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ABSTRACT

Abnormal autophagy regulation is implicated in lupus and other autoimmune
diseases. We investigated autophagy in the murine pristane-induced lupus
model. Pristane causes monocyte/macrophage-mediated endoplasmic reticu-
lum (ER) stress in lung endothelial cells and diffuse alveolar hemorrhage (DAH)
indistinguishable from DAH in lupus patients. Enlarged macrophages with
abundant lipid droplets containing neutral lipid and exhibiting increased
autophagosome staining were observed in the lung and peritoneal macro-
phages after pristane treatment. Cellular overload of neutral lipid can lead to
selective autophagy (lipophagy) of lipid droplets and transport to lysosomes.
The autophagy inducer rapamycin decreased neutral lipid staining but aggra-
vated DAH, while an autophagy inhibitor (3-methyladenine) blocked the onset
of DAH. Pristane-induced autophagy in macrophages was confirmed by acri-
dine orange assay and LC3 western blot. Pristane also enlarged lysosomal
volume and enhanced cathepsin S, D, and K expression while decreasing
lysosomal acid lipase activity. If the capacity to degrade neutral lipid into free
cholesterol and fatty acids is overwhelmed, lysosomes enlarge and can release
cathepsins into the cytoplasm promoting cell death. Increasing lysosomal
cholesterol content by blocking the Niemann-Pick C disease protein NPC1
protects against lysosome-dependent cell death. Treatment with NPC1 inhibi-
tors U18666A or cepharanthine, which stabilize lysosomes, normalized lysoso-
mal volume, reversed ER stress, and prevented DAH in pristane-treated mice.
We conclude that pristane disrupts lipid homeostasis, promoting autophagy,
lysosomal dysfunction, ER stress, and cell death leading to DAH. NPC1 inhibition
reverses these abnormalities, preventing DAH. The findings shed light on the
role of autophagy and lysosomal dysfunction in the pathogenesis of lupus
Abbreviations: 25HC, 25-hydroxycholesterol; 3MA, 3-methyladenine; ACAT,
acyl-coenzyme A: cholesterol acetyltransferase; AO, acridine orange; B6,
C57BL/6 mice; BODIPY, 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-

CONTACT Shuhong Han @ shuhong.han@medicine.ufl.edu @ Division of Rheumatology & Clinical
Immunology, University of Florida, PO Box 100221, Gainesville, FL

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/27694127.2024.
2379193.

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-6951-120X
https://doi.org/10.1080/27694127.2024.2379193
https://doi.org/10.1080/27694127.2024.2379193
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/27694127.2024.2379193&domain=pdf&date_stamp=2024-07-23

2 (&) S.HANETAL
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Introduction

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease with
protean clinical presentations including antinuclear antibodies, renal, skin,
nervous system, hematological, and pulmonary manifestations." The chronic
inflammatory response to intraperitoneal injection of the hydrocarbon oil
pristane (2,6,10,14-tetramethylpentadecane) in non-autoimmune-prone mice
causes a type | interferon-dependent lupus syndrome closely mimicking
human SLE.? Other hydrocarbon oils, such as mineral oil (MO) cause chronic
peritoneal inflammation, but not lupus. Mice with pristane-induced lupus
develop lupus autoantibodies, glomerulonephritis, arthritis, and hematologi-
cal abnormalities typical of human SLE. Pristane treatment also alters the
function of macrophages (M¢) and monocytes, which play an important role
in disease pathogenesis.>*

Pristane-induced lupus in C57/BL6 (B6) mice is complicated by severe
diffuse alveolar hemorrhage (DAH) with pulmonary vasculitis closely resem-
bling DAH in lupus patients.2 Administration of liver X receptor (LXR) agonists,
such as T0901317, prevents this complication.” While the protective effect of
T0901317 may be due to its influence on Mg polarization, LXR activation also
facilitates reverse transport of free cholesterol out of the cell via the LXR-
regulated ATP-binding cassette subfamily A member 1 (Abca1).%” In pristane-
treated mice with DAH, an unfolded protein response (UPR) develops in lung
tissue, leading to endoplasmic reticulum (ER) stress of endothelial cells and
apoptotic cell death.? Elevated levels of free cholesterol and long-chain satu-
rated fatty acids can induce ER stress and cell death, termed “lipotoxicity”.”'°

The transport of lipids between cellular compartments relies on a complex
network of pathways centered on lysosomes, which have emerged as master
regulators of lipid metabolism."" Apart from de novo synthesis, lipids can



AUTOPHAGY REPORTS (&) 3

enter the cell through cell surface receptors, such as low-density lipoprotein
(LDL) receptors'? or receptors for dead cells.'* Lysosomal acid lipase (LAL)
degrades the lipids, generating fatty acids and free cholesterol, which can be
recycled or transported out of the cell. Conversely, cholesterol can be re-
esterified and stored as lipid droplets.'*

Disruption of lysosomal lipid homeostasis is toxic to cells resulting in
lysosomal membrane permeabilization (LMP) and the release of lysosomal
proteases into the cytoplasm, which can cause cell death. Lysosome-depen-
dent cell death (LDCD) is a form of regulated necrotic cell death that follows
LMP."> Accumulation of cholesterol in the lysosomes enhances lysosomal
stability and prevents LMP.'® We investigated the potential involvement of
lipotoxicity and lysosomal dysfunction in pristane-induced DAH.

Results

Monocyte/M¢ depletion prevents pristane-induced DAH.? Circulating proin-
flammatory non-classical monocytes with the wunusual phenotype
CD11b*Ly6C " CD138" are seen in pristane-treated B6 mice with DAH, but
not in MO-treated B6 mice or pristane-treated BALB/c mice, which do not
develop DAH.*'” However, their role in DAH is unclear.

Pristane causes lipid accumulation in monocytes and M

Consistent with prior observations,>® lipid-laden M were detected histolo-
gically in the lungs (Figure 1A, top) and PECs (not shown) of pristane-treated
mice. Lung M from untreated mice were smaller and did not contain
prominent vacuoles as seen in pristane-treated mice. We examined whether
vacuoles in monocytes/M$ contained neutral lipid by flow cytometry. As
shown in Figure 1B, both CD138* blood monocytes and CD138" peritoneal
M¢ from pristane-treated mice stained strongly with Nile red. In pristane-
treated mice, staining was more intense in CD138" blood monocytes than in
peritoneal CD138" or Ly6Chi M¢ or circulating neutrophils (Figure 1B-C). Nile
red staining was higher in peritoneal CD138* M¢, Ly6Chi Mo, and neutrophils
from pristane-treated mice vs. MO-treated controls and was stronger in
CD138* Mo vs. Ly6Chi (classical) M¢ or neutrophils (Figure 1D). A similar
pattern was seen in PECs stained with BODIPY 493/503, another lipophilic
dye that stains neutral lipids (Figure 1E). Nile red and BODIPY 493/503 stain-
ing was strongest in CD138" M¢.

Lipid droplets are organelles that store neutral lipids.'® Plin2, encoding the
lipid droplet-specific protein perilipin-2 (adipophilin), is the most highly over-
expressed gene in M exposed to oxidized LDL (Ox-LDL).'® It impairs lipid
mobilization in foamy M@, promoting atherosclerosis?® and is upregulated in
cerebral ischemia/reperfusion resulting in NLRP3-mediated inflammation.?’
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Figure 1. Neutral lipid accumulation and autophagosome formation in pristane-treated
mice. B6 mice were treated with pristane or mineral oil (MO) and 14-d later were
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Plin2 deficiency protects against atherosclerosis and non-alcoholic steatohe-
patitis by reducing inflammation.”> RNA-Seq analysis suggested that Plin2
expression was higher in pristane- vs. MO- treated Ly6Chi and CD138" M¢
(Figure 1F). Upregulation of Plin2 was confirmed by qPCR in PECs from
pristane- vs. MO- treated mice (Figure 1G), suggesting that pristane treatment
increased lipid droplet formation.

Selective autophagy of lipid droplets (lipophagy) transports neutral lipids
to lysosomes, where they are degraded by LAL.>*"** Excessive lipid accumu-
lation or metabolic stress upregulates lipophagy, whereas inhibition of autop-
hagy promotes lipid droplet formation.”> Inside the lysosome, perilipin-2
requlates access of LAL to the lipid droplet core, impairing lipid droplet
degradation.'*?® When mice were treated with pristane plus an autophagy
inhibitor (3-methyladenine, 3MA), Plin2 expression in PECs was unaffected
(Figure TH). In contrast rapamycin, an mTOR inhibitor that induces autop-
hagy, decreased Plin2 (Figure TH), suggesting that it might enhance the
degradation of neutral lipid by LAL.

In comparison with controls, pristane treatment greatly increased autop-
hagosome volume as demonstrated by cyto-ID green staining (Figure 1I).
High Cyto-ID green staining was associated with high neutral lipid staining, as
both were highest in peritoneal CD138* M¢, intermediate in Ly6C* M¢, and
lower (but still enhanced by pristane) in Ly6G* neutrophils (Figure 11). These
studies indicate that exposure to the DAH-inducing oil pristane, but not a

examined for lipid accumulation. (A), H&E staining of lung tissue from a pristane-treated
mouse (top) showing enlarged macrophages (M¢) with numerous cytoplasmic
vacuoles. Lung M from an untreated control (bottom) were smaller with less promi-
nent vacuoles. (B), Flow cytometry of Nile red-stained peritoneal M¢ and circulating
monocytes from mice treated 14-d earlier with pristane. Red, peritoneal CD11b*CD138*
Md; Blue, circulating CD11b*CD138" monocytes. (C), Flow cytometry of Nile red-stained
Mo and circulating monocytes from mice treated 14-d earlier with pristane. Red,
peritoneal CD11b*Ly6C"'CD138~ Md; Blue, circulating CD11b*Ly6G™ neutrophils; Gray,
circulating CD11b*Ly6C"CD138" monocytes. (D), Nile red staining of total PECs from
pristane and MO treated mice (MFI, mean fluorescence intensity). Left,
CD11b*Ly6C"CD138* Md; middle, CD11b*Ly6C"'CD138~ Md; right, CD11b*Ly6G* neu-
trophils. (E), BODIPY 493/503 staining of total PECs from pristane and MO treated mice.
Left, CD11b*Ly6C"CD138" Md; middle, CD11b*Ly6C"'CD138~ Md; right, CD11b"Ly6G"
neutrophils. (F), RNA-Seq showing relative expression of Plin2 mRNA in peritoneal
CD11b*Ly6CMCD138™ M and CD11b*Ly6C"CD138~ M from pristane vs. MO treated
mice (Fpkm, fragment per kilobase million). (G), Plin2 expression in total PECs from
pristane- vs. MO- treated mice. (H), Plin2 expression in pristane treated mice receiving 3-
methyladenine (3MA), rapamycin (Rap), or pristane alone (-). (I), Cyto-ID green staining
of total PECs from pristane and MO treated mice. Left, CD11b"Ly6C"CD138" Md; middle,
CD11b*Ly6CMCD138~ Md; right, CD11b*Ly6G* neutrophils. **, P < 0.01; *** P < 0.001,
**¥% P < 0.0001, ns, not significant (Student t-test).
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control oil (MO), altered lipid homeostasis and that neutral lipid accumulation
was accompanied by evidence of increased autophagy.

The induction of autophagy by pristane was confirmed by acridine orange
(AO) staining and the conversion of LC3-I to LC3-Il (Figure 2). In comparison
with MO treatment, pristane treatment greatly augmented the AO red/green
fluorescence ratio in CD138" and CD138™ peritoneal M¢ at d-14 (Figure 2A).
By this assay, autophagy was not significantly higher in Ly6G* neutrophils
from pristane vs. MO treated mice.

We compared the effect of rapamycin, a known autophagy inducer, with
that of pristane in murine M (RAW264.7 cell line) (Figure 2B-C). As expected,
rapamycin dose-dependently increased the AO red/green fluorescence, con-
sistent with the induction of autophagy (Figure 2B, left). 3MA inhibited
rapamycin-induced autophagy in a dose-dependent manner (Figure 2B,
right). Similarly, incubation of RAW264.7 cells with pristane dose-dependently
increased AO red/green fluorescence (Figure 2C, left). Pristane-induced
autophagy in RAW264.7 cells also was inhibited dose-dependently by 3MA
(Figure 2G, right).

We also cultured RAW264.7 cells with/without pristane followed by wes-
tern blotting for LC3-I (16-18 kDa) and its lipidated form LC3-Il (14-16 kDa),
which migrates ahead of LC3-I due to its high hydrophobicity (Figure 2E).
Incubation for 24-h with pristane substantially increased the LC3-Il protein
level in RAW264.7 cells vs. the level in RAW264.7 cells cultured without
pristane. After culture with rapamycin (50 ng/mL) for 24-h, only a weak LC3-
Il signal was seen, most likely due to the kinetics of rapamycin induction of
autophagy, which at doses = 10 nM induces a rapid increase of LC3-Il peaking
at 30 min and then declining.?’

Altered lipid homeostasis in pristane-induced DAH

We next explored the effects of rapamycin and 3MA on pristane-induced
neutral lipid accumulation and lung hemorrhage. BODIPY 493/503 staining of
lipid droplets in peritoneal CD138* M¢, Ly6Chi M@, and neutrophils from
pristane-treated mice was unaffected by 3MA (Figure 3A). In contrast, rapa-
mycin decreased BODIPY staining in all three subsets (Figure 3A), suggesting
that the accumulation of lipid droplets induced by pristane resolved when
autophagy was enhanced.

Along with normalizing cytoplasmic neutral lipid accumulation, rapamycin
treatment increased the frequency and severity of DAH in pristane-treated
mice (Figure 3B). We also tested dactolisib, a dual PI3K-mTOR inhibitor, in 5
mice. Two mice died from DAH before day-14 and all three surviving mice had
severe DAH. Despite the small number there was a trend toward worsening of
DAH in this group (P = 0.09). Conversely, inhibition of autophagy with 3MA
significantly reduced the frequency of DAH (Figure 3B). Together, the data
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Figure 2. Effects of pristane, rapamycin, and 3-methyladenine (3MA) on autophagy. (A), B6
mice were injected i.p. with pristane (Pris) or mineral oil (MO) and 14-d later, autophagy
was analyzed by acridine orange (AO) staining [red (Percp cy5.5 channel)/green (fluor-
escein isothiocyanate channel) fluorescence in flow cytometry] in Ly6G"™ neutrophils,
CD138" M@, and CD138~ M¢ from peritoneal exudate cells (PEC). ****, P < 0.0001,
Student t-test. ns, not significant). (B), Left, RAW264.7 M¢ were incubated for 24-h in
culture medium containing rapamycin (0-100 ng/mL) and AO staining (red/green ratio)
was determined by flow cytometry. Right, RAW264.7 cells were cultured with rapamycin
50 ng/mL or carrier (DMSO) in the presence of 3MA (0, 0.1, 0.5, or 1.0 mM). AO staining
(red/green ratio) was determined at 24-h by flow cytometry. Data are representative of
two independent experiments. (C), Left, RAW264.7 M were incubated 24-h in culture
medium containing 0-200 pL of fetal bovine serum (FBS) saturated with pristane (FBS/
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suggest that increasing autophagy exacerbates DAH while inhibiting autop-
hagy prevents it.

Lipophagy delivers lipid droplets to the lysosomes, where the neutral lipid
is cleaved by LAL, yielding free cholesterol and fatty acids. We hypothesized
that cleavage of cholesterol ester might explain why BODIPY 493/503 staining
was lower in PECs from mice treated with pristane + rapamycin than in PECs
from mice receiving pristane alone (Figure 3A). Lipophagy should generate
an increased load of lysosomal free cholesterol, which is transported into the
cytoplasm by the Niemann-Pick C disease proteins NPC1 and NPC2.°%%° We
investigated the role of lysosomal cholesterol transport in pristane-induced
DAH using U18666A and cepharanthine, which are NPC1 inhibitors that
mimic Niemann-Pick C disease.

U18666A treatment increases lysosomal cholesterol content by preventing
its transport to the cytoplasm, and protects cells from lipotoxicity by stabiliz-
ing lysosomal membranes.*® U18666A treatment potently inhibited pristane-
induced DAH (Figure 3C). Treatment with cepharanthine, which also inhibits
endolysosomal trafficking of free cholesterol by binding NPC1,3' prevented
DAH as effectively as U18666A (Figure 3C). As reported previously,” pristane-
induced DAH was blocked by treatment with T0901317, a synthetic liver X
receptor (LXR) agonist (Figure 3C). Although LXR activation re-polarizes M¢
from a proinflammatory M1-like phenotype to an M2-like phenotype, it also
enhances the expression of ATP-binding cassette transporter A1 (Abcal),
which mediates reverse cholesterol transport across the plasma membrane,
lowering cytoplasmic free cholesterol.®’

Along with reverse cholesterol transport, cytoplasmic free cholesterol
levels are reduced by esterification catalyzed by acyl-coenzyme A: cholesterol
acetyltransferase (ACAT).3? ACAT inhibitors impair cholesterol esterification,
increasing free cholesterol in the ER membrane.>> When the ACAT inhibitor
avasimibe was given along with pristane, DAH was exacerbated (Figure 3D).
Thus, pristane-induced DAH could be prevented by activating Abcal-

pristane), or with FBS alone. Right, RAW264.7 cells were cultured in DMEM medium for
24-h with FBS/pristane (100 pL) or with FBS alone in the presence/absence of 3MA (0,
0.1, 0.5, or 1.0 mM). Data are representative of two independent experiments. (D),
RAW264.7 M were incubated 24-h in DMEM medium containing 0-200 pL of fetal
bovine serum (FBS) saturated with pristane (FBS/pristane), or with FBS alone. Annexin-V
staining was measured by flow cytometry after 24-h (left) or 48-h (right) of culture. Data
are representative of two independent experiments. (E), RAW264.7 cells were cultured
for 24-h in the presence of rapamycin (50 ng/mL in DMEM+10% FBS, Rap), pristane (in
5% pristane-saturated FBS plus 5% pristane-free FBS, Pris), or medium alone [10% FBS,
(-)]. Western blot was carried out using anti-LC3 and anti-tubulin antibodies (as a
loading control). Positions of LC3B-I and LC3B-Il bands are indicated. Representative
of three independent experiments.
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Figure 3. Altered lipid homeostasis in pristane-induced DAH. (A-B), B6 mice were treated
with pristane alone (-) or with pristane plus 3-methyladenine (3MA), rapamycin (Rap), or
dactolisib (Dacto). After 14-d, peritoneal exudate cells (PECs) were stained with BODIPY
493/503 plus anti-CD11b, CD138, Ly6C, and Ly6G antibodies and analyzed by flow
cytometry. (A), Mean fluorescence intensity (MFI) of BODIPY493/503 staining in indivi-
dual cell subsets. *, P < 0.05; ** P < 0.01 (ANOVA, Dunnett’s multiple comparison test).
(B), percentage of mice in each group with diffuse alveolar hemorrhage (DAH). (C), B6
mice were treated pristane plus cepharanthine (Ceph), T0901317 (T090), or U18666A in
DMSO, or vehicle alone (DMSO) and the frequencies of severe or mild DAH at day-14
were determined. (D), B6 mice were treated with pristane plus avastimibe or with
pristane alone (Control) and percentages of mice with DAH at were determined at
day-14. (B-D), **, P < 0.01; *** P < 0.001 (Chi-square). Numbers of mice (n) are indicated
at the bottom (B-D).

mediated reverse cholesterol transport (T0901317) or sequestering free cho-
lesterol inside lysosomes (U18666A, cepharanthine), whereas blocking the
esterification of cytoplasmic free cholesterol by ACAT inhibition (avasimibe)
increased disease severity. Together, these observations suggest that high
levels of cytoplasmic free cholesterol enhance susceptibility to DAH.

Effect of U18666A is interferon-independent

Pristane induces a type | interferon (IFN) signature, whereas MO treatment does
not.” Mice lacking either the type | IFN receptor (Ifnar1-/-) or IFNy (ifng-/-) are
protected from the induction of lupus autoantibodies and lupus nephritis.? In
contrast, B6-Ifnari-/- mice are fully susceptible to the induction of DAH. The
susceptibility of B6-Ifng-/- mice to pristane-induced DAH has not been studied.
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Cholesterol 25-hydroxylase (Ch25h), which converts cholesterol to 25-hydro-
xycholesterol (25HC) and has a role in inflammation and the regulation of
LXRs,*® is upregulated in M by both type | (e.g. IFNa) and type Il (IFNy) via
Stat1.>* We asked whether blocking Npc1 or stimulating LXR activity blocks the
induction of type 1 and type 2 IFN stimulated genes by pristane.

In PECs from pristane-treated mice, U18666A, cepharanthine, and
T0901317 did not significantly affect the expression of the type | IFN regu-
lated genes Mx1, Irf7, and Isg15 (Figure 4A). Pristane induced expression of
the IFNy regulated genes Cxc/10 and Irf1 (Figure 4B). However, in PECs from
pristane-treated mice, U18666A did not affect the expression of Cxcl10, Irf1 or
the IFNa/IFNy-regulated Ch25h gene35 (Figure 4CQ). In peripheral blood cells,
pristane treatment reduced Ch25h, but as in PECs, U18666A did not restore
expression to normal levels (Figure 4D).

Ch25h-regulated 25HC production in monocyte-derived M¢ recruited to
the inflamed lung promotes the resolution of lung injury, but 25HC produc-
tion by lung endothelial cells stimulates lipopolysaccharide (LPS)-induced
inflammatory cytokine production, ER stress, and endothelial leak 36 The
dominant effect of 25HC is amplification of LPS-induced lung injury and
endothelial leak. U18666A treatment reduced Ch25h expression in lung tissue
from pristane-treated mice, suggesting that it might modulate lung inflam-
mation (Figure 4E).

Although Npc1 inhibition had little effect on Ch25h expression in periph-
eral blood cells, both U18666A and cepharanthine potently blocked the
expression of TremL4 staining on the surface of blood monocytes (Figure
4F). TremL4 is a protein that amplifies proinflammatory signaling®’*® and is
expressed at high levels on circulating CD138" monocytes in mice with
pristane-induced DAH.* It may serve as a marker for CD138*Ly6C™~ monocytes
that have lost the capacity to promote vascular repair. Consistent with prior
studies in pristane-treated B6 mice,* TremL4 expression was higher on
CD138* monocytes than the Ly6C'°CD138™ or Ly6C"'CD138~ monocyte sub-
sets (Figure 4F). Surface staining of all three subsets was substantially reduced
by U18666A or cepharanthine treatment.

U18666A and cepharanthine sequester cholesterol within the lysosomes,
lowering the cytoplasmic levels of free cholesterol and 25-HC.2"3 Since high
cytoplasmic levels of free cholesterol can induce ER stress and apoptosis,*°
we examined the effect of NPC1 inhibition on pristane-induced ER stress.

U18666A blocks induction of ER stress markers in lung but not myeloid
cells

Pristane treatment activates the UPR and Golgi/ER stress is seen in pulmonary
endothelial cells from B6 (susceptible to DAH) but not BALB/c (resistant to
DAH) mice.® Enhancing ER stress by treating with pristane + low-dose
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or pristane without any other addition (None) and gene expression was analyzed 14-d
later. (A), expression of interferon stimulated genes Mx1, Irf7, and Isg15 in peritoneal
exudate cells (PECs). Differences were not significant (ANOVA). (B), IFNy regulated gene
expression (Cxc/10 and Irf1) in PECs from mice treated with pristane (Pris) or mineral oil
(MO). **, P < 0.01; *** P < 0.001, (Student t-test). (C), Cxcl10, Irf1, and Ch25h expression
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thapsigargin causes DAH in BALB/c mice. Although classically induced by the
accumulation of unfolded or misfolded proteins in the ER, cholesterol accu-
mulation in the ER membrane also potently induces ER stress via the IRE1
pathway.”*'

We examined the effect of U18666A on the expression of Golgi/ER stress
markers in PECs and lung. The Golgi marker Copa is low/absent in COPA
syndrome, a human genetic disorder with autoimmune features character-
ized by DAH and ER stress,** and also is markedly decreased in pristane-
induced DAH.2 Copa expression in PECs was unaffected by treating with
cepharanthine, U18666A, or T0901317 along with pristane (Figure 5A). In
contrast, expression in the lung was restored to normal by co-administering
U18666A along with pristane (Figure 5B). The ER stress markers Hspa5 (BiP)
and Ddit3 (CHOP) increase in lung from pristane-treated mice with DAH.2
Hspa5 expression in PECs from pristane-treated mice was unaffected by
concomitant treatment with cepharanthine, U18666A, or T0901317 (Figure
5C). U18666A also did not normalize Hspa5 expression in lung from pristane-
treated mice (Figure 5D). In pristane-treated mice, Ddit3 expression in PECs
was unaffected by cepharanthine, U18666A, or T0901317 (Figure 5E), but
U18666A normalized Ddit3 expression in the lung (Figure 5F). Cholesterol
trafficking to the ER activates Ddit3/CHOP, resulting in ER stress-induced
apoptosis.**** Our data are consistent with reports that U18666A protects
cells from apoptosis induced via LMP** and from cholesterol-induced ER
stress.>> However, although pristane induces apoptosis in myeloid cells
(Figure 2D), it may cause cell death by a different pathway in myeloid cells
vs. lung.

U18666A blocks differentiation of inflammatory CD138" monocytes/Md

Cholesterol promotes proinflammatory M polarization and atherosclerosis.”
4647 Since pristane-induced DAH is prevented by depleting monocytes/M¢
with clodronate liposomes or blocking the recruitment of monocytes to the
lung (Ccr2-/- mice),*® we investigated the effects of U18666A, cepharanthine,
and T0901317 on myeloid cells. Three monocyte subsets appear in the blood
after pristane treatment, two of which (Ly6C"Ly6GCD11b"CD138 and Ly6C'
°Ly6G CD11b*CD138") also are seen in the circulation of MO-treated mice.*

monoclonal antibodies. TremL4 staining (mean fluorescence intensity, MFI) is shown on
the  CD11b*Ly6G CD1387Ly6C"  monocytes  (Ly6C"  mono,  left),
CD11b*Ly6G CD1387Ly6C®  monocytes (Ly6C"  mono,  center), and
CD11b*Ly6G~CD138"Ly6C"*? monocytes (CD138" mono, right) subsets. *, P < 0.05; **,
P < 0.01; **** P < 0.0001; ns, not significant, (ANOVA, Dunnett’s multiple comparison
test).
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Figure 5. U18666A blocks induction of ER stress markers in the lung. Mice were treated
with pristane + cepharanthine (Ceph), U18666A (U18666), or T0901317 (T090), pristane
without any other addition (None), or PBS (no pristane). Gene expression was analyzed
14-d later. (A, C, E), gene expression in peritoneal exudate cells (PEC); (B, D, F), gene
expression in lung. (A-B), expression of Copa; (C-D), expression of Hspa5 (Bip); (E-F),
expression of Ddit3 (CHOP). # P < 0.05 (Student t-test). *, P < 0.05; *** P < 0.001, ns, not
significant (ANOVA, Dunnett’s multiple comparison test).

The percentages of these cells were unaffected by administering cephar-
anthine, U18666A, or T0901317 to pristane-treated mice (Figure 6A). In con-
trast, circulating Ly6C°Ly6G"CD11b*CD138" cells (“CD138* monocytes”)
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increase in pristane-treated mice with DAH, but not in MO-treated mice,* and
were nearly absent in mice receiving cepharanthine or U18666A along with
pristane, but were unaffected by T0901317 (Figure 6A). Circulating
Ly6G"CD11b" neutrophils were unaffected by T0901317, but increased in
mice treated with pristane plus cepharanthine or U18666A.

As it is technically challenging to quantify subsets of bone marrow-derived
myeloid cells in lung tissue, we examined M¢ generated from monocytes
recruited to the peritoneum of pristane-treated mice. In PECs, cepharanthine
and U18666A decreased Ly6C°CD138" and Ly6C°CD138~ M¢ but did not
affect the Ly6Chi subset (Figure 6B). T0901317 reduced peritoneal CD138*
M¢. Cepharanthine, U18666A, and T0901317 all increased the percentage of
peritoneal Ly6G™ neutrophils in pristane-treated mice (Figure 6B). Thus, drugs
that sequester cholesterol in lysosomes impaired the generation of non-
classical (Ly6C'°CD138" and Ly6C"°CD1387) monocytes/Md, but had little
effect on classical (Ly6Chi) monocytes/Mo.

Effect of pristane on genes that regulate cholesterol accumulation

We next examined whether pristane alters the expression of genes involved
in cholesterol transport. Pristane treatment decreases LXR-regulated Abcal
expression and it is restored and DAH is prevented by treating with a
synthetic LXR agonist.”> RNA-Seq analysis revealed increased levels of Npc1
and Npc2 mRNA in peritoneal Ly6C" M from pristane vs. MO treated mice
(Figure 7A-B). A smaller effect (not statistically significant) was seen in peri-
toneal CD138" M. Expression of the neutral cholesterol ester hydrolase 1
(Nceh1) gene, an ER-resident enzyme catalyzing the de-esterification of cho-
lesterol, also was higher in both Ly6C™ and CD138" peritoneal M¢ from
pristane- vs. MO- treated mice (Figure 7C). Like Npc1 and Npc2, increased
levels of Nceh1 could promote free cholesterol accumulation if re-esterifica-
tion or reverse cholesterol transport is impaired.*® In contrast, expression
levels of Ldlr (mediates uptake of low-density lipoproteins), Cd36 (mediates
uptake of oxidized LDL), Ptafr (a co-factor for CD36), Lipa (encodes LAL),
Acatl, and Hmgcr (rate-limiting enzyme in cholesterol biosynthesis) were
similar in pristane- vs. MO- treated Ly6C" and CD138" M@ (Figure 7D-I). The
differential expression of Npc1, Npc2, and NcehT mRNA in PECs from pristane-
vs. MO- treated mice was confirmed by qPCR (Figure 7)J).

Effect of U18666A on lysosomal enzymes

Pristane-induced lipid accumulation and increased autophagosome staining
along with reduced neutral lipid staining in mice receiving rapamycin plus
pristane (Figures 1-2) are consistent with the transport of neutral lipids to
lysosomes and hydrolysis by LAL.?* LAL is the only lysosomal enzyme known



A (peripheral blood)

hi
Ié%?c n.s n.s. n.s.
2 . °
. e
5 15
S ol 3
5104 & )
x e® 8&v % B‘Eﬂ
= goo
O 51
O
)
None Ceph U18666 TO90
+ pristane
Ly6C'®
__20- n.s. n.s. n.s.
+
e}
= 15 @O
5 m
s 0%g® o _E_E'
© 10 o
s o olo
T e s
S
0 T T T T
None Ceph U18666 T090
+ pristane
B (PECs)
__Lysch
8 804 n.s. n.s n.s.
kny
Q60 o
0
O 40 o0
° |gde on o . o
< 20 o%so S8
3
>0 T T T T
None U18666 Ceph T090
+ pristane
Lyéc' p = 0.0002 ANOVA
201 Fkkk *% n.s.
10} 0o o
O
8515 3
Qi °
9 = 10, ‘E‘
O 078
XS o o
35 5 g ©
X
None U18666 Ceph T090

+ pristane

AUTOPHAGY REPORTS 15

CD138+ p =0.0166 ANOVA
~ 304 * * n.s.
2 o
o
o20{ ©
k] X o
S
+5 101 _:f—_ o
(s2]
® °
a ° o
O
None Ceph U18666 T090
+ pristane
. p =0.0021 ANOVA
Neutrophil _
30- * p=0.07 n.s.
2 % °
S60{ e® =+ %
o o ° OpgoO
‘S 40- o
s 1% i
= o -
None Ceph U18666 T090
+ pristane
~ CD138+ P <0.0001 ANOVA
Q 50- kkkk  kkkk  kkkk
ey
2401 0
a) ]
S
\2 204
S °
5 104 -
© O5%°  sreny 5t
o 0 T T T T
o None Ceph U18666 T090
+ pristane
Neutrophil p <0.0001 ANOVA
__ 807 *hkk  kkkk  kk
o o 9
é 60+ 8&5 80 @O
&
s % o
20 —$—
< oo
-
0

None U18666 Ceph

T090

+ pristane

Figure 6. U18666A blocks differentiation of inflammatory CD138% monocytes/M¢. Mice
were treated with pristane + cepharanthine (Ceph), U18666A (U18666), or T0901317
(T090) or pristane without any other addition (None) and myeloid subsets were analyzed
14-d later by flow cytometry. Data for each CD11b* subset (Ly6C"MCD1387,
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(A), peripheral blood (circulating) cells; (B), peritoneal exudate cells (PECs). *, P < 0.05; **,
P < 0.01; **** P < 0.0001, ns, not significant (ANOVA, Dunnett’s multiple comparison

test).
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Figure 7. Increased Npc 1, Npc2, and Nceh1 expression in pristane-treated mice. Mice were
treated with pristane (Pris) or mineral oil (MO) and 14-d later, gene expression was
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Seq (A-l) or in total PECs by qPCR (J). (A-lI), Relative expression of genes encoding
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Npc2, Nceh1, Ldlr, Cd36, Ptafr, Lipa, Acat1, and Hmgr. (J), Expression of Npc1, Npc2, and
Nceh1 in PECs from pristane and MO treated mice (QPCR). Fpkm, fragment per kilobase
million. *, P < 0.05; **, P < 0.01; *** P < 0.001, ns, not significant (Student t-test).
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to degrade the cholesterol esters in LDL and lipid droplets, yielding free
cholesterol and fatty acids.”>*®*° Free cholesterol is transported out of the
lysosome by Npc1 and Npc2.24%° In Npc1-/- mice free cholesterol accumulates
in the lysosomes. In contrast, cholesterol ester accumulates in the lysosomes
of mice and humans with LAL mutations and foamy M¢ fill the alveoli, though
DAH does not occur.*®>°

The effect of pristane treatment on LAL activity was examined. In
peritoneal cells from MO-treated controls, LAL enzyme activity was
detected in both CD138+Ly6C'° and CD1387Ly6C” Md (Figure 8A).
Activity was low in Ly6G"™ neutrophils. LAL activity was substantially
lower in CD138" and CD138~ M¢ from pristane- vs. MO- treated mice
(Figure 8A). U18666A did not normalize LAL activity in pristane treated
mice (Figure 8B). The low level of LAL activity and the high Plip2
expression suggests that lysosomal degradation of lipid droplets may
be impaired in pristane-treated mice. Interestingly, although LAL is
regulated primarily at the transcriptional level,*® Lipa mRNA expression
(gPCR) was somewhat higher in pristane- vs. MO- treated mice whereas
LAL activity was very low, (Figure 8C, A), suggesting that pristane might
downregulate LAL enzyme activity post-transcriptionally. U18666A low-
ered Lipa mRNA expression (Figure 8C) without affecting LAL enzyme
activity (Figure 8B).

Cathepsins are endolysosomal proteases that are dysregulated in a
variety of human diseases and play an important role in viral
pathogenesis.®’ and apoptosis®®> LMP releases cathepsins into the cyto-
plasm, promoting apoptosis.'> Microinjection of cathepsin D induces
caspase-dependent apoptosis, which can be blocked using the cathepsin
D inhibitor pepstatin-A.>>** Ctss (cathepsin S), Ctsd (cathepsin D), Ctsl
(cathepsin L), and Ctsk (cathepsin K) all were expressed at higher levels in
PECs from pristane- vs. MO-treated mice (Figure 8D). Lysosomal choles-
terol accumulation resulting from U18666A treatment prevents LMP by
increasing lysosomal stability.'® Administration of U18666A also
decreased Ctss, Ctsd, and Ctsk expression, but not Cts/, to control levels
in pristane-treated mice (Figure 8E). The increased levels of lysosomal
cathepsin mRNAs were accompanied by increased cathepsin K enzyme
activity in peritoneal CD138" and CD138~ M¢ as well as neutrophils from
pristane-treated mice (Figure 8F). The highest cathepsin K activity was
seen in CD138" PECs. Cathepsins S, D, and K all are implicated in the
pathogenesis of lupus.”>>>® These observations suggest that pristane
treatment causes lysosome dysfunction and that U18666A may protect
mice from DAH by increasing lysosomal cholesterol content and prevent-
ing LMP as well as by reducing the levels of the lysosomal proteases
released during LMP.
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Figure 8. Effect of U18666A on lysosomal enzymes. (R), B6 mice were treated with
pristane or mineral oil (MO) and lysosomal acid lipase (LAL) enzyme activity was
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Lysosome size/volume increases in pristane-exposed M and is
normalized by U18666A

Lysosomes are critical to the cellular stress response®® and increased lysoso-
mal size promotes LMP and LDCD."> We assessed lysosome biogenesis by
measuring lysosome-associated membrane glycoprotein 1 (LAMP1/
CD107a).%° Cathepsin D and LAMP1 are both regulated by TFEB (transcription
factor EB), the master regulator of genes encoding lysosomal membrane
proteins and hydrolases.®*®! Expression of both was higher in CD138" Md
from pristane- vs. MO- treated mice (Figures 8E and 9A). Increased lysosomal
volume (a function of the size and number of lysosomes), a key indicator of
lysosome biogenesis,®® was assessed using LysoTracker green. Pristane treat-
ment dramatically increased LysoTracker green staining (Figure 9B), whereas
lysosomal pH did not change as determined by LysoSensor staining (Figure
9Q). In RAW264.7 (murine M) cells, pristane, but not MO, induced a dose-
dependent increase in LAMP-1/CD107a staining (Figure 9D). Consistent with
high levels of LAMP-1 and cathepsin D, Tfeb expression was higher in PECs
from pristane- vs. MO- treated mice (Figure 9E).

Pristane also increased lysosomal volume (LysoTracker staining) in RAW
264.7 cells (Figure 9F, left, unshaded bars). Lysosome volume was reduced
in a dose-dependent manner by adding U18666A to the culture medium
along with pristane, whereas U18666A had no effect on lysosome volume in
cells cultured with carrier alone (Figure 9F, left). As in CD138* Mg, lysosomal
pH was unaffected by adding U18666A to pristane-treated RAW264.7 cells
(Figure 9F, right). These data indicate that the lysosome biogenesis pathway
is activated by pristane treatment, most likely through the activity of TFEB,
and that this may be reversed by the accumulation of free cholesterol in the
lysosomes (U18666A treatment). Although Tfeb gene expression increased
in pristane-treated mice, TFEB activity is regulated primarily through

measured at day-14 in CD11b*CD138"Ly6G~ M, CD11b*CD138 Ly6G~ Md, and
CD11b"CD1387Ly6G" neutrophils. (B), B6 mice were treated with pristane alone (-) or
pristane + U18666A. Lysosomal acid lipase (LAL) enzyme activity was measured at day-
14 in CD11b*CD138*Ly6G~ M, CD11b"CD1387 Ly6G~ M, and CD11b"CD138 Ly6G"
neutrophils. (C-D), mRNA expression (qPCR) at day-14 in total PECs from mice treated
with pristane or MO or pristane+U18666A. (C), lysosomal acid lipase (Lipa) expression.
(D), cathepsin S (Ctss), cathepsin D (Ctsd), cathepsin L (Ctsl) and cathepsin K (Ctsk)
expression. (E), expression of Ctss, Ctsd, Ctsl, and Ctsk in total PECs from B6 mice treated
with pristane alone (Pris) or pristane + U18666A. F, CTSK enzyme activity 14-d after
pristane or MO treatment in peritoneal exudate cell (PEC) subsets: L6G* neutrophils
(left), LysG"CD11b*CD138* M¢ (middle), and Ly6G CD11b*CD138~ M¢ (right). *, P <
0.05; **, P < 0.01; *** P < 0.001; **** P < 0.0001; ns, not significant (Student t-test).
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dephosphorylation.®® Unfortunately, due to the low abundance of TFEB, it is
reportedly difficult to evaluate the subcellular distribution by
immunofluorescence.®®

Chloroquine, chlorpromazine, and other cationic amphiphilic (lysosomo-
tropic) drugs are sequestered in lysosomes, increasing lysosomal volume
(LysoTracker), cathepsin activity, and LAMP1 staining.®>®®> Most enhance
autophagy but chloroquine inhibits it.°? In addition, these drugs can alter
lipid metabolism and/or transport at therapeutic concentrations, resulting in
lysosomal neutral phospholipid and cholesterol accumulation and inflamma-
tion (“drug-induced phospholipidosis”).®* The ability of these drugs to
increase lysosomal volume correlates with their ability to intercalate into
the lysosomal membrane,®® resulting in increased LMP.%* Pristane also can
intercalate into the cell membrane.®® Consistent with the flow cytometry
data, pristane exposure increased the intensity of LysoTracker staining in
live RAW264.7 cells by confocal microscopy (Figure 9G). Individual lysosomes
in pristane-treated cells appeared larger and brighter than those in cells
incubated in medium alone. Lysosomes in pristane-treated cells appeared
similar to those in cells incubated with chloroquine, which causes lysosomal
enlargement/swelling and the intensity of LysoTracker staining per cell in
pristane- vs. chloroquine- treated cells was similar (Figure 9G). Pristane-trea-
ted RAW264.7 cells also were stained with BODIPY493/503 plus anti-LAMP1
antibodies (Figure 9H). Consistent with the flow cytometry staining (Figure 1),
BODIPY fluorescence was more prominent in pristane-treated cells vs. cells
incubated with medium alone. BODIPY fluorescence did not co-localize with
LAMP1* lysosomes. However, the relationship of lysosome staining to
BODIPY staining could not be characterized further due to the previously
described,®® alteration of lysosomal morphology by paraformaldehyde
fixation.

Discussion

Severe DAH with pulmonary vasculitis complicating pristane-induced lupus *
is prevented by depleting monocytes/M¢ or by LXR agonist (T0901317)
therapy.? Although T0901317 impairs inflammatory responses by promoting
M2-like monocyte/M¢ polarization,>® it also enhances reverse cholesterol
transport by increasing Abcal expression.®” The present study examined
the role of lipid regulation in DAH.

Lung M¢ in mice with DAH contained numerous lipid droplets (Figure 1A).
Cytoplasmic neutral lipid staining and autophagosome staining increased
(Figure 1B-E). Activation of autophagy by rapamycin treatment decreased
neutral lipid accumulation but exacerbated pristane-induced DAH, whereas
DAH was milder when autophagy was inhibited by 3MA (Figure 3). Drugs that
inhibit NPC1 (U18666A, cepharanthine) sequester cholesterol within lysosomes
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pristane or mineral oil (MO) and 14-d later, cells were stained with anti-CD11b, CD138,
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and potently blocked the onset of DAH (Figure 3). Conversely, ACAT inhibition,
which can raise cytoplasmic free cholesterol,®” exacerbated DAH (Figure 3).

Pristane activated the lysosome biogenesis pathway, probably by increas-
ing TFEB (Figure 9) and this was blocked by U18666A. TFEB enhances tran-
scription of cathepsins, which were upregulated in pristane-treated mice and
blocked by U18666A (Figure 8). Pristane treatment also increased cathepsin
enzyme activity and lysosomal size/number (Figures 8F,9). Finally, in the
target organ (lung), but not PECs, pristane-induced expression of ER stress
markers Copa and Ddit3 (CHOP) was normalized by U18666A treatment
(Figure 5). Together, the data suggest that pristane causes cellular accumula-
tion of neutral lipid, which is transported to the lysosomes by autophago-
somes. The resulting lysosomal enlargement may promote LMP and
cytoplasmic leakage of cathepsins in myeloid cells, which migrate to the
lung causing ER stress in the target organ, possibly due to LDCD of myeloid
cells and the release of DAMPs, as suggested by the induction of myeloid cell
apoptosis by pristane (Figure 2D). Consistent with that model, enlarged M¢
undergoing apoptosis are demonstrable in the lung of pristane-treated mice
by TUNEL staining.® We hypothesize that raising lysosomal free cholesterol by
treating with U18666A or cepharanthine stabilizes the lysosomes, protecting
them from LMP and LDCD.

and Ly6G antibodies. A-C, Anti-CD107a (LAMP-1) staining (mean fluorescence intensity,
MFI) (A), LysoTracker green (lysosome volume, MFI) (B), and LysoSensor green (lyso-
some pH, MFI) (C) in CD11b*CD138*Ly6G™ cells was determined by flow cytometry. (D),
RAW264.7 cells were cultured for 24-h with pristane or MO [0-200 pL of saturated
pristane or MO solution in 100 mg/ml bovine serum albumin (BSA) in a final volume of 2
ml culture medium]. Cells were stained with anti-CD107A (LAMP-1) antibodies and
analyzed by flow cytometry (MFI). Data are representative of two independent experi-
ments. (E), Tfeb gene expression (qPCR) in total PECs from mice treated for 14-d with
pristane or MO. (F), RAW264.7 cells were cultured with pristane [100 uL of saturated
pristane solution in 100 mg/ml bovine serum albumin (BSA) or BSA alone in a final
volume of 2 ml DMEM+10% FBS] plus U18666A (0-200 uM). After 24-h, lysosome
volume (LysoTracker green, MFI) and lysosomal pH (LysoSensor green, MFI) was deter-
mined by flow cytometry. Data are representative of two independent experiments. *, P
< 0.05; **** P < 0.0001, ns, not significant (Student t-test). (G), Confocal imaging of
lysosomes in RAW264.7 cells treated with pristane (Pris) in 10% fetal bovine serum (FBS)
or chloroquine (CQ) in 10% FBS for 20-h or with 10% FBS alone. Cells were stained with
LysoTracker Green DND 26 (green) and Hoechst 33342 (blue) to visualize DNA in nuclei.
Original magnification X60. White bar, right panel, indicates 10 um. Right, LysoTracker
staining (mean fluorescence intensity, MFI, per cell) was determined using Fiji Software
and analyzed by one-way ANOVA (representative of 2 experiments). **** P < 0.0001,
Dunnett’s multiple comparison test. (H), Confocal imaging of BODIPY493/503 (green)
was performed on unfixed RAW264.7 cells treated with pristane-10% FBS or FBS alone.
Anti-LAMP1-phycoerythrin staining (red) and Hoechst 33342 (DNA) staining was carried
out after paraformaldehyde fixation and permeabilization. Original magnification X60.
White bar, right panel, indicates 10 um.
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Neutral lipid accumulates in monocytes/M¢ after pristane treatment

Lipid droplets are dynamic, phospholipid monolayer-enclosed, storage orga-
nelles for neutral lipid derived from the ER.'® Sequestration of lipids within
these structures prevents lipotoxicity.®® The coatomer complex | (COPI),
which is implicated in the pathogenesis of DAH in both COPA syndrome
patients and pristane-induced lupus,®** regulates the association of lipid
droplets with the ER."®®° Under conditions of nutrient deprivation, lipid
droplets are taken up by autophagosomes and the stored lipids are degraded
in lysosomes by LAL (lipophagy).>°® Impaired lipophagy leads to the forma-
tion of foamy Md, ER stress, and cell death in human diseases.”?*°

H&E, Nile red, and BODIPY staining revealed increased neutral lipid in the
cytoplasm of monocytes/M¢ from pristane-treated mice vs. controls (Figure
1). The lipid droplet protein perilipin-2/adipophilin (Plin2) is expressed rapidly
in lipid-overloaded cells, serving as a marker for lipid loading 7% Thus, the
high level of Plin2 in PECs from pristane-treated mice (Figure 1G) is consistent
with lipid overload.

After peritoneal injection, pristane is widely distributed in tissues including
the lung 3, probably due to uptake by peritoneal lymphatics draining into the
thoracic duct. Pristane is highly hydrophobic and may associate with amphi-
pathic structures in the blood. Similarly, squalene, another hydrophobic
molecule that induces lupus in mice,”" associates with LDL in the serum.”?
It will be of interest to see if pristane also incorporates into LDL or other
amphipathic structures and is taken up via receptor-mediated endocytosis.”
497374 Since pristane is a saturated terpenoid alkane resistant degradation
due to the lack of chemically active sidechains, pristane taken up into the
lysosomes is likely to be metabolized slowly, if at all. Thus, the gradual
accumulation of pristane might promote lysosomal enlargement, LMP, and/
or LDCD. Consistent with that possibility, the induction of apoptosis in
pristane-exposed M¢ develops slowly over 48-h or more (Figure 2D).

Autophagy in mice with DAH

Both upregulation and downregulation of autophagy are described in lupus.”>~"”

Lipophagy is critically regulated by mTORC1,”® resulting in the engulfment of lipid
droplets by autophagosomes, transfer to lysosomes, and degradation.
Assessment of autophagy is complex and the use of multiple assays is
recommended.”® Several lines of evidence suggest that pristane treatment aug-
mented autophagy in myeloid cells. First, the size of autophagic compartments
determined by Cyto ID Green staining increased in parallel with neutral lipid
(BODIPY and Nile red) staining (Figure 1). This was more prominent in non-
classical (CD138%) M¢ and monocytes than in classical (Ly6Chi) Md/monocytes.
Second, when mice were treated with pristane plus an mTOR inhibitor/
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autophagy inducer, BODIPY staining diminished, consistent with lysosomal
degradation of neutral lipid (Figure 3A). DAH was exacerbated in mice receiving
pristane + rapamycin (Figure 3B). Although the autophagy inhibitor 3MA did not
increase BODIPY staining beyond that seen with pristane alone, it substantially
reduced the onset of DAH. Using the AO red/green fluorescence ratio as an
additional measure of autophagy,®° both rapamycin and pristane induced a
dose-dependent increase autophagy in RAW264.7 M that was blocked dose-
dependently by 3MA (Figure 2B-C). Further, pristane exposure induced the con-
version of LC3-l to LC3-Il in RAW264.7 cells (Figure 2E).

Since mTOR regulates multiple cell processes,®’ rapamycin could exacer-
bate DAH by mechanisms other than its effects on autophagy, such as
blockade of normal monocyte development.2*®* Although we cannot for-
mally exclude that possibility, it seems relatively unlikely because 3MA, which
blocks autophagy upstream of mTORC1,%* greatly diminished the severity of
DAH and was shown to dose-dependently inhibit the induction of autophagy
by rapamycin and pristane in cell culture (Figure 2). Consistent with our
results, lipophagy is reduced and foam cell formation is less severe in
ApoE-/- mice treated with 3MA.”®%> Notably, foam cell formation in ApoE-/-
mice is regulated by TremL4*® and the increased expression of TremlL4
protein in monocytes from pristane-treated mice was blocked by NPC1
inhibition (U18666A or cepharanthine) (Figure 4F). Thus, increased TremlL4
expression may be involved in the accumulation of lipid-laden monocytes/
M@ in pristane-treated mice (Figure 1). Along with mTOR, autophagy is
critically regulated by Rab7, a small GTPase mediating fusion of autophago-
somes with lysosomes.?® Studies in mice conditionally deficient in Rab7 or the
autophagy protein Atg7%”®® may help to further elucidate the role of autop-
hagy/lipophagy in DAH.

Lysosome dysfunction in DAH

Pristane treatment increased Plin2 expression, suggestive of lipid overload.”®
Its normalization after rapamycin treatment may indicate that the accumu-
lated lipid droplets were transferred to lysosomes and degraded, as also
suggested by the decreased BODIPY staining. Along with increased Plin2,
lysosome volume enlarged in pristane-treated mice and the expression of
Tfeb and Tfeb-regulated cathepsin transcripts and protein was higher (Figures
8-9). Increased Lamp-1 staining (Figure 9) also suggested increased lysosomal
biogenesis. Autophagy is closely linked to lysosome homeostasis.”38%°
When autophagy is excessive, rapid degradation of lysosomal cargo is neces-
sary to prevent lysosomal enlargement, LMP, and LDCD.">®%°" It is possible
that the increased lysosome volume in pristane-treated mice causes LMP and
possibly cytoplasmic leakage of the over-expressed lysosomal cathepsins,
which can induce the integrated stress response and cell death.'®?*%* In
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support of this idea, abnormal cathepsin expression is implicated in the
pathogenesis in lupus. Renal disease and anti-DNA antibody production are
exacerbated in cathepsin S transgenic mice with pristane-induced lupus.>
Also, cathepsin S protein levels increase in lung, kidney, and other tissues in
other murine lupus models and cathepsin S inhibition suppresses lupus
nephritis and anti-DNA antibodies,®** possibly by reducing LDCD."®

ER stress and DAH are prevented by blocking NPC1

The ER, which normally has a low cholesterol content, is a primary target of
cholesterol cytotoxicity.** LDCD is blocked by lysosomal cholesterol
accumulation.'®?® Niemann-Pick type C disease is a lysosomal storage disease
caused by NPC1 or NPC2 mutations.”® U18666A and cepharanthine, which
mimic the Niemann-Pick C disease defect by inhibiting NPC1, potently
blocked the onset of pristane-induced DAH (Figure 3C). Niemann-Pick C
disease causes progressive neurodegeneration and early death.”® About
95% of cases are due to NPCT1 mutations and the rest are due to NPC2
mutations. NPC1 and NPC2 both facilitate the export of free cholesterol
from the lysosome into the cytoplasm.’®°®*®” It remains to be determined
whether increased Npc1 and Npc2 expression in pristane-treated mice (Figure
7J)) enhances cytoplasmic free cholesterol transport.

By blocking Npc1, U18666A and cepharanthine trap free cholesterol in the
lysosomes, stabilizing the lysosomal membrane and protecting against
LMP.">¢ Both drugs normalized ER stress markers in the lung, but not PECs
(Figure 5). It remains to be determined whether these drugs dampen mono-
cyte/Md-mediated lung injury or if they block the effects of cholesterol
directly on the lung endothelial cells.® Studies in conditional Npc7 knockout
mice will be necessary to resolve this question. Alternatively, NPC1 inhibition
might work by down-regulating TremL4 (Figure 4F). The inflammatory
response and apoptotic death of myeloid cells are attenuated in TremL4-/-
mice, which are completely protected from lethal LPS-induced sterile sepsis.>’
TremL4 is expressed mainly by Ly6C" (non-classical) monocytes.® We con-
firmed the high expression level in that subset (Figure 4F), and found that the
CD138*Ly6C™ monocyte subset, which is associated with pristane-induced
DAH,* has the highest expression of all (Figure 4F). Thus, NPC1/2 inhibition
may block the pro-apoptotic effects of TremL4 in myeloid cells, though the
precise pathways involved remain to be determined.

Clinical implications

Our studies imply a degree of complexity regarding the role of mTOR signal-
ing and autophagy that may not be fully appreciated in lupus. Rapamycin
inhibits antigen-induced T cell proliferation and is used to prevent transplant
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rejection.’® It has proven beneficial effects in both murine and human lupus
due to the downregulation of proinflammatory Ty1 and Ty17 cells and certain
CD8™ T cell subsets.”® Similarly, metformin inhibits mTOR via AMP-activated
protein kinase (AMPK) and has beneficial effects in murine and human lupus.”
99100 However, the mTOR signaling pathway is cell-type dependent.® In
contrast to its proinflammatory role in T cells, mTOR signaling is anti-inflam-
matory in Mg, favoring M2 over M1 polarization.'' In transplant patients,
rapamycin induces apoptosis of M2 (but not M1) M and shifts cytokine
production toward an M1-like profile '°'. As pristane-induced DAH is a
monocyte/Md-driven disorder that can develop in T cell-deficient (Tcra/Tcrd
double knockout) mice ' it is not surprising that despite the reported
benefits of rapamycin and metformin in lupus, rapamycin therapy exacer-
bated DAH in pristane-induced lupus (Figure 3).

Rapamycin (sirolimus), everolimus, metformin, and other mTOR inhibitors
are undergoing clinical trials in SLE patients.'®>'°®> The exacerbation of DAH
in pristane-treated mice receiving an mTOR inhibitor is a potential concern
because in transplant patients DAH can complicate therapy with rapamycin
or the related mTOR inhibitor everolimus.'"'%® The fact that only a small
minority of patients treated with these agents develops DAH suggests there
is another factor (genetic or environmental) acting synergistically with mTOR
inhibition. Similarly, pristane may act synergistically with rapamycin to induce
lung injury. Our findings suggest that mTOR inhibitors may need to be used
cautiously in SLE.

In summary, we show that pristane-induced lupus alters lipid homeostasis,
resulting in autophagy, lysosomal abnormalities, lung inflammation, and
myeloid dysregulation. This study suggests that the overall clinical picture
in lupus results from the activation of both interferon-dependent (autoanti-
bodies, nephritis) and interferon-independent (DAH) inflammatory pathways.

Materials and Methods
Treatment of mice

Female C57BL/6 (B6) mice (Jackson Laboratory) age 8-12 weeks were main-
tained under specific pathogen free conditions and injected i.p. with 0.5 ml of
pristane (Sigma-Aldrich, #22870) or mineral oil (MO, C.B. Fleet Co.). Treatment
groups consisted of 5-20 mice unless otherwise noted. Experiments were
repeated at least twice. Mice in Group 1 treated with U18666A (Selleckchem,
#59669; 10 mg/kg in DMSO every other day from the day of pristane treat-
ment until day 14). U18666A is an amphipathic amine that at nanomolar
concentrations selectively blocks cholesterol transport from lysosomes to the
ER without a significant effect on transport to the plasma membrane.*® Group
2 received cepharanthine (Sigma-Aldrich, #5SMB00418; 10 mg/kg in DMSO
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once daily from the day of pristane treatment until day 14).3' Cepharanthine
is a bisbenzylisoquinoline alkaloid from the tubers of the Stephania plant
which, like U18666A, selectively blocks cholesterol transport from lysosomes
to the ER. Group 3 received the LXR agonist T0901317 (Sigma-Aldrich, #T2320;
10 mg/kg in DMSO once daily from the day of pristane treatment until day
14).” Group 4 received avasimibe (Cayman, #18129; 15 mg/kg in DMSO) every
other day from the day of pristane treatment until day 14. Avasimibe is an
inhibitor of acetyl-CoA acetyltransferase (ACAT1), which esterifies free cho-
lesterol leading to the storage of cholesterol esters in lipid droplets.'®'%
Avasimibe enhances free cholesterol efflux and reduces VLDL cholesterol and
total cellular cholesterol content with a variable effect on intracellular free
cholesterol>2'9%"1° Group 5 (Control) received pristane and was treated with
DMSO-PBS alone. After 14-d, the lungs were assessed for DAH and peripheral
blood and peritoneal exudate cells (PECs) were analyzed by flow cytometry.®
This study followed recommendations of the Animal Welfare Act and US
Government Principles for the Utilization and Care of Vertebrate Animals
and was approved by the UF IACUC.

Treatment with autophagy activators/inhibitors

B6 mice (7-10 per group) were treated with pristane plus rapamycin
(Selleckchem, #51039; 1.5 mg/kg i.p. every other day) or 3-methyladenine
(Selleckchem, S2767; 15 mg/kg i.p. daily), which differentially modulate
autophagy and have opposite effects on lipid storage.?® Rapamycin decreases
lipid droplet number and increases lipid droplet-LAMP1 co-localization. It
promotes autophagy by blocking mechanistic target of rapamycin complex
1 (mMTORC1)-mediated inhibition of autophagy activating kinase. 3-methyla-
denine inhibits autophagy by blocking class Ill phosphatidylinositol 3-kinase
(P13K) activity.2*'"" An additional group of 5 mice was treated with pristane +
dactolisib (NVP-BEZ235, Selleckchem, S1009; 50 mg/kg/d i.p.). Dactolisib is a
dual inhibitor of mTOR and PI3K that binds the ATP-binding cleft of mTOR
and PI3K and, like rapamycin, induces autophagy and apoptosis of cancer
cells in which the PI3K/Akt/mTOR pathway is constitutively activated.''*'"?

Staining of intracellular and cell surface proteins by flow cytometry

Flow cytometry was performed using anti-mouse CD16/32 (Fc Block, clone
2.4G2, BD Biosciences) before staining with primary antibody or isotype
controls. Peritoneal exudate cells (PECs) or peripheral blood (100 uL) was
incubated 20-min in the dark with monoclonal antibodies specific for sur-
face markers. After surface-staining, cells were fixed/permeabilized for 5-
min (Fix-Perm buffer, #00-5123-43, eBioscience), washed and stained intra-
cellularly for 20-min with anti-CD107a monoclonal antibodies followed by
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flow cytometry analysis. Dead cells were gated out using forward and side
scatter. Monoclonal antibodies are listed in Table S1.

Analysis of neutral lipids and autophagosomes by flow cytometry

Lipid droplets consist of a core of neutral lipids (mainly triacylglycerols and
cholesterol esters) surrounded by a phospholipid monolayer and its asso-
ciated proteins.''* They are generated from the endoplasmic reticulum (ER)
and store neutral lipids, which can be mobilized when needed for metabolism
and energy or for membrane and steroid biosynthesis. Lipid droplets can be
stained using hydrophobic dyes, such as Nile red and BODIPY 493/503.

Staining with Nile red (9-diethylamino-5H-benzo[alphalphenoxazine-5-
one) (Sigma-Aldrich, #19123) was carried out as described."'® Nile red detects
neutral lipids including triglycerides, cholesterol esters, but not cholesterol or
free fatty acids.''® Cells were co-stained with anti-CD11b, Ly6C, Ly6G, and
CD138 antibodies and the mean fluorescence intensity (MFI) of Nile red
staining was determined by flow cytometry.

Staining with BODIPY 493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-
3a,4a-diaza-s-indacene) (ThermoFisher, #D3922), another lipophilic dye that
stains neutral lipid in lipid droplets, was carried out as described ''’. Cells
were co-stained with anti-CD11b, Ly6C, Ly6G, and CD138 antibodies and the
mean fluorescence intensity (MFI) of BODIPY 493/503 was determined by flow
cytometry.

The size of autophagic compartments was evaluated by staining with
Cyto-ID green (Enzo Life Sciences, CYTO-ID Autophagy Detection Kit) follow-
ing the manufacturer’s protocol. Cyto-ID green dye selectively accumulates in
autophagic vacuoles and has been optimized to minimize staining of lyso-
somes while allowing bright fluorescence when incorporated into pre-
autophagosomes.

Evaluation of autophagy by acridine orange staining

Autophagy was measured by analyzing the red to green fluorescence inten-
sity ratio as described.®’ This technique correlates well with western blot
analysis of the conversion of unlipidated LC3 into the lipidated form (LC3-I
and LC3-Il, respectively), SQSTM degradation, and LC3 puncta formation and
is more easily quantified.®

Western blot analysis of LC3-I to LC3-Il conversion

RAW264.7 cells were cultured in DMEM medium containing rapamycin (50
ng/mL) and 10% fetal bovine serum (FBS) or in DMEM containing 5% pris-
tane-saturated FBS and 5% pristane-free FBS in a 2 ml total volume. Cells were
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harvested at 24-h, washed, solubilized in sample buffer, and resolved on 12%
SDS-polyacrylamide gels. Proteins were transferred to PVDF membranes, and
unbound sites were blocked with 5% nonfat dry milk. The blots were probed
with monoclonal mouse anti-LC3B antibody (Cell Signaling Technology, Cat #
83506T, 1:1000 dilution) for 12-h followed by rabbit anti mouse secondary
antibody (Cell Signaling Technology, 1:1000) for 2 hours. Protein bands were
identified by chemiluminescence (Biorad, ChemDoc Touch Imaging System)
following the manufacturer’s protocols.

Gene expression profiling and quantitative real-time PCR (qPCR)

We analyzed individual transcripts in an RNA-Seq gene expression dataset
obtained previously from flow-sorted CD11b*Ly6C"CD138~ and
CD11b*Ly6CMCD138~ PECs from pristane and MO treated mice.''® RNA-Seq
data were confirmed by qPCR of total PECs from pristane vs. MO treated mice.
qPCR was performed as described® using RNA from 10° mouse PEC. Gene
expression was normalized to 185 RNA and expression was calculated using
the 2722 method. Primer sequences are in Table S2.

LAL enzyme activity

PECs were isolated 14-d after pristane or MO treatment, and LAL enzyme activity
was analyzed using the LysoLive™ Lysosomal Acid Lipase Assay kit (Abcam,
#ab253380) according to the manufacturer’s protocols. Cells were co-stained
with anti-CD11b, Ly6C, Ly6G, and CD138 antibodies and the mean fluorescence
intensity (MFI) of LAL substrate dye was determined by flow cytometry.

Lysosome volume and pH

PECs were isolated 14-d after pristane or MO treatment and cultured 30 min
with LysoTracker DND green (Cell Signaling Technology, #8783; 1:20,000
dilution) or LysoXSensor DND 189 green (ThermoFisher, #L7535; 1:1000 = 1
puM) before analyzing by flow cytometry according to the manufacturer’s
protocols. The fluorescent probe LysoTracker selectively accumulates in
acidic compartments and is a measure of cellular lysosome volume (number
and/or size of lysosomes).''® Autophagic markers and LysoTracker are both
upregulated during autophagy.'?® PECs were also stained with anti-CD11b
and CD138 antibodies. RAW264.7 cells were grown in DMEM/10% FBS con-
taining pristane/BSA (0-200 ul) as described® in the presence or absence of
U18666A for 24-h. Cells were analyzed by flow cytometry as above. PECs and
RAW 264.7 cells were stained intracellularly with anti-CD107a/lysosomal-
associated membrane protein 1 (LAMP-1) antibodies (Biolegend, #W18263B)
as a lysosome biogenesis marker.
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Cathepsin K activity

Mice were treated with pristane or MO as above and 14-d later, PECs were
collected. Enzyme activity of cathepsin K was measured using the Magic Red
assay (Immunochemistry Technologies #MR-LR2). The Magic Red reagent is
non-fluorescent when taken up into cells and is cleaved by cathepsin K to a
cresyl violet fluorophone that is excited at 592 nm and emits at 628 nm. Cresyl
violet fluorescence was measured by flow cytometry (BD FACSymphony A3
flow cytometer) in CD11b*CD138"Ly6G™~ and CD11b*CD138 Ly6G~ M¢ and
CD11b*CD1387Ly6G* neutrophils. Cresyl violet generation was measured
using the yellow-green laser exciting at 561 nm and measuring emission on
the Texas Red channel at 615 nm.

Confocal microscopy

RAW264.7 cells were treated with 10% pristane-saturated FBS, 10% FBS, or
chloroquine (30 uM, from Sigma-Aldrich) in DMEM culture medium for 20-h.
The cells were washed three times with PBS, LysoTracker Green DND26 (50
nM) and Hoechst 33342 (5 pg/ml, from ThermoFisher) in PBS were added and
confocal imaging of live cells was performed immediately using a Leica
Stellaris 8 WLL Spectral Confocal Microscope equipped with a variable wave-
length White Light Laser (WLL) for fluorescence excitation and a separate 405
nm diode laser for DAPI/Hoechst staining. For BODIPY493/503 and LAMP1
double staining, the treated cells were washed three times with PBS and
BODIPY493/503 (600 ng/ml) was added followed by incubation at 37° C for
30-min. Then the cells were fixed with 4% paraformaldehyde and permeabi-
lized with 0.1% Triton X-100. After washing with PBS, the cells were blocked
with 2% BSA in PBS for 1-h and incubated with anti-LAMP1-phycoerythrin (1
pg/ml, from BioLegend) and Hoechst 33342 (5 pg/ml) for 1-h. The cells were
washed three times with PBS and imaged.

Statistical analysis

Statistical analyses were performed using Prism 6.0 (GraphPad Software).
Differences between two sample groups were analyzed by two-sided
unpaired Student t test unless otherwise. For comparisons involving three
or more groups, we used one-way ANOVA. Multiple comparisons were made
using Dunnett’'s multiple comparison test. Data were expressed as mean +
SD. Categorical data were analyzed by x* test. p < 0.05 was considered
significant.
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