min at 37°C and washed 3x
with 1X PBS and stained with DAPI. Images were then taken on a Leica SP5 laser-

scanning confocal microscope using a 63X oil immersion lense.
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Figure 1. Increased IL-1B production and control of L. monocytogenes
intracellular growth in Ch25h” macrophages involves ASC-dependent
inflammasome activation.

IL-1B8 enzyme-linked immunosorbent assay (ELISA) from supernatants (A, B) and
bacterial colony forming units (CFU) from cell lysates (C, D) of control SEtOH) or 25-HC
(1uM) treated Ch25h*"Asc™* and Ch25h" Asc** (A, C) or Ch25h*"Asc” and Ch25h™
Asc™ (B, D) BMDMs after 24 hours of L. monocytogenes infection (M.O.l. 10:1). (E) IL-
18 ELISA from supernatants of LPS and LPS+ATP stimulated BMDMs of the indicated
genotypes. (n = 3 per genotype, means +/- SD). *P<0.05, **P<0.01, ***P < 0.005
(unpaired Students t test). See also related Supplementary Figure 1.

130



8- Ch25h+/-
- Ch25h-/-

b ]

o

S
e
=]

Ch25h(A.U)

Hgest (AU.)

B E B
-&p

Lss(A.U)
8 B § 8

-6 Ch25h+/-
& Ch25h-t- s

Filipin (MF1)
i

7-dehydrocholesterol

pS6 (Ser240/244) MF|

m
Cholesterol
8 & 8
m
Total S6K1 (M F.1) %‘?ﬁ‘
- »n o F
.. B B & &
@
(=1
IS %
.
PSEK1 (Thr3898) MFI

IL-18 (ng/ml)

Hmgces1 (A.U.)

)4 2‘
S.

. y 1

0.0 La

> >
LPS LPS S &F & &
Control Rapa (}P & (,d‘\ &

LPS LPS+ATP

Figure 2. Ch25h induction prevents cholesterol buildup in macrophages by
enforcing repression of mMTORC1-dependent SREBP activity.

(A) RT-gPCR analysis of Ch25h, Hmgcs1, Lss, Dhcr24, and Sqle in Ch25h"" and
Ch25h” BMDMs stimulated with LPS. Data are standardized by comparison to Hprt,
and A.U. indicates arbitrary unit (means +/- SD from 4 independent experiments).

(B) LC-MS quantification of 25-HC, desmosterol, lanosterol, and 7-dehydrocholestrol in
Ch25h*" and Ch25h” BMDMs stimulated with LPS for 8 hrs. Data from two
independent experiments (mean +/- SD).

(C) Quantification of cholesterol content by Amplex Red fluorescence in Ch25h"" and
Ch25h” BMDMs stimulated with LPS. Data from 4 independent experiments (mean +/-
SD).

(D) FACS-based readout of cholesterol content by Filipin staining. Representative of
three independent experiments (mean +/- SD).

(E) GC-MS quantification of cholesterol content in Ch25h*" and Ch25h” BMDMs
stimulated with LPS for 8 hrs (n = 3, mean +/- SD).
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(F) Flow cytometry for pS6K1 (Thr389) and pS6 (S240/244) from BMDMSs stimulated
with LPS.

(G) RT-gPCR analysis of Hmgcs1 expression in Ch25h*” and Ch25h” BMDMs treated
with LPS and DMSO or rapamycin. Data from three independent experiments (mean +/-
SD).

(H) IL-1B ELISA from supernatants of Ch25h™" and Ch25h” BMDMs treated with LPS
and DMSO or rapamycin, and then with ATP. Data from two independent experiments
(mean +/- SD). *P<0.05, **P<0.01, ***P < 0.005 (unpaired Students t test). See also
related Supplementary Figure 1.
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Figure 3. Increased macrophage cholesterol content promotes crystal-
independent inflammasome activation.

(A) FACS analysis of FLICA staining on BMDMs transduced with either MSCV-vector, -
Hmgcr, or -Dhcr24 retrovirus and stimulated with LPS for 8 hrs. Data from 3
independent experiments (mean +/- SD).

(B) IL-1B bioactivity detected as percentage of CD4" T cells producing IL-17A after
culture for 4 days in supernatants from Asc™* or Asc” BMDMs transduced and
stimulated as in A. Graph is representative of 3 independent experiments (mean +/-
SD).

(C) IL-1B ELISA of supernatants from BMDMs treated with 4 hrs with LPS+MCD-Chol.
Data from 6 independent experiments (mean +/-SD).

(D) IL-1B bioactivity detected as in (B) with supernatants from BMDMSs stimulated for 8
hrs with either nil, LPS, LPS+MCD (10ug/ml), or LPS+MCD-Chol (10ug/ml). Data from
three independent experiments (mean+/- SD).

(E) IL-1B ELISA from supernatants of BMDMs treated with LPS, LPS+MCD-Chol,
LPS+Alum or LPS+ATP and with DMSO or cytochalasin D. Data from 3 independent
experiments (mean +/- SD).

(F) IL-1B ELISA of supernatants from Ch25h” BMDMs transduced with MSCV-vector, -
Ch25h, or -Ch25hmut and stimulated with either LPS, LPS+MCD-Chol, or LPS+ATP.
Data from four independent experiments (mean +/- SD).

*P<0.05, **P<0.01, ***P < 0.005 (unpaired Students t test or one way ANOVA with
bonferroni test). See also related Supplementary Figure 2.
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Figure 4. Cholesterol-dependent inflammasome activation requires AIM2 and
redundantly involves NLRP3.

(A) Mitochondrial superoxide levels determined by MitoSOX staining of Ch25h*" and
Ch25h” BMDMs stimulated for 8 hrs with LPS, or LPS+ATP treatment. Data are
representative of 6 independent experiments (mean +/- SD).

(B) MitoSOX staining of Ch25h”" BMDMs transduced with MSCV-vector, -Ch25h, or -
Ch25hmut and stimulated as in A. Data from 2 independent experiments (mean +/- SD).
(C) MitoSOX staining from BMDMs stimulated for with LPS or LPS+MCD-Chol. Data are
representative of 3 independent experiments (mean +/- SD). (D-J) IL-1B ELISA of
supernatants from Nirp3*”* and Nirp3”

(D), Asc** and Asc” (E), Casp1/11™* and Casp1/11” (F), Nirc4”* and Nirc4” (G),
Casp11”* and Casp11” (H), Aim2** and Aim2” (1), or Nirp3"*Aim2** and Nirp3”Aim2”
BMDMs treated as indicated. Data from 2 to 4 experiments (mean +/- SD). *P<0.05,
**P<0.01, ***P < 0.005 (unpaired Students t test or one way ANOVA with bonferroni

test). See also related Supplementary Figure 3.
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Figure 5. AIM2 is required for cholesterol-dependent neutrophilic peritonitis.
(A) Representative FACS plots of peritoneal Ly6G+ cells from mice injected I.P. 8 hrs
earlier with the indicated treatments displaying percentage of Ly6G+ cells.

(B) Number of peritoneal neutrophils from mice as treated in A.

(C) Representative FACS plots of peritoneal Ly6G+ cells from LPS or LPS+MCD-Chol
treated wild type or Aim2” BM chimeras.

(D) Number of peritoneal neutrophils from mice of the type in C treated with LPS or
LPS+MCD-chol for 8 hrs.

(E) Number of peritoneal neutrophils from wild type mice irradiated and transplanted
with either wild type, Nirp3”", or Casp1/11” BM, and treated as in D. Each dot
represents an individual mouse and data are pooled from 3 independent experiments
(mean +/- SD). *P<0.05, **P<0.01, ***P < 0.005 (unpaired Students t test or one way
ANOVA with bonferroni test).
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Figure 6. Ch25h-deficient and cholesterol loaded macrophages have impaired
mitochondrial metabolism.

(A) (Left) Representative histogram of Mitotracker Deep Red staining on Ch25h*" and
Ch25h”" BMDMs stimulated with LPS for 8 hrs. (Right) Summary mean fluorescence
intensity (MFI) data from 3 experiments (mean +/- SD). Representative of 8-10
independent experiments.

(B) MFI of Mitotracker Deep Red staining on Ch25h” BMDMs transduced with MSCV-
vector, -Ch25h, or -Ch25hmut. Data from 4 independent experiments (mean +/- SD).
(C) (Left) Representative histogram of Mitotracker Green staining on Ch25h*" and
Ch25h”" BMDMs stimulated as above. (Right) Summary MFI data from 3 experiments
(mean +/- SD). Representative of 8-10 independent experiments (mean +/- SD).
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(D) MFI of Mitotracker Green staining on Ch25h” BMDMs transduced with MSCV-
vector, -Ch25h, or -Ch25hmut. Data from 4 independent experiments (mean +/- SD).
(E) Representative histogram of TMRM staining on Ch25h"" and Ch25h”" BMDMs
stimulated with LPS for 8 hrs. Graph shows summary MFI data from 3 experiments
(mean +/- SD).

(F) MFI of TMRM staining on Ch25h”" BMDMs transduced with MSCV-vector, -Ch25h,
or -Ch25hmut. Data from 2 independent experiments (mean +/- SD).

(G) Seahorse analysis of oxygen consumption rate (OCR) over time from BMDMs
pretreated for 8 hrs with LPS and after the indicated additional treatments. Data are
representative of 3 independent experiments (mean +/- SD).

(H) Seahorse analysis of basal OCR and extracellular acidification rate (ECAR) of
Ch25h*" and Ch25h” BMDMs stimulated with LPS for 8 hrs. Data from 3 independent
experiments (mean +/- SD).

(1, J) Mitotracker Deep Red (1) and Mitotracker Green (J) staining of Ch25h"" and
Ch25h™ peritoneal macrophages 8 hours after I.P. saline or LPS injection. Data from 3
independent (n = 6-7 mice per group). See also related Supplementary Figure 4.
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Figure 7. Cholesterol buildup in mitochondrial causes cytosolic release of

mtDNA.
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(A) Quantification of cholesterol in isolated mitochondria from Ch25h"" and Ch25h™
BMDMs either untreated or stimulated with LPS for 8 hrs. Data from 3 independent
experiments (mean +/- SD).

(B) Quantification of cholesterol in Ch25h” BMDMs transduced with MSCV-vector, -
Ch25h, or -Ch25hmut and treated for 8 hours with LPS. Data from three independent
experiments (mean +/- SD).

(C) mtDNA (Left) or nucDNA (Right) RT-gPCR from cytosolic extracts derived from
Ch25h*" and Ch25h” BMDMs treated as above. Data from 4 independent experiments
(mean +/- SD).

(D) Representation histograms Sleft) and summary graph (right) of intracellular cyt C
staining in Ch25h™ and Ch25h” BMDMs stimulated for 8 hours with LPS and either
permeabilized with digitonin or not. Data from two independent experiments (mean +/-
SD).

(E) mtDNA RT-gPCR of total DNA extractions from BMDMs treated for 7 days with
either nil, ethidium bromide (EtBr), or ddC. Data from 3 independent experiments (mean
+/- SD).

(F) IL-1B ELISA from supernatants of BMDMs depleted of mtDNA as described above,
and stimulated with either LPS alone, LPS+MCD-Chol, or LPS+ATP. Data from 3
independent experiments (mean +/- SD).

(G) IL-1pB bioactivity detected as in Fig. 3 using supernatants from LPS-stimulated
BMDMs of the indicated genotypes. Data from three independent experiments (mean
+/- SD).

(H) IL-1B ELISA of supernatants from BMDMs of the indicated genotypes stimulated
with LPS or LPS+ATP. Data from three independent experiments (mean +/- SD).

(I) L. monocytogenes CFU from BMDMs of the indicated genotypes infected for 24hrs.
Data from three independent experiments (mean +/- SD).

(J) IL-1B ELISA of serum from mice of the indicated genotypes injected with LPS
(20mg/kg) 1.V. for 8 hours. Data from three independent experiments (n = 5 to 8 mice
per group, mean +/- SD). *P<0.05, **P<0.01, ***P < 0.005 (unpaired Students t test or
one way ANOVA with bonferroni test). See also related Supplementary Figure 5.

139



>
w

2.0q 0.08-
. o Ch25h+/-
e~ Ch25h-/- 15l T —
5 - Ifnart-/- 3" 3 0.06|
< N <
< % 1.07 @ ]
5 o é’ 2 oo
s I
1 0.57 0.021
e o & 0.0- 0.00-
& S & b‘\x %‘\,\» (’}\,\' 6‘\/\'
L. mono infection (}a (}O’ c}\q’ 0\(3
C o chshee D
15- . ® Chshi Ch25h*" Ch25h"
° LPS + + + + + +
N.S. .
<ol o - Rapa(™M) 0 20 100 0 20 100
3
= . .
§ — o - Ed WB: pS6(240/244)
2 . o0 = ~oo
2
5 . - - ' .‘ - WB: B-tubulin

Saline LPS

Supplementary Figure 1. Listeria infection and in vivo LPS injection cause
dysregulated cholesterol synthesis in Ch25h-/- BMDM and mTORC1 dependence
of LPS-induced S6 phosphorylation in BMDMs, related to Figures 1 and 2.

(A) RT-gPCR analysis of Ch25h mRNA in Ch25h*", Ch25h™, or Ifnar1”- BMDMs
infected with L. monocytogenes (MOl = 10:1) for 0, 4, or 8 hrs. Data are pooled from 3
independent experiments (mean +/- SD).

(B) RT-gPCR analysis of Hmgcs1 and Sgle mRNA in Ch25h*" and Ch25h” BMDMs
infected with L. monocytogenes for 8 hrs. Data are pooled from 3 independent
experiments (mean +/- SD).

(C) Quantification of cholesterol by Amplex Red fluorescence in sorted peritoneal
macrophages from mice injected intraperitoneally with saline or LPS for 8 hrs (n = 3
mice per group, mean +/- SD).

(D) Immunoblotting for pS6 (S240/244) and B-tubulin in Ch25h*" and Ch25h”" BMDMSs
treated for 4 hrs with LPS followed by 4 hrs of LPS alone, LPS+Rapa (20nM), or
LPS+Rapa (100nM). *P<0.05, **P<0.01, ***P < 0.005 (unpaired Students f test).
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Supplementary Figure 2. Regulation of SREBP2 target gene expression by Ch25h
and LXR-independent inhibition of cholesterol-dependent inflammasome
activation by Ch25h, related to Figure 3.

(A) RT-gPCR analysis of Sgle mRNA in Ch25h”" BMDMs transduced with MSCV-vector,
MSCV-Ch25h, or MSCV-Ch25hmut (mean +/- SD).

(B) IL-1B ELISA from supernatants LXRa/3 double-deficient BMDMs transduced with
MSCV-vector, -Ch25h, or -Ch25hmut (mean +/- SD).
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Supplementary Figure 3. MitoTemp represses ATP-induced IL-1b processing in
BMDM and SREBP2 drives NLRP3 activation in a 293T inflammasome
reconstitution system, related to Figure 4.

(A) Immunobilot for IL-1 on cell pellets and trichloroacetic acid (TCA)-precipitated
supernatants from Ch25h™ and Ch25h”" BMDMs treated with LPS alone, LPS+ATP, or
LPS+ATP+MitoTEMPO. Data are representative of two independent experiments.

(B) RT-gPCR analysis of Ldlr (Left), Hmgcr (Middle), or Fasn (Right) from 293T cells
transfected with either MSCV-thy1.1, MSCV-Srebp1a, or MSCV-Srebp2 (mean +/- SD).
(C) IL-1B ELISA of supernatants from 293T cells co-transfected with NLRP3, ASC,
Caspase-1, pro-IL-1B, and either vector, SREBP1a, or SREBP2 (all 50ng) and 24 hrs
later treated with 15uM nigercin for 45 min. Data are pooled from 3 independent
experiments (mean +/- SD).

(D) Immunoblotting for NLRP3, ASC, Caspase-1, pro-IL-13, and IL-13 p17 on cell
lysates from 293T cells prepared and treated as in C.

*P<0.05, **P<0.01, ***P < 0.005 (one way ANOVA with bonferroni test).
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Supplementary Figure 4. Cholesterol accumulation causes mitochondrial damage
in macrophages, related to Figure 6.

(A, B) MFI of Mitotracker Deep Red (A) and Mitotracker Green (B) staining on Ch25h™"
and Ch25h” BMDM s infected with L. monocytogenes for 8 hrs.

(C, D) MFI of Mitotracker Deep Red (C) and Mitotracker Green (D) staining on Asc** or
Asc” BMDMs treated for 4 hrs with LPS, followed by 4 hrs of MCD-Chol (10ug/ml). Data
are pooled from 3 independent experiments (mean +/- SD).

143



(E, F) MFI of Mitotracker Deep Red (E) or Mitotracker Green (F) staining on BMDMs
transduced with MSCV-vector, -Hmgcr, or -Dhcr24 and stimulated with LPS for 8 hrs.
Data are pooled from two independent experiments (mean +/- SD).

(G) MFI of Mitotracker Deep Red staining on Ch25h™ and Ch25h”" BMDMs stimulated
for 8 hrs with LPS, LPS+HDL (100ug/ml), or LPS+GW3965 (2.5uM). Data are pooled
from two independent experiments (mean +/- SD).

(H) MFI of TMRM staining on Ch25h"" and Ch25h” BMDMs infected with L.
monocytogenes for 8 hrs.

(I) Seahorse analysis of oxygen consumption rate (OCR) from BMDMs treated for 4 hrs
with LPS followed by 4 hours of MCD-Chol. Data are representative of 3 independent
experiments (mean +/- SD).

(J) Representative histograms of Mitotracker Deep Red (Top) and Mitotracker Green
(Bottom) staining of Ch25h"" and Ch25h™ peritoneal macrophages 8 hrs after
intraperitoneal saline or LPS injection. Data are representative of three independent
experiments.
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Supplementary Figure 5. Cholesterol drives mtDNA release and AIM2
inflammasome activation in macrophages, related to Figure 7.
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(A) Immunoblot for Tomm20 (top), B-tubulin (middle), and calreticulin (bottom) on whole
cell extracts (WCE) or mitochondria immunoprecipitated using anti-Tomm22 MACS
beads.

(B) Quantification of cholesterol by Amplex Red fluorescence in mitochondria isolated
with anti-Tomm22 MACS beads from wild type BMDMs stimulated with LPS alone or 4
hrs of LPS followed by 4hrs of MCD-Chol.

(C) mtDNA (left) or nucDNA (right) RT-gPCR of total DNA from cytosolic extracts
derived from BMDMs treated with either LPS alone, or 4 hrs of LPS followed by 4 hrs of
MCD-Chol. Data are pooled from 4 independent experiments (mean +/- SD).

(D) Quantification of cholesterol by Amplex Red fluorescence in mitochondria isolated
with anti-Tomm22 MACS beads from Ch25h”" BMDMs stimulated with LPS alone or 4
hrs of LPS followed by 4 hrs of rapamycin (20nM).

(E) mtDNA RT-gPCR of total DNA from cytosolic extracts derived from BMDMs treated
with either LPS alone, or 4 hrs of LPS followed by 4 hrs of rapamycin (20nM).

(F) RT-gPCR analysis of Rsad (Left) and Ch25h (Right) transcripts in BMDMs treated
for 4 hrs with either nil, LPS, MCD-Chol or LPS+MCD-Chol (mean +/- SD).

(G, H) IL-1B ELISA from supernatants of BMDMs of the indicated genotypes stimulated
with either LPS alone, LPS+FIaTOX (G) or LPS+poly(dA:dT)

(H). Data are pooled from three independent experiments (mean +/- SD).

(I) Representative images (left) and quantification (right) of confocal microscopy on
BMDMs of the indicated genotypes incubated for 8hrs with LPS and FLICA and
subsequently stained with DAPI. Data are pooled from 4 technical replicates of two
independent experiments (mean +/- SD). At least 600 cells were counted for each
replicate. *P<0.05, **P<0.01, ***P < 0.005 (unpaired Students t test or one way ANOVA
with bonferroni test).
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