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Lipid accumulation in macrophages (Mes) is a hallmark of atherosclerosis, yet how lipid
accumulation affects inflammatory responses through rewiring of Mg metabolism is poorly
understood. We modeled lipid accumulation in cultured wild type mouse thioglycolate-elicited
peritoneal Mgs and bone marrow-derived Mgs with conditional (Lys2-Cre) or complete genetic
deficiency of VA, Hifla, Nos2and Nfe2/2. Transfection studies employed RAW264.7 cells.
Megs were cultured for 24 hours with oxidized LDL (oxLDL) or cholesterol and then were
stimulated with LPS. Transcriptomics revealed that oxLDL accumulation in Mgs down-regulated
inflammatory, hypoxia and cholesterol metabolism pathways, while antioxidant pathway, fatty
acid oxidation and ABC family proteins were up-regulated. Metabolomics and extracellular
metabolic flux assays showed that oxLDL accumulation suppressed LPS-induced glycolysis.
Intracellular lipid accumulation in Mes impaired LPS-induced inflammation by reducing both
HIF-1a stability and transactivation capacity; thus, the phenotype was not rescued in VA/-'~ Mgs.
Intracellular lipid accumulation in Mgs also enhanced LPS-induced Nrf2-mediated antioxidative
defense that destabilizes HIF-1a, and Nrf2-deficient Mes resisted the inhibitory effects of lipid
accumulation on glycolysis and inflammatory gene expression. Furthermore, oxLDL shifted
NADPH consumption from HIF-1a- to Nrf2-regulated apoenzymes. Thus, we postulate that
repurposing NADPH consumption from HIF-1a to Nrf2 transcriptional pathways is critical in
modulating inflammatory responses in Mgs with accumulated intracellular lipid. The relevance of
our in vitro models was established by comparative transcriptomic analyses, which revealed that
Mes cultured with oxLDL and stimulated with LPS shared similar inflammatory and metabolic
profiles with foamy Mes derived from the atherosclerotic mouse and human aorta.
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Introduction

The intracellular accumulation of neutral lipid in macrophages (Mgs) is a hallmark of
many inflammatory diseases, including atherosclerosis, multiple sclerosis, and cancer

(1). Therefore, significant effort has been devoted in the past to determine the possible
links between Mg lipid accumulation and the onset of inflammation. In atherosclerosis,
hypercholesterolemia is a key risk factor and lipid accumulation in resident aortic intimal
Mgs is one of the first steps of atherogenesis (2). Given their importance, it was postulated
that inflammation in atherosclerosis is a direct consequence of intrinsic lipid accumulation
in intimal Mes (3, 4). However, there are also reports that lipid accumulation reduced Mg
inflammatory responses, partially due to desmosterol-induced Liver X receptors activation
(5), oxidized low-density lipoprotein (oxLDL)-induced reduction of p65/RelA binding

to chromatin (6), and a defective pentose phosphate pathway (7). /n vivo studies have

also examined the link between intracellular lipid accumulation and inflammation. Our
group has shown evidence of lipid accumulation in mouse intimal Mgs within days

of hypercholesteremic diet initiation (2, 8), yet increased monocyte recruitment was

not detected until 2 weeks (9). The delayed onset of inflammation suggests that lipid
accumulation in Mes alone is insufficient to drive inflammation. This notion was recently
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supported by other /n vivo studies that showed the transcriptomic profile of “foamy” Mes
derived from atherosclerotic mouse and human aortas are less inflammatory than the “non-
foamy” Mgs (10, 11).

While the emerging /77 vivo evidence has implicated that lipid accumulation in Mgs is
intrinsically not inflammatory, mechanistic evidence to support this notion is still lacking.

In recent years, advances in the immunometabolism field have shown how activated
immune cells rewire their metabolism to induce a fine-tuned inflammatory response.

For instance, lipopolysaccharide (LPS) stimulation of Mgs through Toll-like receptor

4 (TLR4) reconfigures the Krebs cycle leading to the accumulation of succinate and
itaconate, which is vital for activating hypoxia-inducible factor 1-alpha (HIF-1a)-dependent
glycolytic reprogramming and nuclear factor erythroid 2-related factor 2 (Nrf2)-dependent
antioxidative defense respectively (12, 13).

Here, we show how the rewiring of metabolic circuits in Mes following oxLDL

or cholesterol accumulation underlies their impaired inflammatory response to LPS.
Specifically, we found that the oxidative stress induced by oxLDL accumulation activated
a primary Nrf2-dependent response in Mgs, which was then enhanced by subsequent
LPS stimulation. This secondary response increased the expression of NADPH-requiring
detoxification enzymes, which repurposed NADPH consumption for detoxification of
reactive radicals, rather than fueling their synthesis. Together, this suppressed LPS-induced
HIF-1a-dependent activation of glycolysis and inflammation in a dual manner. Finally,
comparative transcriptomic analysis between our /n vitro oxLDL-loaded LPS-activated
peritoneal Mgs (PMgs) and foamy Mgs derived from atherosclerotic mouse and human
aortas confirmed similar inflammatory and metabolic profiles.

Materials and Methods

Mouse strains.

8 — 12 weeks-old mice were used. C57BL/6J (Strain #000664), B6.129S4(C)-

vhrmLae)y (\/pfIfYy (Strain #012933), B6.129X1-Nfe2/2MIY Wy (Nfe2[277) (Strain
#017009), B6.129P2- Lyz2m1(cre)lfoy (Strain #004781), B6.129P2- Nos2mILauy (Nosz™
7) (Strain#002609) and B6.129- Hif1a™m3Rs/9) (Hif1a"™) (Strain #007561) mice were
purchased from The Jackson Laboratory. Nfe2/2~~and Nos2™~ mice were generated by
first crossing with wild type (WT) C57BL/6J mice, followed by heterozygote intercrossing.
Lys2-Cre: Vil and Lys2-Cre: Hifla™ mice were generated by backcrossing a single
Lys2<Cre transgene into VA" and Hif1a™ mice. Breeding for experiments consisted
of crosses between Cre-positive and Cre-negative VA" or Hif1a" mice. All mice were
maintained in a pathogen-free, temperature-regulated environment with a 12-hour light
and dark cycle and were fed a normal chow diet (NCD, 16 kcal% fat). All studies were
performed under the approval of Animal User Protocols by the Animal Care Committee
at the University Health Network according to the guidelines of the Canadian Council on
Animal Care. Littermates were used for experiments (see below).
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Thioglycolate-elicited peritoneal Mg (PMg) isolation.

For each experiment, 1 or 2 litters of male and female WT C57BL/6J mice 8 to 12 weeks

of age (up to 10 mice in total) were injected intraperitoneally with 1 mL of 4% aged
thioglycolate (ThermoFisher Cat#211716) and PMgs were harvested after 4 days by lavage
with cold PBS containing 2% FBS. Cells were pooled, counted, divided into 4 experimental
groups and cultured (37°C, 5% CO5) in DMEM supplemented with 10% FBS, 2 mM L-
glutamine, 10,000 U/mL penicillin/streptomycin). Adherent PMgs were used in experiments
after 18 h.

Bone marrow derived Mg (BMDMg) generation.

BMDMgs were obtained from mice with a genetic deficiency (see above). Sex-matched
littermates of up to 5 mice per experiment (+/+ and —/- or Cre* and Cre") were used.

Mice were euthanized in a CO, chamber and bone marrow cells were isolated from leg
bones. Cells were cultured (37°C, 5% CO,) in RPMI supplemented with 10% FBS, 2 mM
L-glutamine, 10,000 U/ml penicillin/streptomycin, and 40 ng/mL of M-CSF (PeproTech;
Cat#AF-315-02) for 7 days. Cells were counted and replated for experiments. Male and
female mice were used in different experiments. The results were comparable and therefore
the data were combined.

Stable transfection of RAW264.7 Mgs.

RAW?264.7 Mgs (2 x 108, ATCC, Cat# ATCC TIB-71) were electroporated (Amaxa®
Cell Line Nucleofector® Kit V, LONZA; Cat#VCA-1003) with 1 — 5 pg of control
plasmid (pcDNA3), HA-HIFlalpha-pcDNA3 (Addgene#18949), HA-HIF1lalpha P402A/
P564A-pcDNA3 (Addgene#18955), pcDNA3 mHIF-1a. MY C-P402A/P577A/N813A
(Addgene#44028), Mitochondrial mTurg2-Apollo-NADP*, Cytoplasmic mVenus-Apollo-
NADP*) (14). Transfected cells were seeded in 6-well plates and cultured in recovery
medium (DMEM, 20% FBS) for 3 h, then DMEM, 10% FBS for 48 h. G418 (400 pg/mL,
replaced every 3 days, Gibco) was used for selection of stable-transfected cells After one
week of selection, cells were used for experiments or cultured in DMEM,10% FBS, G418
(400 pg/mL).

Lipid loading, LPS stimulation and inhibitor studies.

PM¢s, BMDMgs or RAW264.7 Mgs were cultured for 24 h with human medium oxidized
low-density lipoprotein (100 pg/mL, Kalen Biomedical Cat#770202) or cholesterol (50
pg/mL, Sigma Cat#C3045), followed by ultrapure LPS stimulation (10 ng/mL, InvivoGen,
Catttlrl-3pelps) for up to 8 h. Ethanol (0.5%) was used as a carrier control for cholesterol.
For inhibitor experiments, 2-DG (25mM) (Sigma, D8375), Echinomycin (5 nM) (Cayman
Chemical, Cat#11049), G6PDi-1 (25 uM) (Cayman Chemical, Cat#31484), MitoTEMPO
Hydrate (25 puM) (Cayman Chemical, Cat#16621), DPI chloride (10 uM) (Sigma, Cat#) was
added 1 h prior to LPS stimulation.

Immunoblotting.

PMgs and BMDMgs (2 x 109) cultured in 12-well plates, were incubated with or
without oxLDL or cholesterol and stimulated with LPS for indicated times. Cells were
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lysed in ice-cold RIPA buffer (1% NP40, 0.1% SDS, 0.5% deoxycholate in PBS,
supplemented with 1 mM PMSF, 1X cOmplete™, EDTA-free Mini Protease Inhibitor
Cocktail (Sigma Cat#11873580001) and 1X PhosSTOP™ (Sigma Cat#4906845001)) for
15 minutes. Protein concentrations in lysates were determined by Protein Assay Dye
Reagent (BioRad #5000006), diluted in 2x Laemmli sample buffer (BioRad Cat#161-0737)
with fresh B-mercaptoethanol (BioRad #1610710), and heated at 95°C for 5 minutes.
Samples (20 pg of protein per lane) were resolved on 8%-15% SDS-PAGE gels and
transferred to polyvinylidene difluoride membranes (Sigma #IPVH00010) using a wet
transfer system. Membranes were blocked with 5% skim milk non-fat powder or 3% BSA
(Bioshop #ALBO003) in Tris-buffered saline-Tween (TBST) for 1 h at room temperature.
Membranes were incubated with primary antibodies overnight: anti-HIF-1a (Cell Signaling
Technology (CST)#36169), anti-HIF-2a. (Novus Biologicals (NB), NB100-122), anti-
HIF-3a (ThermoFisher, PA5-36531), anti-HIF-1p (CST#5537), anti-Actin (Sigma, A2066),
anti-Hexokinase Il (CST#2867), anti-Lamin A/C (CST#2032), anti-Gapdh (CST#5174),
anti-Egin2 (Bethyl Laboratories, Cat#A300-326A), anti-EgIin2 (NB100-138), anti-EgIn3
(NB100-303), anti-Txnrd1 (Abcam, Ab124954), anti-GSR (ThermoFisher, PA5-29945),
anti-Nrf2 (CST#12721), anti-iNOS (Transduction Laboratories, #N32030), anti-Keapl
(ThermoFisher, #PA5-99434), followed by washing and incubation with HRP-conjugated
anti-rabbit 1gG (CST#7074) (22°C, 1 h). Blots were developed using Immobilon Forte
Western HRP substrate (Sigma, WBLUF0100), imaged with Microchemi 4.2 (BioRad) and
analyzed with ImageJ.

Cytoplasmic and nuclear subcellular fractionation.

PMgs and BMDMgs (6 x 105) were first seeded in 6-well plates, loaded with oxLLDL

or cholesterol, followed by LPS stimulation as described above. Cells were lysed and
scraped with extraction buffer (10 mM HEPES, 1.5 mM MgCl,, 10 mM KCI, 1 mM NaF,
0.1% NP40, 1x cOmplete™, EDTA-free mini protease inhibitor cocktail). Lysates were
centrifuged (1200 x g, 4°C, 10 minutes) to pellet nuclei and separate cytoplasmic fractions.
To purify the nuclear fraction, the pellet was resuspended with extraction buffer and layered
on top of a 30% sucrose solution, then centrifuged (3000 x g, 4°C, 20 minutes). The
supernatant was discarded and nuclei in the pellet were washed once with extraction buffer,
and then lysed with a detergent-rich buffer (10 mM HEPES, 1.5 mM MgCl,, 10 mM KClI,
1 mM NaF, 0.1% NP40, 1% deoxycholate, 0.1% SDS, 1x cOmplete™, EDTA-free mini
protease inhibitor cocktail).

Cycloheximide chase assays.

PMgs (2 x 10%) or BMDMgs were (2 x 106) were cultured in 12-well plates, loaded with
oxLDL or cholesterol and stimulated for 6h or 8h with LPS (as above). Cycloheximide
(CHX, 3 ug/mL, Sigma, Cat#239765) was added to wells in a time-dependent manner. For
certain experiments, MG132 (10 pM, Peptide Institute, Cat#3175-v) or Bafilomycin Al (40
nM, CST#54645) was added 1 h prior to CHX treatment.

Extracellular acidification rate (ECAR) measurement.

PMgs (2 x 10°) and BMDMgs (3 x 10°) were cultured in XF24 well plates (Agilent
Technologies, Cat#102342-100), then loaded with oxLDL or cholesterol for 24 h. For
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glycolysis stress tests, cells were stimulated for 6 h with LPS, washed three times with
Seahorse XF DMEM medium (Agilent Technologies, 103334-100) supplemented with 1
mM glutamine and 2 mM pyruvate, and incubated (37°C, 0% CO,) for 30 minutes prior

to the test. During the test, glucose (Agilent Technologies Cat#103577-100), oligomycin
A (Cayman Chemical Cat#11342) and 2-deoxyglucose (Sigma Cat#D8375) were added

by the XFe24 Seahorse Analyzer (final concentrations were 25 mM, 2 uM and 25 mM,
respectively). For real-time ECAR measurements, cells were washed three times with
Seahorse XF DMEM medium supplemented with 25 mM glucose, 1 mM glutamine and

2 mM pyruvate, and incubated (37°C, 0% CO,) for 30 minutes prior to the addition of LPS
(10 ng/mL final concentration) or PBS (equal volume) by the XFe24 Seahorse Analyzer.

Glucose uptake and reactive oxygen species measurement.

PMgs (3 x 10%) and BMDMs (3 x 10°) were first seeded in 35 mm petri dish, with 14 mm
microwell (MatTek, P35G-1.5-14-C) or 8-well chamber slides (ThermoFisher Cat#154453)
respectively, then cultured with oxLDL or cholesterol overnight. Cells were stimulated

with LPS for 6 h the next day, washed three times with pre-warmed HBSS (Wisent,
Cat#311-513-CL). For glucose uptake assay, cells were cultured for 1 h at 37°C, 5% CO»in
DMEM without glucose (ThermoFisher #11966025) supplemented with 10% FBS, 2-NBDG
(Cayman Chemicals #11046) (100 ug/mL) and 32.4 uM of Hoechst nuclear staining reagent
(ThermoFisher #H3570). For reactive oxygen species assay, cells were cultured for 1 h

at 37°C, 5% CO, in HBSS, supplemented with CellRox Orange (10 uM, ThermoFisher
#C10443) or MitoSox (5 uM, ThermoFisher #M36008). Nuclei were stained with Hoechst.
Cells were then washed three times with pre-warmed HBSS. Cells that were stained with
CellRox Orange were imaged live, while cells that were stained with MitoSox Red were
fixed with 4% PFA for 1 h (4°C) prior to imaging. Cells were imaged with Olympus
FluoView 1000 Laser Scanning Confocal Microscope (Olympus America) or A1R Confocal
microscope with resonant scanner (Nikon). Mean fluorescence intensity measurements
represented the ratio of total fluorescence intensity for each field to the number of nuclei in
that field.

Lysosomal pH measurement with lysotracker.

PMgs were seeded at 2 x 10° cells/well in a 96-well black microplate (Sigma Aldrich,
P8741), then cultured with oxLDL or cholesterol overnight. The next day after LPS
treatment, cells were washed three times with pre-warmed HBSS. Cells were incubated

with HBSS, cultured for 1 h (37°C, 5% CO,) with LysoTracker Red (50 nM, ThermoFisher
#L.7528), washed three times with pre-warmed HBSS, and the fluorescent absorbance values
of wells were acquired in triplicates with a Cytation 5 Imaging Multi-Mode Reader (BioTek)
(excitation and emission values with bandwidth were set as 571/9 and 590/9).

Quantification of total NADPH, NADP* and glutathione.

Total NADPH assay kit (Abcam, #ab186031) and total NADP* and NADPH assay Kits
(Abcam #ab186033) were used. To measure glutathione, glutathione assay kit (Cayman
Chemicals #703002) was used. In brief, cells were seeded in 24-well (total NADP* and
NADPH, glutathione) or 6-well (NADPH) plates, then loaded with oxLDL for 24 h with
subsequent 6 h LPS stimulation the next day. Cells were then lysed with respective lysis
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buffers provided in the kits and the abundance of metabolites was determined according to
the manufacturers’ protocols.

reductase and glutathione-disulfide reductase activity.

To measure thioredoxin reductase activity, a thioredoxin reductase colorimetric assay kit was
used (Cayman Chemicals #10007892). In brief, cells (3.2 x 107) were plated in a 10 cm
dish and cultured with oxLDL for 24 h, followed by LPS stimulation up to 6 h. Cells were
lysed with TrxR assay buffer (1x) and the activity of thioredoxin reductase was measured
according to manufacturer’s protocol. Specifically, the absorbance in duplicate samples was
read at 405-414 nm every 2 minutes for a total of 10 minutes. The slope and the activity of
thioredoxin reductase were calculated. To measure glutathione-disulfide reductase activity,
NADPH and GSH were measured post 2-deoxyglucose (2DG) and diamide addition in a
time-dependent manner. Specifically, DMEM cultured media in + oxLDL loaded cells post
LPS stimulation was replaced with 25 mM of 2DG and 1 mM of diamide (Sigma #D3648)
in HBSS every 5 minutes for a total of 25 minutes. 2DG blocks de novo synthesis of
NADPH while diamide oxidizes GSH to GSSG. Cells were lysed and NADPH and GSH
were measured as described above.

RNA isolation and real-time (RT) PCR.

Total RNA was isolated with E.Z.N.A.® Total RNA Kit | (Omega Cat#R6834-01)

and reverse transcription (RT) reactions were performed with High-Capacity cDNA

Reverse Transcription Kit (ThermoFisher Cat#4368814) according to manufacturer’s
protocol. RT quantitative-PCR (qPCR) was then performed using Roche LightCycler

480 with Luna® Universal qPCR Master Mix (New England Biolabs, Cat#M3003E).
Quantification of MRNA was performed by using primers that span over two adjacent exons,
quantified using the comparative standard curve method and normalized to hypoxanthine
phosphoribosyltransferase (HPRT) as the housekeeping gene. Primer sequences used for
gPCR are listed below:

1117a ACGGCTGAGTTTCAGTGAGACC CACTCTGGTAGGTGTAAGGTGC
1116 AGTTGACGGACCCCAAAAGA TGCTGCTGCGAGATTTGAAG

116 CTCCCAACAGACCTGTCTATACCA TGCCATTGCACAACTCTTTTCT
11126 AAGTGGGCATGTGTTCC TCTTCCTTAATGTCTTCCACTT

1115 GTAGGTCTCCCTAAAACAGAGGC TCCAGGAGAAAGCAGTTCATTGC
1118 ACAGGCCTGACATCTTCTGC CCTTGAAGTTGACGCAAGAGT
CcI3CCCAGCCAGGTGTCATTT AGTTCCAGGTCAGTGATGTATTC
Ccl5CCTGCTGCTTTGCCTACCTCTC ACACACTTGGCGGTTCCTTCGA
Ccl9TCCAGAGCAGTCTGAAGGCACA CCGTGAGTTATAGGACAGGCAG

Ccl22 GTGGAAGACAGTATCTGCTGCC AGGCTTGCGGCAGGATTTTGAG
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Tnfa GTAGCCCACGTCGTAGCAAAC GCACCACTAGTTGGTTGTCTTTGA
Nos2 AAACCCCTTGTGCTGTTCTC GGGATTCTGGAACATTCTGTGC
Slc2al GCTTCTCCAACTGGACCTCAAAC ACGAGGAGCACCGTGAAGATGA
Hk1 GAAAGGAGACCAACAGCAGAGC TTCGTTCCTCCGAGATCCAAGG
Hk2 CCCTGTGAAGATGTTGCCCACT CCTTCGCTTGCCATTACGCACG
Prkfb3 TCATCGAGTCGGTCTGTGACGA CATGGCTTCTGCTGAGTTGCAG
Prkp AAGAGGAAACCAAGCAGTGCGC TTCCTCGGAGTTTCACGGCTTC
Pgkl GATGCTTTCCGAGCCTCACTGT ACCAGCCTTCTGTGGCAGATTC
Mct4 TCACGGGTTTCTCCTACGC GCCAAAGCGGTTCACACAC
Ldha ACGCAGACAAGGAGCAGTGGAA ATGCTCTCAGCCAAGTCTGCCA
Gcele ACACCTGGATGATGCCAACGAG CCTCCATTGGTCGGAACTCTAC
GeImTCCTGCTGTGTGATGCCACCAG GCTTCCTGGAAACTTGCCTCAG
Gss CCAGGAAGTTGCTGTGGTGTAC GCTGTATGGCAATGTCTGGACAC
Gsr GTTTACCGCTCCACACATCCTG GCTGAAAGAAGCCATCACTGGTG
Hmox1 CACTCTGGAGATGACACCTGAG GTGTTCCTCTGTCAGCATCACC
Ngol GCCGAACACAAGAAGCTGGAAG GGCAAATCCTGCTACGAGCACT
Txnrd1 AGTCACATCGGCTCGCTGAACT GATGAGGAACCGCTCTGCTGAA
Srxnl TACCAATCGCCGTGCTCATCCG CCTTTGATCCAGAGGACGTCGA
Fasn CACAGTGCTCAAAGGACATGCC CACCAGGTGTAGTGCCTTCCTC
Hmgcr GCTCGTCTACAGAAACTCCACG GCTTCAGCAGTGCTTTCTCCGT
Sqle TGTTGCGGATGGACTCTTCTCC GTTGACCAGAACAAGCTCCGCA
Cypl11al TGCTCAACCTGCCTCCAGACTT ACTGGCTGAAGTCTCGCTTCTG
Nox2 TGGCGATCTCAGCAAAAGGTGG GTACTGTCCCACCTCCATCTTG
HiflaTCTCGGCGAAGCAAAGAGTC AGCCATCTAGGGCTTTCAGATAA
Hprt CAAGCTTGCTGGTGAAAAGGA TGAAGTACTCATTATAGTCAAGGGCATATC

VAIGTTTGTGCCATCCCTCAATGTCG ACCTGACGATGTCCAGTCTCCT
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Metabolite sample processing.

Extracellular (culture supernatants) and intracellular (detergent cell extracts) samples were
centrifuged for 7 min at 14,000 x g, and supernatants were transferred to new tubes.
Samples were then dried under nitrogen using a TurboVap. Samples were reconstituted in
75 pl of LC-MS grade water per 1 mL of original volume. Reconstitution volumes for cell
extracts were calculated to reflect that 26.7 ng of RNA were reconstituted in 15 pL of
LC-grade water. RNA content was measured using Quant-iT™ RiboGreen™ RNA Assay
Kit. Cell pellets were reconstituted in 250 pL Elisa buffer (20 mM Tris-HCI pH 7.5, 150
mM NaCl,1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 mM sodium orthovanadate).
Total RNA content of cell pellets was measured using Quant-iT™ RiboGreen™ RNA Assay
Kit. Resuspended cell pellets were diluted 20x in 10mM TE (pH=7.5) and combined with
the dye and incubated for 5 min at room temperature. Fluorescence was read using a Victor
Wallac plate reader. Reconstituted samples were combined with an equal volume of 99.9%
13C15N labeled Saccharomyces cerevisiae standard extract to serve as an internal standard.
Samples were centrifuged 7 minutes at 14,000 x g at 4°C and transferred to LC-MS
polypropylene conical vials. Vials were stored at —80°C until analysis using LC-MS.

Liquid chromatography.

All metabolites except 9 dicarboxylic acids were analyzed essentially as described in Wan
et al. (15). Briefly, tributylamine ion paired liquid chromatography was carried out using
an Agilent 1290 UPLC system with a 0.25 mL/min flow rate, a 2 yL sample loop and an
Extend C18 RRHD 1.8 mm, 2.1 x 150 mm column (Agilent). Nine carboxylic acids (malic
acid, succinic acid, itaconic acid, citric acid, alpha-ketoglutaric acid, 2-hydroxyglutaric acid,
isocitric acid, fumaric acid, and lactic acid) were analyzed using an acidic chromatographic
method. Acidic chromatography was carried out on an Agilent 1290 UPLC system with

a 0.4 mL flow rate using a 2.1 mm x150 mm Waters HSS-T3 C18 column with 1.8 um
packing thermostatted at 45°C. All listed metabolites eluted isocratically in 7 min using
0.5% Acetonitrile and 99.5% 20mM ammonium formate pH 2.9. Then the column was
regenerated for 10 min using 99.5% Acetonitrile and 0.5% ammonium formate buffer (1
mL/min flow rate).

Mass spectrometry.

All data in this study was acquired using an Agilent 6550 QToF instrument using an Agilent
Jet Stream electrospray ionization source (AJS ESI) in negative mode. Gas temperature in
the ion source was 150°C with a flow rate of 14 L/min. Nebulizer pressure was 45 psig,
sheath temperature was 325°C with a gas flow rate of 12L/min. Voltage for both capillary
and nozzle were 2000V. The funnel DC voltage was —30V, funnel voltage drops were =100
and -50V in the high- and low-pressure funnels, respectively. The RF voltages were 110
and 60V in the high- and low-pressure funnels, respectively. Mass spectra were acquired
between 50 and 1100 m/z with a rate of 2 spectra per second. Mass lock mixture was used
(15).
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Bulk RNA-seq library preparation.

Total RNA was extracted from 2 x 106 PMgs using RNeasy mini kit (Qiagen, #74104). To
eliminate genomic DNA, 20 U of Roche RNase-free DNase | (Roche, Cat#4716728001)
was added in the eluant (100 pl), followed by 20 min of incubation at 37°C. Samples

were then passed through RNeasy columns. Total RNA was quantified by NanoDrop
Spectrophotometer ND-1000 and 750 ng was used to enrich mRNA using NEBNext poly(A)
MRNA magnetic isolation module (New England Biolabs Cat#E7490). Library construction
followed immediately using NEBNext Ultra Il directional RNA library prep kit (New
England Biolabs Cat#E7760) and NEBNext multiple oligos for Illumina (New England
Biolabs # E7335, E7500, E7710, E7730). Libraries were PCR-amplified for 10 cycles,
quantified by MiSeq Nano V2, and sequenced on an Illumina NovaSeq S1 flow cell with
150 bp paired-end run to obtain about 30 million reads per sample. The complete RNA-seq
data set has been deposited to the GEO repository (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE239696).

Bulk RNA-seq data acquisition and processing.

The adaptor sequences were removed using Trimmomatic (v0.32; recommended
parameters). The reads were aligned to the mouse genome reference assembly

mm10 (GRCm38) using STAR (v2.5.1b; default parameters). The quality metrics

were done using MultiQC (v1.3). To count exonic reads we used featureCounts
(http://subread.sourceforge.net/,v1.5.0) and annotated them for mouse genes using
GENCODE vM4. The foamy and non-foamy intimal macrophage dataset (https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116239) was downloaded from the GEO
database. Intimal foamy and non-foamy macrophages were prepared from apolipoprotein E
knockout mice fed a high fat diet for 28 weeks (10).

Bulk RNA-seq differential expression and pathway analysis.

The DEseq2 R/Bioconductor package was used to perform hierarchical cluster analysis,
PCA, and to determine differential expression between -oxLDL +LPS and +oxLDL +LPS
PMgs and foamy and non-foamy aortic Mgs (16). Differential expression was assessed using
the Wald test with Benjamini-Hochberg correction; genes with an adjusted P value of <0.1
were considered significantly differentially expressed. EnhancedVolcano (Version 1.11.3)
was used to create volcano plots (17). Genes were pre-ranked using the DEseq?2 output (-
log10(pvalue)*sign(logFC)) for enrichment analysis. Pathway enrichment and leading edge
analysis was performed using Gene Set Enrichment Analysis software (GSEA version 4.1.0)
from the Broad Institute (software.broadinstitute.org/GSEA) (18, 19). Related pathways
were grouped and labeled by theme using Cytoscape (Version 3.9.0) and AutoAnnotate
(\Version 1.3.5) and visualized using Enrichment Map (Version 3.3.3) (20, 21).

Single-cell RNA-seq data processing.

We used Seurat (Version 4.0.4) (22, 23) to analyze an integrated single-cell RNA-seq
data set containing mononuclear phagocytes from human carotid endarectomy specimens
and coronary artery atherosclerotic lesions (11). The Seurat object of the integrated data
was provided by Drs Alma Zernecke-Madsen and Clement Cochain and was generated
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by integrating data from 2 prior studies (24, 25). Average expression levels of NRF2-
dependent genes were determined using AddModuleScore and projected to the UMAP

using FeaturePlot. Differentially expressed genes between the Foamy_Mac and MHCII_Mac
clusters were determined using FindMarkers and volcano plots were generated using
EnhancedVolcano (17).

HIF-1a-ODD firefly luciferase reporter assay.

Using Amaxa® Cell Line Nucleofector® Kit V, RAW264.7 Mgs (2 x 10%) were co-
transfected with 1 pg of HIF-1a.-ODD-luciferase plasmid (Addgene #18965) and 0.1 pg

of CMV-Renilla luciferase plasmid. Transfected cells were recovered in DMEM with 20%
FBS for 3 h, and media was replaced with DMEM with 10% FBS overnight. Cells were
cultured with oxLDL or cholesterol the next day for 24 h and stimulated with LPS the
subsequent day for 6 h. Cells were lysed and processed with Promega Dual-Luciferase™
Reporter (DLR™) Assay Systems (Promega Cat#E1910), and both the Firefly and Renilla
luciferase were quantified by using a GloMax 20/20 luminometer (Promega). CMV-Renilla
luciferase was used as internal normalization for transfection efficiency.

Cellular imaging of NADP™ sensors.

All live imaging was done in HBSS (with calcium, magnesium, no phenol red) at 37°C with
5% CO2. Images were collected using a custom-built widefield RAMM microscope (ASI)
equipped with excitation LEDs (405, 505, and 590nm), excitation polarizing filter (Edmund
Optics, Barrington, NJ), and a 40x/0.75 NA air objective lens (Olympus, Richmond Hill,
Canada). Fluorescence was passed through a Cerulean (ET470/24M) or Venus (ET535/30M)
emission filter on a filter wheel, and subsequently split using an Optosplit Il (Cairn,
Faversham, UK) to simultaneously collect parallel and perpendicular emission light on
separate regions of an IRIS 15 CMOS camera (Teledyne Photometrics, Tucson, AZ).

Image analysis of NADP* sensors.

Parallel (1) and perpendicular (1.L) fluorescence intensity images were analyzed with a
custom ImageJ plugin. These are available at https://github.com/RocheleaulLab/Optosplit-
Anisotropy-Analysis-scripts. The images were background corrected using a rolling

ball filter. Pixel-by-pixel anisotropy (r) was calculated using the background corrected
intensities: r = (Il - GIL)/(1 | + 2G_L) (26). The G factor for the two-photon microscope
was measured by exciting samples with both vertically (V) polarized and horizontally (H)
polarized light and collecting the polarized emission (27, 28). The G-factor for the widefield
microscope was calculated using fluorescein solutions, simplifying the standard anisotropy
equation to G = Il / I_L. For images collected using the 1.42 NA objective lens, we used
additional correction factors (Ka, Kb, and Kc) to account for the blurring of parallel and
perpendicular intensities (26). Cells were manually selected after discarding cells of dim or
saturated intensity from analyses, both of which can skew anisotropy results. Regions of
interest (ROI) were selected using the parallel intensity images to avoid selection bias.
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Statistical analysis.

All the statistical details of experiments can be found in the figure legends. In brief, all
figures show pooled data from independent experiments. All experiments were repeated at
least three times. All results are expressed as the mean £ SEM. The number of biological
replicates is listed as the n value and each replicate was performed using a different Mg
preparation. Statistical analyses were performed using Prism software, unless otherwise
specified in the figure legends.

Results

The accumulation of oxLDL in M¢s impairs LPS-induced glycolysis and inflammation.

Consistent with our previous study (6), loading of PMgs with oxLDL or cholesterol

for 24 h failed to induce the expression of proinflammatory genes and impaired a
subsequent inflammatory response to LPS (Supplemental Figures 1A and 1B). To extend
these observations, we performed RNA-seq and confirmed that oxLDL loading suppressed
LPS-stimulated inflammatory pathways in PMgs, such as interleukin, interferon, TNFa
signaling and hypoxia (Figure 1A, Supplemental Figures 1C and 1D). Since hypoxia-related
pathways are regulated by HIF-1a, this opens the possibility that the suppression of HIF-1a-
dependent processes, such as glycolysis, underlies the suppressed inflammatory response in
Megs with accumulated lipid.

LPS-induced glycolysis is vital for the expression of proinflammatory genes in

Megs (12, 29, 30). The blockade of glycolysis with 2DG in PMgs suppressed the
induction of proinflammatory genes by LPS (Supplemental Figure 1E). The inhibition
of proinflammatory gene induction by 2DG was similar to the effects of oxLDL or
cholesterol loading, which opens the possibility that intracellular lipid accumulation in
Mes impairs LPS-induced inflammation by suppressing glycolysis. To evaluate this, we
performed metabolomics and found that oxLDL accumulation in PMgs lowered LPS-
induced metabolites involved in glycolysis, pentose phosphate pathway, Krebs cycle and
anaplerotic reactions (Figure 1B and C, Supplemental Figure 2). Assessment of the
extracellular acidification rate (ECAR) with the Seahorse Analyzer is a surrogate measure
of glycolysis. We found that oxLDL accumulation in PM¢s reduced LPS-induced ECAR
in a time-dependent manner (Figure 1D). A glycolysis stress test confirmed that the
accumulation in PMgs of oxLDL (Figure 1E) or cholesterol (Supplemental Figure 3A)
impaired LPS-induced glycolysis.

Lipid accumulation in Mgs impairs LPS-induced HIF-1la-dependent glycolysis.

Next, we endeavored to elucidate the mechanism underlying glycolytic impairment.
HIF-1-mediated transcription was shown to be vital for inflammation and glycolytic
reprogramming in LPS-activated Mgs (12, 31, 32). Consistent with these studies, deletion
of Hifla (Supplemental Figure 3B) or blocking HIF-1a binding to DNA with echinomycin
(Supplemental Figure 3C) lowered LPS-induced inflammatory and glycolytic gene mRNA
expression, such as hexokinase 2 (Hk2) (Supplemental Figure 3D), the rate-limiting enzyme
that phosphorylates glucose and mediates its cytosolic entrapment. Under unstimulated
conditions, HIF-1 a subunits have a short half-life (33), which is a key mechanism for
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reducing its abundance and hence its transcriptional function. Therefore, we interrogated
whether the accumulation or oxLDL (Figure 2A) or cholesterol (Supplemental Figure 3E)

in PM¢s modulates HIF-1a protein levels in response to LPS. The elevation of HIF-1a
protein over 8 h following LPS stimulation was suppressed in PMgs with accumulated lipid.
Similarly, HIF-2a. and HIF-3a protein levels were lower in LPS-stimulated PMegs with
accumulated lipid. However, the abundance of HIF-1p, a HIF family member whose protein
expression levels are not altered by LPS, remained unchanged in PMgs with accumulated
lipid. The abundance of LPS-induced glycolytic gene mRNAs was suppressed in PMes

with accumulated oxL DL (Figure 2B) or cholesterol (Supplemental Figure 3F), consistent
with reduced HIF-1 a subunits. This correlated with a reduction in Hk2 protein (Figure 2C
and Supplemental Figure 3G) and glucose uptake, as measured by 2-Deoxy-2-(7-nitro-2,1,3-
benzoxadiazol-4-yl)amino)-D-glucose (2-NBDG), a fluorescent glucose analog (Figure 2D
and Supplemental Figure 3H). Collectively, our data suggest that the accumulation of lipid in
PMes impairs LPS-induced HIF-1a-dependent glycolysis and inflammation.

Intracellular lipid accumulation in M¢s impairs LPS-induced inflammation by reducing both
HIF-1a stability and transactivation capacity.

All a subunits of the HIF family harbor an oxygen-degradation-domain (ODD) (33-35);
thus, their reduced protein expression (Figure 2A and Supplemental Figure 3E) implies
increased degradation. We used a cycloheximide (CHX) chase assay to determine if lipid
accumulation in PMgs reduces the stabilization of HIF-1a after LPS stimulation. We

found that loading with oxLDL or cholesterol reduced the stability of total cellular (Figure
3A) and nuclear (Supplemental Figure 4A) HIF-1a protein. HIF-1a can be degraded by
proteasomes (33) or lysosomes (36). Blocking proteasome function with MG132 maintained
nuclear HIF-1a levels in cholesterol-loaded PMgs, whereas inhibition of lysosome function
with Bafilomycin 1A did not (Supplemental Figure 4B). This suggests that proteasomes,
but not lysosomes, enhanced HIF-1a degradation in PMes with accumulated lipid. Since
proteasomal degradation of HIF-1a is regulated by prolyl hydroxylases (PHDs) (37, 38),
which can be inhibited by reactive oxygen species (ROS) (39), we examined if lipid
accumulation in PMgs alters ROS production and the activity of PHDs. We first confirmed
that HIF-1a protein abundance is dependent on ROS. Blocking NADPH oxidases with
diphenyleneiodonium (DPI) or scavenging of mitochondria-derived ROS by mitoTEMPO
lowered LPS-induced HIF-1a protein abundance (Supplemental Figures 4C and 4D),
consistent with previous reports (13, 40). We then found that loading with oxLDL (Figure
3B) lowered total and mitochondrial ROS in LPS-stimulated PM¢s. PHD activity was
studied using RAW264.7 Mgs transfected with a firefly luciferase construct fused to the
ODD of HIF-1a.. We found that loading with oxLDL (Figure 3C) decreased LPS-induced
luciferase activity. Collectively, our data show that intracellular lipid accumulation in Me¢s
impairs LPS-induced stabilization of HIF-1a by reducing ROS and increasing the activity of
PHDs.

Von Hippel-Lindau tumor suppressor (VHL) is an adaptor subunit of a ubiquitination
complex that targets HIF-1a for proteasomal degradation (37, 38). To determine the

causal link between intracellular lipid accumulation in Mgs and reduced HIF-1a, we
characterized VHL-deficient bone marrow-derived Mgs (BMDMgs) from Lys2-Cre: VA1
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mice. Steady-state 12/ mRNA was dramatically lower in Lys2-Cre: VA"l BMDMgs
(Supplemental Figure 4E) and HIF-1a protein expression was elevated especially after LPS
stimulation (Figure 3). The abundance of HIF-1a post-LPS was reduced in Cre-negative
VhI BMDMegs with accumulated oxL.DL (Figure 3D), similar to WT PMgs (Figure

2A and Supplemental Figure 3E). On the other hand, in Lys2-Cre: VA//fl BMDMgs with
accumulated oxLDL, the LPS-induced increase in HIF-1a was comparable to cells without
oxLDL (Figure 3D). The rate of HIF-1a degradation was increased by oxLDL accumulation
in LPS-stimulated Cre-negative VA" BMDMgs, but was comparable in Lys2-Cre: VA"
BMDMegs with or without lipid uptake (Figure 3E). Collectively the experiments with

Vhl deficient BMDMegs confirm that lipid accumulation in Mgs reduces LPS-induced
HIF-1a protein primarily by enhancing its degradation in a VHL-dependent manner. Thus,
in spite of comparable HIF-1a protein abundance, we were surprised that LPS-induced
proinflammatory and glycolysis gene expression remained suppressed in Lys2-Cre: VA"
BMDMgs with accumulated oxLDL (Figure 3F). This suggests that in addition to an

effect on HIF-1a stability, oxLDL accumulation impairs HIF-1a function by a different
mechanism.

Under hypoxic conditions, the function of HIF-1a as a transcription factor depends on

both protein stability and transactivation capacity. The latter is negatively regulated by
factor inhibiting HIF-1 (FIH-1), which hydroxylates HIF-1a on asparagine 813 and blocks
the recruitment of transcription co-activators (41). FIH-1 as well as PHDs are iron (I1)-
dependent dioxygenases (42). We therefore investigated if the activity of FIH-1 is increased
by lipid accumulation, analogous to the activity of PHDs. We assessed this by generating

3 stable lines of RAW264.7 Mgs transfected with plasmids that encode different mutated
forms of HIF-1a: (1) HA-hHIF-1a WT control, (2) HA-hHIF-1a (P402A/ P564A) and

(3) Myc-mHIF-1a (P402A/P577A/N813A). Each line was cultured with cholesterol, and
the gene expression profile of proinflammatory and glycolysis genes was determined after
LPS stimulation. RAW?264.7 cells transfected with HIF-1a with three mutations that impair
the modifications catalyzed by both PHDs and FIH-1 (Line 3) were most resistant to the
inhibitory effects of cholesterol accumulation (Figure 3G). Collectively, our data suggest
that lipid loading of Mes impairs LPS-induced inflammatory gene expression by reducing
both HIF-1a stability and transactivation capacity.

Intracellular lipid accumulation in M¢s enhances LPS-induced Nrf2-mediated antioxidative
defense, which destabilizes HIF-1a.

We next focused on determining why LPS-induced ROS was reduced in PMgs with
accumulated oxLDL (Figure 3B). Our previous study (6) showed that oxLDL accumulation
in Mgs can induce Nrf2-dependent transcription of detoxification enzymes, consistent with
published reports (43-45); thus, the reduction of LPS-induced ROS may be due to an
enhanced Nrf2-regulated antioxidant response. The main regulator of Nrf2 is Keapl, an
electrophilic sensor with many cysteine residues (46). The cysteine residues of Keapl can
readily react with free radicals, including ROS, which alters the conformation of Keapl and
inhibits its Nrf2 degradative function (47). In the absence of LPS stimulation, culture of
PMgs with oxLDL (Figure 4A) increased ROS in a time-dependent manner. The abundance
of Nrf2 also increased (Figure 4B), as did the mRNA expression of Nrf2 target genes (Figure
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4C), whereas Keapl remained unchanged. The induction of Nrf2 (peak at 20 h) and its target
genes (20-24 h) may account for the decline of ROS at 24 h.

We found that oxLDL accumulation in PMgs increased not just basal but also LPS-induced
Nrf2 protein levels (Figure 4D). This correlated with increased mRNA expression of Nrf2-
dependent genes (Figure 4E), as well as protein expression (Figure 4F) and activity (Figure
4G) of Trxnrd1, a Nrf2-dependent detoxification enzyme. These data support the concept
that oxLDL accumulation in PMgs enhances the Nrf2-dependent antioxidant defense in
LPS-stimulated Mgs.

We then tested if Nrf2-mediated reduction of ROS impairs LPS-induced HIF-1a protein
expression in lipid-loaded Mgs. Using BMDMgs from Nrf2-deficient (M722/277) mice,
we first showed that in the absence of Nrf2, oxLDL accumulation did not reduce ROS

in response to LPS in contrast BMDMgs from WT littermates (Figure 5A). Since ROS
up-regulates HIF-1a abundance through inhibition of PHD function, we assessed nuclear
HIF-1a in LPS-stimulated BMDMgs and found comparable HIF-1a in Nrf2-deficient Mgs
with and without oxL DL accumulation (Figure 5B). As expected, HIF-1a was reduced in
oxLDL-loaded BMDMgs from WT littermates (Figure 5B). This finding was supported by
restored LPS-induced mRNA expression of several inflammatory and glycolysis genes in
oxLDL-loaded N7e2/2~ BMDMgs (Figure 5C). LPS-induced glycolytic response (Figure
5D) and glucose uptake (Figure 5E) were also restored in Nrf2-deficient BMDMgs with
accumulated oxLDL.

Altered NADPH metabolism in Mgs with accumulated lipid fuels Nrf2-dependent
antioxidative defense.

NADPH is a vital co-factor for Mgs as it is required for the enzymatic functions related

to inflammatory pathways, such as free radical and de novo lipid synthesis, as well as
anti-inflammatory pathways, such as antioxidant and free radical detoxification. Given the
vital role that NADPH plays in mediating redox homeostasis, we reasoned that NADPH
metabolism is altered in Mes with accumulated oxLDL. We evaluated our RNA-seq

data of LPS-stimulated PMgs +oxLDL (Supplemental Figure 1A) and found differential
expression among genes encoding NADPH-requiring enzymes (Figure 6A). Specifically,
oxLDL loading reduced the expression of inflammatory NADPH-requiring enzymes (£asn,
Hmagcr, Nos2). In contrast, the expression of anti-inflammatory NADPH-requiring enzymes
(Ngol1, Hmox1 and Ptgrl) regulated by Nrf2 was increased. This differential expression
pattern was confirmed and extended by qPCR and immunoblotting assays (Figure 6B, 6C,
4E, 4F).

Next, we determined if NADPH abundance was altered by intracellular oxLDL
accumulation. The steady-state abundance of NAD* and NADH (Figure 6D), NADP*

and NADPH (Figure 6E), and NADPH (Figure 6F) was reduced after LPS stimulation

in PMgs and RAW264.7 cells with oxLDL accumulation. The increased expression of
NADPH-requiring antioxidative enzymes may account for NADPH consumption. Indeed,
LPS stimulation of RAW?264.7 cells increased glutathione-disulfide reductase (GSR) protein
over time in oxLDL-loaded cells (Figure 6G). We devised an assay to determine if increased
GSR, a Nrf2-targeted enzyme that reduces glutathione disulfide (GSSG) to glutathione
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(GSH), accelerates the consumption of NADPH. We added 2DG to block the reduction

of NADP* to NADPH and diamide to oxidize GSH to GSSG (48), then measured GSH
and NADPH over time (Figure 6H). In this assay, NADPH was depleted more rapidly

in RAW264.7 cells with accumulated oxLDL (Figure 61), while GSH declined more
slowly (Figure 6J), suggesting a direct relationship between GSR expression and NADPH
consumption. Since GSR is expressed in the cytoplasm and the mitochondria (49), we next
determined if oxLDL loading differentially regulates NADPH in these compartments. We
generated stably transfected RAW264.7 cell lines that expressed Apollo-NADP* sensors in
the cytoplasm and the mitochondria (Figure 6K). The quantification of NADP™ is possible
by using Apollo-NADP* sensors imaged with steady-state fluorescence anisotropy (Figure
6L) (14, 50). LPS-stimulated cells were treated with 2DG and diamide and anisotropy in
both compartments was significantly lower in cells with accumulated oxLDL (Figure 6M).
This is indicative of higher NADP* and thus depletion of NADPH.

To determine if an enhanced Nrf2-response in Mgs with accumulated intracellular oxLDL
underlies a shift in NADPH metabolism from inflammatory to antioxidative purposes,

we characterized NADPH metabolism in Nrf2-deficient BMDMegs. We did not observe

a reduction of NADP* and NADPH upon LPS stimulation of cells with accumulated
oxLDL, in contrast to WT BMDMes (Figure 6N). GSH was higher in LPS-stimulated WT
vs. Nfe2l2”"~ BMDMgs and increased in WT, but not Nfe2/27/~ cells with accumulated
oxLDL (Figure 60). Analysis of mRNA expression of NADPH-requiring inflammatory
enzymes revealed comparable expression in LPS-stimulated Nife2/2"~ BMDMgs with or
without oxLDL accumulation (Supplemental Figure 4F). As above (Figure 6B), expression
was lower in LPS-stimulated WT BMDMes cultured with oxLDL. The expression of

Nos 2 protein was similar in Afe2/2”~ BMDMgs with or without oxLDL accumulation
(Figure 6P). Collectively, we show a metabolic adaptation in M¢s with accumulated
intracellular oxLDL, where LPS stimulation shifts NADPH consumption from inflammatory
to antioxidative purposes in a Nrf2-dependent manner.

NADPH metabolism regulates a positive feedback loop between HIF-1a and Nos2.

The transcription of inflammatory NADPH-requiring enzymes, such as Nos2, is regulated
by HIF-1a (51). In turn, Nos2 utilizes NADPH to produce reactive radicals that stabilize
HIF-1a by inhibiting PHDs (52, 53). These studies suggest a HIF-1a. — Nos2 positive
feedback loop. We established that the expression of NosZ2is dependent on HIF-1a by
showing that LPS-induced Nos2 mRNA and protein were reduced in H/fla-deficient PMgs
and BMDMgs (Figure 7A and B) or WT PMgs, BMDMgs and RAW264.7 cells treated
with echinomycin (Figure 7C and D). We also established that the abundance of HIF-1a is
dependent on Nos2 by showing that LPS-induced HIF-1a protein accumulation is impaired
in NMos2-deficient PMgs and BMDMes (Figure 7E).

Next, we determined if the HIF-1a — Nos2 positive feedback loop regulates the abundance
of NADPH. The abundance of combined NADP* and NADPH was reduced 6 h post-

LPS in WT PMgs but remained unchanged in Hifla-deficient cells or cells treated with
echinomycin (Figure 7F). Similarly, NADPH was reduced 6 h post-LPS in WT PMgs, but
was unchanged in Hifla-deficient and Nos2-deficient PMgs (Figure 7G and H). Together,
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these data suggest that NADPH consumption in LPS-stimulated PMgs is dependent on
HIF-1a-regulated transcription of Nos2. Finally, we assessed whether NADPH is critical
for regulating the HIF-1a — Nos2 positive feedback loop. Blockade of de novo NADPH
synthesis with G6PDi-1, an inhibitor of glucose-6-phosphate dehydrogenase, abrogated
LPS-induced expression of HIF-1a and Nos2 protein (Figure 71). Collectively, our data
support NADPH being a cofactor that regulates the positive feedback between HIF-1a-
dependent transcription of Nos2, and Nos2-dependent stabilization of HIF-1a (Figure 7J).

PMegs cultured with oxLDL and stimulated with LPS share similar inflammatory and
metabolic profiles with foamy Mes derived from the atherosclerotic mouse and human

aorta.

Recent /n vivo transcriptomic studies have shown that foamy Mes derived from
atherosclerotic lesions are less inflammatory than non-foamy Mes (10, 11), yet the
mechanism responsible for this phenotype remains unclear. We performed comparative
transcriptomic analysis of LPS-stimulated PMes with and without intracellular oxLDL
accumulation, and foamy versus non-foamy Mes derived from atherosclerotic mouse

and human aortas (10, 11). Hallmark pathway analysis revealed very similar patterns

in both +oxXLDL+LPS PMgs and foamy mouse Mgs (Figure 8A). Importantly, we

observed downregulation of multiple inflammatory pathways, and the hypoxia pathway and
upregulation of the ROS pathway. Some of the inflammatory pathways were downregulated
in foamy human Mes (Figure 8A). Leading edge analysis identified genes that contribute
most to enrichment of these pathways. Many genes that were increased in the ROS pathway
are Nrf2-targets related to antioxidative defense (Ngol, TxnrdI), while genes that were
reduced in the hypoxia pathway are HIF-1a-targets related to glycolysis (A/doc) and
hypoxia (Adm) (Figure 8B).

A subset of Mgs in mouse atherosclerotic lesions expresses Nrf2-regulated markers (44).
However, this study did not determine if these markers were expressed by foamy M¢s and
whether Nrf2 regulates their impaired inflammatory responses. We assessed the expression
of genes with a functional antioxidant response element (i.e., ARE Nrf2 binding site) in
foamy mouse M¢s and +oxLDL+LPS PMgs (Figure 8C, 8D). In line with our leading
edge analysis, enhanced expression of Nrf2-targets linked to antioxidative defense was
observed in both populations. Similar findings were also found in foamy human Mes

in that Nrf2-dependent genes were more abundant in the Foamy Mac cluster than the
inflammatory MHCII Mac cluster (Figure 8E, 8F). Finally, we assessed the expression

of NADPH-requiring enzymes in foamy Mgs from the mouse aorta, and found the
inflammatory enzymes (Ch25h, Hmgcr, Ncfl) were reduced, while the anti-inflammatory
enzymes (Hmox1, Blvra) were increased (Figure 8G).

Discussion

Hypercholesterolemia is a key risk factor in atherosclerosis, yet its link with inflammation

in the artery wall is unclear. The concept that loading of Mgs with oxLDL is intrinsically
inflammatory has been pervasive in the atherosclerosis field; however, recent in vivo studies
showing minimal inflammatory gene expression in foamy Mgs (10) and in vitro reports, that
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lipid accumulation in Mgs actually down-regulates the response to inflammatory stimuli
(5, 6), are changing the paradigm. The main mechanisms underlying the suppression

of inflammation in M¢s with accumulated oxLDL had remained unknown. Our current
study elucidates the key targets. Analysis of RNA-seq data from LPS-stimulated PMes
revealed that oxLDL accumulation down-regulated inflammatory, hypoxia and cholesterol
metabolism pathways, while ROS and some metabolic pathways were up-regulated (Figure
1). Metabolomics and Seahorse assays revealed that LPS-induced glycolysis was suppressed
by oxLDL accumulation (Figure 1), as was glucose uptake, HIF-1a stabilization and
expression of glycolysis genes (Figs 2, 3). Our new insights are important as previous
studies established that LPS-induced glycolysis and HIF-1-mediated transcription are vital
for the expression of pro-inflammatory genes in Mgs (12, 29-32).

The quality of the oxLDL preparation may be a confounding factor in the role of oxLDL
accumulation on inflammation (54). We therefore used high quality medium-oxidized LDL
from a reliable commercial source that specializes in lipoprotein purification and each batch
was tested in house. We also cultured Mes with 50 pg/mL of cholesterol to promote passive
uptake of lipid and found that this approach yielded similar results to scavenger receptor-
mediated uptake of oxLDL (cholesterol data are shown in the Supplemental Figures).

Baardman et al (7) reported previously that thioglycolate-elicited PMgs isolated from
hyperlipidemic LDL receptor knockout mice displayed diminished pentose phosphate
pathway metabolites and suggested a link to reduced Nrf2 response. We also found reduced
levels of pentose phosphate pathway metabolites in LPS-stimulated PMgs with accumulated
oxLDL (Figure 1 and Supplemental Figure 2); however, we found that an enhanced

Nrf2 response was critical for suppressing LPS-induced glycolysis and inflammation. The
differences between our studies may be due to different experimental conditions and timing
of assays.

Our metabolomics studies showed reduced LPS-induced citrate and succinate by oxLDL
accumulation. The reduction of these metabolites as well as ROS (Figure 3B) suggest

that these metabolites may contribute to the suppression of HIF-1a function in LPS-
stimulated oxLDL-loaded PMgs (13, 39). It seemed paradoxical that the induction of
LPS-induced itaconate and fumarate was reduced in PMgs with accumulated oxLDL
because an anti-inflammatory role has been established for itaconate through inhibition

of succinate dehydrogenase and stimulation of Nrf2 (55, 56). Fumarate may also activate
Nrf2 (57). Recently, citraconate, mesaconate and itaconate, naturally occurring isomers
that differs only by the location of a double bond, were shown to profoundly modulate

cell metabolism and act as strong Nrf2 agonists with anti-oxidative and anti-inflammatory
functions (58). Citraconate is the strongest electrophile and Nrf2 agonist, reduces itaconate
through competitive inhibition of c¢is-aconitate decarboxylase and prevents the accumulation
of itaconate and mesaconate in activated Mgs. Unfortunately, citrocanate and mesaconate
were not part of our metabolomics panel; therefore, it remains to be determined if the levels
of these metabolites are higher in LPS-stimulated PMgs with accumulated oxLDL.

Although vital for inflammatory responses in Mgs, the regulation of HIF-1a-mediated
transcription following TLR4 signaling by LPS is not fully defined. ROS and succinate
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can stabilize HIF-1a by inhibiting the activity of PHDs (13, 39); however, the incomplete
rescue of glycolysis and inflammatory gene expression in our lipid loaded VA deficient
Megs (Figure 3F) implies the existence of additional means to activate HIF-1a function.

The repressive effects of cholesterol loading were overridden only when an engineered
HIF-1a resistant to the inhibitory effects of both PHDs and FIHs was expressed (Figure
3G). This finding reveals that HIF-1a function following LPS stimulation relies both on

its stability and transactivation capacity, analogous to HIF-1a function during hypoxia (41,
59). Although our study has implicated the role that FIH plays in LPS-stimulated Mgs, how
FIH is inhibited by local inflammatory factors remains unclear. Interestingly, metabolites
and oxidative stress could differentially inhibit PHDs and FIH activities. For instance, while
citrate and oxaloacetate can inhibit both PHDs and FIHSs, succinate and fumarate can only
inhibit PHDs but not FIHs (60). In contrast, peroxide inhibits FIHs more than PHDs (59).

Given that HIF-1a stability takes precedence over its transactivation capacity during HIF-1
activation, it is counterintuitive for FIH to be more active than PHDs unless it can regulate
HIF-1 function independent of its hydroxylation activity. Indeed, overexpressing FIH
could reduce GLUT-1 mRNA even in hypoxia, and FIH could block histone deacetylases
recruitment and reduce gene expression (41, 61). Overall, these studies have shown how
local inflammatory factors can differentially inhibit FIH and PHDs activities, which confer
possible means to differentially regulate HIF-1a transcriptional output. Not surprisingly,
this is analogous to how the differences in O, binding affinities between PHDs and FIHs
underlie the canonical graded HIF-1a response to a range of hypoxic conditions.

In addition to stabilization of HIF-1a., we also showed that LPS-induced HIF-2a expression
is down-regulated by oxLDL or cholesterol accumulation to a similar extent as HIF-1a
(Figure 2 and Suppl Figure 3E). Both HIFa isoforms are stabilized by the inhibition

of the PHD/VHL proteolytic machinery and were shown to be critical for LPS-induced
inflammation (62, 63). However, the divergence in the genes that they bind to and their
distinct functions in Mg polarization suggest that further studies are required to elucidate the
impact of HIF-2a down-regulation by lipid accumulation in LPS-induced Mgs (64).

HIF-1a is expressed in different vascular cells and plays a critical role in atherogenesis
by promoting increased glucose uptake and inflammation in the lesions (65). For instance,
in LDL receptor knockout mice reconstituted with bone marrow cells deficient in myeloid
HIF-1a, a robust reduction in advanced lesions was detected in the aortic arch and root
after 16 weeks of hypercholesterolemic diet. While necrotic core area was diminished,
Mg content remained the same in myeloid HIF-1a-deficient atheromas. Conversely,
reconstitution with myeloid VHL deficiency yielded constitutively expressed HIF-1a and
significantly increased lesions (66). Deficiency of HIF-1a in smooth muscle cells or
endothelial cells in apolipoprotein E knockout mice with atherosclerosis induced by aortic
constriction and/or high fat or high cholesterol diets resulted in reduced atherosclerotic
lesions and Mg content (67, 68). In view of these studies and reduced inflammation and
hypoxia gene expression in foamy Megs from murine atheromas (Figure 8) as well as
oxLDL-loaded LPS-stimulated PMgs (Figure 1 and 8), it is likely that oxidative stress
and HIF-1a-mediated inflammation in vascular SMC and EC may have a prominent role
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in fueling atherogenesis, while M¢ foam cells dampen oxidative stress and glycolysis to
enhance their survival in a milieu of chronic inflammation.

We found that destabilization of HIF-1a was accompanied by enhanced Nrf2 activity,

which confers antioxidant response against the oxidative radicals. (Figs. 4, 5) (69). The
accumulation of oxLDL in cultured Mgs progressively induced oxidative stress that
stabilized Nrf2 and activated a primary Nrf2-antixodiative response without inducing an
inflammatory response (Figure 4A-C). Bae et al (2009) showed that treatment of J774

cells with minimally modified LDL (mmLDL) or oXLDL induced ROS within 10 minutes
and ROS production in response to mmLDL was dependent on Nox2 activation and TLR4
signaling (70). This study raises the possibility that during the early stages of lipid loading
Megs responses to pro-inflammatory stimuli may be accentuated. We, however, focused

on later stages of lipid accumulation. We observed that ROS increased over time and

peaked at 18 hours (Figure 4A). Megs adapted to this by activating Nrf2 and expressing
Nrf2-dependent antioxidant genes (Figure 4B, C), without an induction of pro-inflammatory
gene expression. Upon LPS stimulation, the subsequent Nrf2 response was enhanced in cells
with accumulated oxLDL (Figure 4D-G). We showed a link between enhanced Nrf2 and
reduced HIF-1a by using Nrf2-deficient mice where ROS levels as well as glycolysis and
inflammatory genes were rescued and HIF-1a levels were stabilized (Figure 5). Overall,

the enhancement of Nrf2-dependent antioxidative defense in Mgs with accumulated lipid
impaired LPS-induced ROS production, thereby destabilizing HIF-1a-dependent glycolytic
and proinflammatory responses.

NADPH plays a multifunctional role in regulating M¢ inflammation. While it is consumed
by apoenzymes for the synthesis of lipids and ROS, it is also used for detoxification and

to maintain redox homeostasis. NADPH can support inflammatory and anti-inflammatory
processes simultaneously, but how NADPH-dependent pathways coordinate to fine-tune an
inflammatory response remains to be determined. Here, we show that NADPH usage is
shared between HIF-1a and Nrf2-dependent responses. Upon LPS stimulation, NADPH

is consumed by NOSs to generate reactive radicals and by detoxification enzymes to

limit the abundance of radicals. Shifts in these opposing processes fine-tune reactive

radical levels, the stabilization of HIF-1a,, and optimize the inflammatory response. The
accumulation of oxLDL in Mgs significantly upregulated LPS-induced expression of
NADPH-requiring detoxification enzymes. This not only repurposed NADPH consumption
for the detoxification of reactive radicals, but also reduced the availability of NADPH

for reactive radical synthesis, ultimately deactivating inflammation. Overall, we argue that
under conditions where NADPH is limited, inflammatory and anti-inflammatory processes
compete for NADPH to the detriment of each other. This competition is important, not only
because it reveals how NADPH-dependent pathways coordinate to regulate inflammation,
but more importantly, other cofactors may also be consumed in a competitive manner by
biologically opposing pathways. Indeed, an example of this is NADH consumption, which
is vital for LPS-induced glycolysis and poly (ADP-ribose) polymerase (PARP)-mediated
DNA repair response (71), where PARP hyperactivation can impair glycolysis (72, 73).
Along with these reports, our study reveals an emerging biological principle, which proposes
that the competition for cofactor consumption between inflammatory and anti-inflammatory
pathways is a naturally evolved mechanism to regulate inflammation efficiently. Specifically,
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the extent of this competition underlies the magnitude of an inflammatory response. Future
studies are warranted to identify other cofactors shared between biologically opposing
pathways. Since the consumption rate of cofactors relies on the differential transcription of
apoenzymes in response to external stimuli, this also shows how the sensing of extracellular
cues by transcription factors regulates inflammation.

Comparative transcriptomic analysis of LPS-stimulated PM¢s with accumulated oxLDL
and foamy Megs from mouse and human atherosclerotic aortas revealed similar metabolic
and inflammatory profiles (Figure 8A), demonstrating the pathophysiological relevance of
our /n vitro findings. Comparison of bulk seq data sets is robust, whereas comparison

of bulk and single cell transcriptomic data is limited by the relatively lower depth of

the single cell data. Thus, although similar trends were identified in mouse and human
data sets, only several inflammatory pathways were reduced in foamy human plague Mgs.
Downregulation of the hypoxia and multiple inflammatory pathways and upregulation of
the reactive oxygen species (ROS) pathway in the mouse data sets (Figure 8B) is consistent
with the involvement of HIF-1a and Nrf2, respectively. Subsequently we established the
upregulation of Arf2-dependent genes in Mgs with accumulated oxLDL and foamy Mes
from mouse and human atherosclerotic aortas (Fig 8C-G). Our observations are consistent
with studies on atherosclerosis where myeloid Nrf2 deficiency in LDL receptor knockout
mice resulted in increased atherosclerosis both in early and late stages, a finding that was
consistent with studies interrogating the role of anti-oxidant genes by genetic approaches
(74-76).

While hypercholesterolemia and foamy Mgs are key players in atherosclerosis, our study
argues that intracellular lipid accumulation in Mes is insufficient to drive inflammation

and in fact dampens their inflammatory response to external stimuli because enhanced
Nrf2-regulated transcription of antioxidative enzymes impairs a HIF-1a-regulated glycolytic
response. This implicates the existence of other factors, such as oxidized phospholipids, or
other vascular cells as potential drivers of inflammation in atherosclerotic lesions (77).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:
OXLDL accumulation in Mg¢s impairs LPS-induced HIF-1a-dependent glycolysis.

OxLDL accumulation in M¢s enhances LPS-induced Nrf2-dependent antioxidative
response.

Competition for NADPH between HIF-1 and Nrf2 processes fine-tunes inflammation.
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Figure 1: Theaccumulation of oxLDL in M¢simpairs L PS-induced inflammation and glycolysis.
(A) Network analysis of gene sets in LPS-stimulated PMgs suppressed or enriched by

oxLDL loading. Only gene sets with an FDR of <0.01 are included. Nodes represent
individual gene sets and lines illustrate their overlap based on gene similarity. Related
pathways are grouped in clusters. (B-C) Metabolomics of PMgs +oxLDL loading (24h) and
+L PS stimulation (6 h) (n=18). OXLDL accumulation lowered LPS-induced intracellular
abundance of shown metabolites involved in glycolysis (green), pentose phosphate

pathway (cyan), Krebs cycle (magenta) and anaplerotic reactions (amber). Black outline
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indicates reduced extracellular abundance. (D-E) Seahorse analysis of PMgs (treatments
are indicated). (D) Baselined ECAR values over time (normalized to the last pre-injection
value, n=4). The addition of LPS or PBS is indicated. (E) Glycolysis stress tests showing
ECAR (normalized to baseline, assigned a value of 1) in cells zoxLDL and =L PS (nh=13).
The addition of glucose (Glc), oligomycin (OG) and 2-deoxyglucose (2DG) is indicated.
Values are normalized to -oxLDL -LPS. The mean = SEM is plotted in all graphs. Statistical
significance was determined by two-way ANOVA with Bonferroni correction (*P<0.05,
**p<0.01, ***P<0.001).
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Figure 2: OxLDL accumulation in M¢simpairs L PS-induced HIF-1a-dependent glycolysis.
(A) Effect of oxLDL accumulation and LPS stimulation on the expression of HIF family

members in PMgs. Representative immunoblots and quantification of HIF-1a (n=6),
HIF-2a (n=4), HIF-3a (n=5), HIF-1p (n=4) during a LPS time course. For each time point,
values were normalized to the corresponding actin value and the 0 h LPS time point of
PMes without oxLDL (assigned a value of 1). (B) Effect of oxLDL accumulation and LPS
stimulation on glycolysis gene mRNA expression in PMgs. mRNA abundance was analyzed
by gPCR. For each gene, the data were normalized to values of PMgs without oxLDL

and LPS stimulation (z-scores on heat map, n=5-11). (C) Representative immunoblots and
quantification of Hk2 in LPS-stimulated PMes (n=5, normalization as in A). (D) Effect of
oxLDL loading and LPS stimulation on glucose accumulation in PMgs. Representative
images and quantification of 2-NBDG uptake (green) by LPS-stimulated PMgs (n=5).
Values are normalized to -oxLDL -LPS (assigned a value of 1, dashed line). The mean

+ SEM is plotted in all graphs. Statistical significance was determined by two-way ANOVA
with Bonferroni correction (*P<0.05, **P<0.01, ***P<0.001).
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Figure 3: OxLDL accumulation in M¢simpairs L PS-induced inflammation by reducing HI F-1a
stability and transactivation capacity.

(A) Effect of oxLDL accumulation on HIF-1a stability in LPS-stimulated (8 h) PMgs.
Representative immunoblots showing a time course after CHX treatment and quantification.
Values are normalized to corresponding actin and the pre-CHX time point (assigned a value
of 1, n=3). (B) Effect of oxLDL loading on ROS in LPS-stimulated PMgs. Representative
images and quantification of total ROS (CellRox Orange, Orange, n=5) and mitochondrial
ROS (MitoSox, red, n=5). Data are normalized to the O h LPS time point of PM¢s without
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oxLDL. (C) Effect of LPS stimulation (6 h) on PHD activity in RAW264.7 cells transfected
with luciferase reporters. HIF-1a-ODD firefly luciferase activity is normalized to Renilla
luciferase activity to account for transfection efficiency and to values found in control

cells (n=4). (D) Assessment of HIF-1a abundance in unstimulated and LPS-stimulated (6
h) VHL-deficient (Lys2-Cre: VA and WT control (VA7) BMDMgs. Representative
immunoblots and quantification are shown. Values are normalized to actin (n=3; unpaired
Student’s #test). (E) Assessment of HIF-1a stability in LPS-stimulated (6 h) VHL-deficient
(Lys2-Cre: VA and WT control (VA7) BMDMgs. Representative immunoblots and
quantification are shown. Values are normalized to actin and the first time point of CHX
treatment (n=3-4). (F) Suppression of inflammatory and glycolysis gene mRNA expression
by oxLDL accumulation in LPS-stimulated (6 h) VA vs. Lys2-Cre: VA" BMDMgs
analyzed by gPCR. Data were normalized to VA cells without oxLDL (assigned a value
of 1). Statistical comparisons using the Mann-Whitney U Test were within each genotype
(p values are blue for VA" and green for Lys2-Cre: VA n=3-10 for each group). (G)
Effect of HIF-1a mutations on proinflammatory and glycolysis gene mRNA expression

in LPS-stimulated (6 h) stable transfected RAW264.7 cell lines. The effect of cholesterol
accumulation was assessed for each cell line and all cell lines were compared to the

empty vector line. Heat map z scores of qPCR data are plotted (n=3-9 per group, one-way
ANOVA with Bonferroni correction). A higher score represents reduced inhibition of mMRNA
expression by cholesterol. In all graphs, the mean + SEM is plotted. Unless indicated
otherwise, statistical significance was determined by two-way ANOVA with Bonferroni
correction (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure4: OxLDL accumulation in M¢sinduces oxidative stress that activates Nrf2-mediated

antioxidative defense.

(A) The accumulation of oxLDL increases ROS in PMgs in a time-dependent manner.
Representative images and quantification showing CellRox Orange staining (red) at different
time points after addition of oxLDL to cultured PM¢s. Data are normalized to the O h

time point (assigned a value of 1, n=3). (B) Nrf2 (n=3) and Keapl (n=4) protein in

PMes at different time points after addition of oxLDL. Representative immunoblots and
quantification. Data are normalized and compared to the 0 h time point (assigned a value

of 1). (C) OXLDL induces Nrf2-regulated gene expression in PMgs in a time-dependent
manner. A heatmap shows mRNA measured by gPCR. All time points were compared to 0

h (n=6). (D) Effect of oxLDL accumulation over 24 h on Nrf2 protein in LPS-stimulated
PMes. Representative immunoblots and quantification. Values are normalized to actin and
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the 0 h LPS time point in cells without oxLDL (assigned a value of 1, n=4). (E) Effect of
oxLDL accumulation (24 h) and LPS stimulation (6 h) on Nrf2-dependent gene expression
(gPCR analysis of mMRNA plotted as a heatmap). Comparisons are to PMgs without oxLDL
and LPS stimulation (n=4-11). (F, G) Effect of oxLDL accumulation on Txnrd1 protein
expression (F) and thioredoxin reductase (TrxR) activity (G) in LPS-stimulated PMgs. (F)
Representative immunoblots and quantification normalized to actin and the 0 h LPS time
point without oxLDL (assigned a value of 1, n=3). (G) Txnrd1 activity assays normalized
to the group without oxLDL (assigned a value of 1, n=4, unpaired Student’s #test). The
mean + SEM is plotted in all graphs. Unless indicated otherwise, statistical significance
was determined by one-way (A-C) or two-way ANOVA (D-F), with Bonferroni correction
(*P<0.05, **P<0.01, ***P<0.001).
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Figure 5: Nrf2 deficiency reversesthe suppression of L PS-induced oxidative stress, HI F-1a-
mediated glycolysisand inflammation in M ¢swith accumulated oxLDL.

(A) Effect of oxLDL accumulation and LPS stimulation (6 h) on ROS in BMDMgs with
Nrf2 deficiency. Representative images and quantification of total ROS (CellRox, red;
n=3) in cells derived from Nfe2/2*/* (WT) and Nfe2/27" littermates. Data are normalized
to BMDMegs without oxLDL and LPS. (B) Effect of oxLDL accumulation on HIF-1a
abundance in nuclear extracts obtained from LPS-stimulated (6 h) WT and Nfe2/27~
BMDMgs. A representative immunoblot and quantification. For each genotype, values
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are normalized to the nuclear protein Lamin A/C and values from cells without oxLDL
(assigned a value of 1, dashed line, n=3). (C) Expression of inflammatory and glycolysis
gene mRNA in LPS-stimulated (6 h) Nife2/2/* (WT) vs. Nfe2/2”~ BMDMgs +0xLDL.
Data analyzed by qPCR are normalized to WT cells without oxLDL (assigned a value of
1). Statistical comparisons using the Mann-Whitney U Test were within each genotype (p
values are blue for WT and green for Aife2/27~, n=6-17 for each group). (D) Glycolysis
stress tests showing normalized ECAR values over time in LPS-stimulated (6 h) WT and
Nfe2l2~ BMDMgs +oxLDL (n=17). The addition of Glc, OG and 2DG is indicated.

(E) 2-NBDG uptake (green) by WT and Nfe2/27/~ BMDMgs. Representative images and
quantification. For each genotype, values are normalized to cells without oxLDL and LPS
(assigned a value of 1, n=3 for all groups). In all graphs, the mean £ SEM is shown.
Unless indicated otherwise, statistical significance was determined by two-way ANOVA
with Bonferroni correction (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 6: Altered NADPH metabolism in M¢gswith accumulated oxL DL is Nrf2-dependent.
(A) OxLDL accumulation induces differential expression of NADPH-requiring enzymes in

LPS-stimulated (6 h) PMgs. A volcano plot shows differentially expressed genes (identified
using DESeqg2, n=3). NADPH-requiring enzymes are indicated as filled circles, each color
corresponding to a different pathway (indicated). (B) Effect of oxLDL accumulation in PMg
and LPS stimulation (6 h) on mRNA expression of NADPH-requiring enzymes. For each
gene, values were determined by gPCR and normalized to PM¢s without oxLDL and LPS
(assigned a value of 10°, n=3-8). (C) Effect of oxLDL accumulation on LPS-induced Nos2

J Immunol. Author manuscript; available in PMC 2024 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ting et al.

Page 39

protein in PMgs. Representative immunoblots showing a time course after LPS stimulation
and quantification (Nos2 values are normalized to actin, n=3). (D-F) Effect of oxLDL
accumulation on metabolites in LPS-stimulated (6 h) Mgs. (D) LC-MS analysis of total
NAD* and NADH in PMgs (n=18), (E) assay of NADP* and NADPH in PMgs (n=11)

and RAW264.7 cells (n=9), and (F) assay of total NADPH in PM¢gs (n=8) and RAW264.7
cells (n=7). Values were normalized to the corresponding -oxLDL group (assigned a value
of 1). (G) Effect of oxLDL accumulation on Glutathione-disulfide reductase (GSR) protein
in LPS-stimulated RAW?264.7 cells. A representative immunoblot shows a time course after
LPS stimulation. GSR values were quantified and normalized to actin and the -oxLDL, 0 h
LPS group (assigned a value of 1, n=4). (H-J) Assessment of GSR activity by measuring the
rate of NADPH consumption. (H) Schematic illustrating conversion of glutathione disulfide
(GSSG) to glutathione (GSH) by GSR and its cofactor NADPH. Diamide drives this
reaction by converting GSH to GSSG, and 2DG blocks NADPH replenishment. Anticipated
effects of oxLDL accumulation are shown in red. (1, J) Effect of oxLDL accumulation

on the rate of NADPH consumption (1) and GSH production (J) in LPS-stimulated (6

h) RAW264.7 cells. Data are normalized to the 0 min time point i.e., just prior to

diamide and 2DG addition (assigned a value of 1, n=3 for -oxLDL and +oxLDL groups).
(K) Representative images of stable-transfected RAW?264.7 cells expressing cytoplasmic
mVenus-Apollo-NADP* (top) and mitochondrial mTurg2-Apollo-NADP* (bottom) sensors.
(L) Schematic of the Apollo-NADP* sensor, comprised of enzymatically inactivated human
G6PD tagged with fluorescent protein, which responds to free NADP* through allosteric
dimerization. (M) 1P anisotropy quantification using stable-transfected RAW264.7 cells.
Anisotropy values are normalized to the 0 min time point (assigned a value of 1, n=3). (N,
O) Effect of oxLDL accumulation on the total NADP* and NADPH (N) and GSH (O) in
LPS-stimulated (6h) Nfe2/2*/* (WT) and Nfe2/2”~ BMDMgs. Data are normalized to WT
cells without oxLDL (assigned a value of 1). Comparisons within each genotype using the
Mann-Whitney U test for NADP* and NADPH (n=6-7) and unpaired Student’s #test for
GSH (n=5-8). (P) OxLDL accumulation suppresses LPS-inducible Nos2 protein in WT, but
not Nife2l2™", BMDMgs. Representative immunoblots and quantification (Nos2 values are
normalized to actin; n=4, comparisons within each genotype using an unpaired Student’s
ttest). Nos2 was not detected in cells without LPS stimulation (6h) and this condition

was omitted from the graphs. The mean + SEM is plotted in all graphs. Unless indicated
otherwise, statistical significance was determined by a two-way ANOVA with Bonferroni
correction (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 7: NADPH metabolism regulates a positive feedback loop between HIF-1a and Nos2.
(A, B) Effect of Hifla-deficiency on Mg Nos2 expression. NosZ mRNA (A) was measured

by qPCR in LPS-stimulated (6 h) Hif1a™" and Lys2-Cre: Hif1a" BMDMgs. Values are
normalized to Hif1a™" (assigned a value of 1, n=4, unpaired two-tailed student’s #test).
Representative immunoblots and corresponding quantification showing a LPS time course
in Hif1a™" and Lys2-Cre: Hif1a" BMDMgs and PMgs (B). The HIF-1a blots show a
reduction of expression in Lys2-Cre: Hifla™f Mgs, indicative of a significant but incomplete
deletion of Hifla. Nos2 protein is normalized to actin (n=3). (C, D) Effect of echinomycin
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treatment on M¢ Nos2 expression. NosZ2 mRNA 6 h after LPS stimulation (C). g°PCR

data are normalized to the control group (assigned a value of 1, n=5 for PMgs, n=3 for
BMDMgs, n=4 for RAW264.7 cells, unpaired two-tailed student’s #test). Representative
immunoblots and corresponding quantification showing a LPS time course (D). Nos2
protein is normalized to actin (n=3 for all groups). (E) Effect of Nos2-deficiency on M¢
HIF-1a protein expression. Representative immunoblots and corresponding quantification
showing a LPS time course in Nos2** (WT) and Nos27~ BMDMgs and PMgs. The

Nos2 blots show undetectable expression in Nos2”~ Mgs, consistent with a gene knockout.
HIF-1a protein is normalized to actin (n=3). (F) Effect of Hifladeficiency or function
blockade by echinomycin on NADP* and NADPH in unstimulated and LPS-stimulated (6
h) PMgs. NADP* and NADPH is normalized to Hif1a™ -LPS or control -LPS groups,
respectively (assigned a value of 1, dashed lines, n=7-9 for Hif1a™" and Lys2-Cre: Hif1a"f
n=7 for control (C) and echinomycin (E), unpaired two-tailed student’s #test). (G, H) Effect
of Hiflaor Nos2 deficiency on NADPH in unstimulated and LPS-stimulated (6 h) PMgs.
NADPH is normalized to Hif1a™ -LLPS (G) or WT -LPS (H) (assigned a value of 1, dashed
line, n=7 for Hifla""vs. Lys2-Cre: Hif1a™f n=4-12 for WT vs. Nos2™~, unpaired two-
tailed student’s #test). (1) Effect of blocking of de novo NADPH synthesis in PMgs with
G6PDi-1 on LPS-induced Nos2 and HIF-1a protein. A representative immunoblot showing
a LPS time course and quantification of Nos2 and HIF-1a protein. Data are normalized

to actin and the 0 h LPS time point for Nos2 (assigned a value of 1, n=4 for Nos2

and HIF-1a). (J) Schematic illustrating how NADPH mediates the positive feedback loop
between HIF-1a-regulated transcription of Nos2 and Nos2-dependent HIF-1a stabilization.
The mean = SEM is plotted in all graphs. Unless indicated otherwise, statistical significance
was determined by a two-way ANOVA with Bonferroni correction (*P<0.05, **P<0.01,
***p<(.001).

J Immunol. Author manuscript; available in PMC 2024 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ting et al.

A

Page 42

00

Mu PMes 00000000000°0 00000000 00000 O o0 00O
Mu Intimal Mes @ @ @ ® e O 0000000 (XX 000000000
Hu Plagque Mgs [ ] ° .
(7] w w » DEE=EDE > = w < OOWWWZouwoo-oQdoZ>w=z>0om=
a%m%Oa%aoszoiEzaixzzwwwcsaz>>zo<§o<z§o§
NES NP ZEECAREYEEESEZI0x5303558880e23eelezlEzoswa
3240123 RohReEohs w @ 1 oa oa=zx 2zZzLhLh=sI2Lzs i)
Z O 151 aa9® [ axXxQax>zZ=z540 90 =50 ZzWW= EXxxEZ<Za
i} a AOI2RE SZ0o 28502 X559 P B I B0 = =5 @
w Z D h oa<rF 7] e QO nuws < QOrglagadQa > o
@ 0.00 8383;%E§2§§&§§E%65 PO EEEZZLOETIRSgEHhygeeGl
= P
@001 oxX_35 2888 We2Z209%= ELR2rII35305c0da00=zRESHZ
= SF-zZz<o = wig 2= w ,Sf_(anmm:n:>-§»—m o] wx (]
T @0z ILROT 29 898 § bkg23gg=g=59¢ 5 £335
2 ¥ (O > o T N x ox = a & S & =
a o w o 4 E o0 X =4 4 o [)
008 gP< 3 2 E sz -E g % Tz o2
® 0.04 [l wg =g = = [}
=42 = S E
+ 0.05 2= E= o)
’ 3
s}
oo o, 28 - o 3 < 2 nea
& X5 99 S X o o £ -~ T HanNLT © < ad=
Mu Intimal Mps ¢ 88 SEoXERR%5, 20uBaE0, £u TEENEnASYABYR, B48s0unq8yE8ecd ZBE5E0S], SEantotnEaEy
SES S oL P e PG RE ST oo rohoralERG Tl 805 0eE08n b8 0¥ 8T 8508 880 R30S wsAEEE88STERTE
r—rr—Iziwmﬂounmua20\32mzw(uuumn.uu2m§m~mn.u....u.g§2m>m..<~2mu<Ema:m—n»:un.mziun.zx;xiam-uuu.
ROS Pathway
Hypoxia i N B | | m Im
2 o
2 due Xi.e % @ aNey £ Se & ~a} "33
MuPMés £ E¥3.0BTERS, 95804 87 ~E3A% 65%830%.8% UEESRoanpe REES
X PO R COET PO T e no A ELETTLGmoRllgs 6888 RealuE g 3'cT 8
FE3aI000K0aZ0RIHOEC0EaReZZNOTAaNZANOSI22I0FNLZEINNIFOL
ROS Pathway [l HECEEEN"H
Hypoxia | BB I | | | HmEn
c Mu Intimal Més D Mu PM¢s E
« MHCI_Mac
+ Nonogtes
| | - 3 FeamyNac
%“ -%?LM::
- . H :
[ |
|
[ | 5
|
[ |
= wies
[ | Nrf2-regulated gene expression
[ | A
|
| o 30
] alo | b
]| 3 %0
15
= :
[ | =
|
|
[ |
[ | i
|
|
] NRE2.G et Mu Foamy vs. Non-foamy M¢s
- -aependent genes e 125 . @ Detoxification/Antioxidant/Stress Response
Higher in MHCII M¢s Higher in Foamy M¢s me” o Fatty acid/Cholesterol/Steroid Metabolism
core ® Free radical generation
LoaLss 100 ® NA
| 60 cra
HLAORA
HLA-DPAT—* coi?”
- . HLA-DRB1" CST o 3 75
— 3 & chash
< 4o aomill H M
- T ey g e 3
1 50
> > > >
£ E E E FTH® 1009 apog® Akrtat
k53 201 5003 CD36- ¥ Hmox2
o S S 8 TXN® MARCO
[ el so02. 25 S 3
c & & fseaca. BLVRE: SOSTMLSICI1A1 4 Por Bybe
S 6 © Bl oMo Zpkicr o s cyps
ZZZ > A il s g U
' of i d DESeq2results ~ -
45 2 1 1 2 5 0

[
Log, fold change

10 5
Log: fold change

Figure 8: Transcriptomic profiling reveals similar alterations of inflammatory and metabolic
pathways in cultured oxL DL-loaded L PS-stimulated PM ¢s and foamy M ¢s from ather osclerotic

mouse and human aortas.

(A) Dot plots comparing Hallmark pathway analysis of datasets from cultured murine (Mu)
PMegs (+oxLDL +LPS vs. -oxLDL +LPS) and Mgs isolated from atherosclerotic mouse
aorta (foamy vs. non-foamy) and Mes isolated from human (Hu) plaques (foamy vs. non-
foamy MHCIIT). Only pathways with FDR <0.15 and p <0.05 are shown. Dots are colored
by enrichment score and significance is proportional to the dot size. (B) Leading edge
analysis of the Hallmark reactive oxygen species (ROS) and hypoxia pathways in mouse
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intimal Mgs and mouse PMgs. Genes that contributed most to the pathway enrichment are
identified and expression values are colored to represent enrichment from low (blue) to high
(red). (C, D) Heatmaps of Nrf2-regulated genes in mouse intimal foamy and non-foamy
Mgs (C) and mouse PMgs (D). All represented genes had a log,FC >0.5 and Padj <0.1. (E)
UMAP clustering analysis of human mononuclear phagocytes from atherosclerotic lesions
and a feature plot of Nrf2-regulated gene expression projected onto the UMAP space. (F)
Volcano plot of genes enriched in the human foamy and MHCII* Mg clusters. Differentially
expressed Nrf2-regulated genes are indicated in red. The top10 differentially expressed
genes (DEGs) are also labelled. G) Volcano plot of genes enriched in the mouse foamy
versus non-foamy Mg clusters identified with DESeq2. NADPH-requiring enzymes are
identified among the significant DEGs.
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