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Abstract

Hypoxia Inducible Factor α (HIF-α) isoforms regulate key macrophage (Mϕ) functions during 

ischemic inflammation. HIF-2α drives pro-inflammatory cytokine production; however potential 

requirements for HIF-2α during other key Mϕ functions, including phagocytosis, are unknown. In 

contrast to HIF-1α, HIF-2α was not required for hypoxic phagocytic uptake. Surprisingly, basal 

HIF-2α levels under non-hypoxic conditions were both necessary and sufficient to suppress 

phagocytosis. Screening approaches revealed selective induction of scavenger receptor MARCO, 

which was required for enhanced engulfment. Chromatin IP identified the antioxidant NRF2 as 

directly responsible for inducing Marco. Concordantly, Hif-2α−/− Mϕs exhibited reduced 

antioxidant gene expression, and inhibition of mitochondrial reactive oxygen species (mROS) 

suppressed both Marco expression, and phagocytic uptake. Ex vivo findings were recapitulated in 
vivo, wherein the enhanced engulfment phenotype resulted in elevated bacterial clearance and 

cytokine suppression. Importantly, natural induction of Hif-2α by IL-4, also suppressed MARCO-

dependent phagocytosis. Thus, unlike most characterized pro-phagocytic regulators, HIF-2α can 

act as a phagocytic repressor. This interestingly occurs in resting Mϕs through tempering of steady 

state mROS. In turn, HIF-2α promotes Mϕ quiescence by blocking a MARCO bacterial response 

pathway. IL-4 also drives HIF-2α suppression of MARCO, leading to compromised bacterial 

immuno-surveillance in vivo.
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Introduction

Macrophages (Mϕs) are critical protagonists of phagocytosis, wound repair, and 

inflammation resolution, as they are mobilized at, and recruited to, sites of infection and 

tissue injury (1, 2). A common component of both infection and injury is reduction of 

intracellular oxygen tension (3–5). As reviewed extensively (6), decreases in molecular 

oxygen reduce the activity of oxygen-dependent prolyl hydroxylases (PHDs), thereby 

allowing Hypoxia Inducible Factors (7), master regulators of oxygen-regulated glycolysis, 

erythropoiesis, and angiogenesis, to escape VHL-mediated ubiquitination (8), proteosomal 

degradation, and in turn pair with HIF-1β (aryl hydrocarbon receptor nuclear translocator, or 

ARNT) (9). Hetero-dimerization of alpha and beta isoforms promote transcription (through 

pairing with transcriptional co-activators p300 and CBP) of genes encoding hypoxic 

response elements (HREs) (10).

In addition to sensitivities to molecular oxygen, alternative or non-hypoxic inflammatory 

triggers can activate HIFs, also independent of angiogenic signaling. For example, although 

hypoxia per se can suppress TLR expression (11), TLR stimulation by endotoxin can induce 

Mϕ HIF (12). Often this occurs with concomitant transcriptional reduction of prolyl 

hydoxylases (13). Also, key pro-inflammatory networks such as NF-kB (14) can activate 

HIFs (15) and vice versa (16).

HIF isoforms in Mϕs are differentially regulated by inflammatory ligands (12). Of the two 

primary isoforms, HIF-1α tissue expression is more selective, however, both are expressed 

in Mϕs wherein they encode overlapping and divergent functions. Hif-1α in Mϕs is required 

for glycolytic ATP production, which is critical in metabolically active inflammatory tissue, 

as well as bactericidal activity (17). As reported previously, HIF-1α in myeloid cells is 

critical for myeloid infiltration and activation (18).

HIF-2α in Mϕs interestingly can function independently of metabolic/ATP regulation: 

Previous studies indicate that Mϕ HIF-2α facilitates pro-inflammatory chemokine/cytokine 

production, independent of changes in cellular energy homeostasis, in contrast to Mϕ 
HIF-1α (19). In vivo, these studies also indicate that loss of myeloid Hif-2α protects from 

lipopolysaccharide-induced myocardial endotoxemia, in association with reduced 

chemokine and cytokine expression and leading to inhibited cellular migration and 

inflammation.

Phagocytic clearance by Mϕs is critical to wound repair and often occurs under limiting 

oxygen (20). Hypoxic induction of efferocytosis (the phagocytic uptake of apoptotic cells) 

has been linked to HIF-1α, through Mϕ scavenger receptor CD36 (21, 22). However, the 
role in HIF-2α in efferocytosis, and other phagocytic pathways in general, is unknown. 

Given our interest in tissue injury during hypoxia (20), the unique functions of HIF 

isoforms, and the importance of HIF-2α in inflammation, we first inquired into the role of 

HIF-2α during efferocytosis. We discovered a role for HIF-2α during phagocytic regulation, 

however surprisingly, HIF-2α acted in resting Mϕs, and also as a general phagocytosis 

suppressor. This HIF-2α mechanism of action is through suppression of mitochondrial ROS-

dependent activation of the engulfment scavenger receptor, MARCO. As described herein, 
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further in vivo studies revealed the mechanism to be pronounced during bacterial phagocytic 

uptake, also raising important implications between HIF-2α levels and susceptibility to 

infection.

Materials & Methods

Mice

Experiments were performed with 8- to 14-week old mice. Mice were housed and bred in a 

pathogen-free environment in the Vivarium of Northwestern University, Chicago, IL, and 

under IACUC approval. C57BL/6 mice (H-2b) were used as WT mice unless otherwise 

designated. Mice with myeloid lineage-specific knockout of Hif-1α (Hif-1α flox/flox, 
LysMCre and MxCre) have previously been described (18). Hif-2α have also been described 

(23). LysMcre LSL Hif-2αfl/fl mice were generously from Yatrik Shah (24) and as 

previously described (25). Hif-1β/Arnt−/− mice were generously provided by F. Gonzalez 

(26). Marco−/− mice were from S. Miller at Northwestern University (27).

In vivo apoptotic cell and S. Aureus phagocytosis assays

Hif-2αfl/fl and LysMcre,Hif-2αfl/fl mice were injected with fluorescently labelled apoptotic 

Jurkats. Cells were stained with F4/80-PE and in vivo efferocytosis was quantified as 

percent of FITC-positive, F4/80 positive cells. For Staphylococcus Aureus: 200μL PBS 

containing 0.1% BSA with and without 100ng IL-4 at 0 and 16 hours. At 18 hours, mice 

were injected with 1x10^8 FITC-labeled S. Aureus bacteria in 200μL PBS with 0.1% BSA. 

1 hour later, peritoneal infiltrate was harvested via PBS lavage.

Isolation of Splenic Mϕs

Spleens were harvested from Hif-2αfl/fl and LysMcre,Hif-2αfl/fl mice and filtered through a 

70μm mesh strainer. Red blood cells were lysed and splenocytes stained for FACS analysis. 

Red Pulp Mϕs were gated as CD11c−, CD68+, F480+. White Pulp Mϕs as CD11c−, CD68+, 

F4/80−. Marginal Zone Mϕs as CD11c−, CD68+, SIGNR1+. Metallophilic Mϕs as CD11c−, 

CD68+, CD169+.

Primary Mϕ isolation

Mϕs were isolated by peritoneal lavage and adhesion to tissue-culture-treated plates. Mϕs 

were harvested by bone marrow isolation and culturing in L-cell conditioned medium, 

containing M-CSF, as described before (28).

Cell culture

Special care was taken to cultivate Mϕs in normoglycemic (5.5 mM glucose) conditions in 

DMEM culture and to carefully monitor medium pH and lactate accumulation. For primary 

Mϕs, mice were injected with thioglycolate for peritoneal elicitation or after bone marrow 

isolation and cultured in DMEM and M-CSF and 1 g/L (5.5mM “normal glucose”) with 

10% non-heat inactivated FBS. In preliminary studies: J774 cells were cultured in 4.5 g/L 

(25mM “high glucose”) DMEM with 10% FBS. RAWs were cultured in RPMI. Cells 
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supplemented with 100 U/mL penicillin, 100 ug/mL streptomycin, and 2–10% FBS. Cells 

were treated with 10 ng/mL LPS (from Sigma-Aldrich).

Hypoxia/Ischemia

Hypoxic incubations (1.0% O2, 94% N2, and 5% CO2) were carried out in a humidified Coy 

Hypoxic chamber and oxygen assessed by an Oxygen Analyzer. Alternatively, a Billups-
Rothenberg modulator incubator flushed with 1% O2, 5% CO2 and 94% N2 was utilized. 

Anoxic conditions (0% O2, 95% N2, and 5% CO2) were achieved in a bugbox. Hydroxylase 

inhibition and/or stabilization of HIFs was induced by adding Cobolt Chloride/CoCl2 (Alfa 
Aesar) or dimethyloxalylglycine (DMOG) from BIOMOL when indicated. All assays on 

hypoxic cells were performed within the hypoxic chamber or immediately upon removal to 

minimize re-oxygenation effects.

Gene knockdown

One day before transfection, bone marrow derived Mϕs were seeded in a 24 well plate at a 

density of 2.5x105 cells/well, to reach 80% confluency at the time of transfection. Using 

Lipofectamine transfection reagent (Invitrogen) in OptiMEM serum-free medium 

(Invitrogen), Mϕs were treated with 10μM pooled siRNA against the Epas1/Hif-2α gene 

(Qiagen, Flexitube siRNA 1027415), Sod2, Phd3 (Qiagen Flexitube siRNA 1027415), or 

scrambled control siRNA for 24 hours.

Adenoviral transduction

WT and Hif-2α−/− Mϕs were treated with Ad-GFP or Ad-GFP-EPAS (HIF-2α, Vector 

Biolabs ADV-258542) at 500 MOI for 24 hours followed by incubation with R18 labeled 

apoptotic Jurkats or fluorescent beads, and engulfment enumerated by microscopy.

In vitro Apoptotic Cell (AC) and particle binding and engulfment assays

Bone marrow derived cells (Mϕs) (isolated initially as 5x105 cells/well in a 24 well non-

tissue-culture-treated plate) were incubated with PKH67-GL labeled ACs (1:5 or 1:1 

BMDC:AC ratio) for 2 h at 4°C for the binding experiment, and at 37°C for AC-engulfment 

experiments. Alternatively, Mϕs were overlaid with fluorescent (calcein-AM) apoptotic 

Jurkat T-cells (UV-induced) vs. fluorescent viable Jurkat T-cells at a ratio of 1:1 or 5:1 for 

indicated time points and subsequently thoroughly rinsed with cold PBS to remove non-

engulfed targets. For microscopy, AC binding experiments were conducted by inhibiting 

actin cytoskeletal reorganization using cytochalasin D (5μg/mL). The cells were then 

mounted on a slide and analyzed by fluorescence microscopy to quantify binding and 

engulfment. Cells on glass coverslips were fixed with 4% paraformaldehyde and were 

visualized using a phase-contrast microscope (Nikon Eclipse Ti) with a digital camera 

(Photometrics Coolsnap HQ2). Surface area was measured using ImageJ software. Uptake 

of Alexa Fluor 488 Escherichia coli (K-12 strain) BioParticles (Invitrogen, Paisley, United 

Kingdom) after 30 minutes of co-culture (multiplicity of infection of 1:1) was determined by 

flow cytometry (FACSCalibur; Becton Dickinson). Alternatively, neutrophils were incubated 

with opsonized zymosan (0.2–1 mg/mL) for 30 minutes, and the phagocytic index was 

calculated using microscopy.
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MitoSox and Mito Tempo treatment

To measure mitochondrial reactive oxygen species, bone marrow-derived Mϕs were loaded 

with 2.5μM MitoSOX reagent (Thermo Fisher) in DMEM media with 10% FBS, incubated 

for 10 mins at 37°C in the dark, and then rinsed 3X with PBS and imaged. For ROS 

scavenging, bone marrow-derived Mϕs were treated with 1μM MitoTempo (Sigma Aldrich) 

prior to co-culture with apoptotic Jurkats or polysterene beads for 60 minutes, as described 

above.

Subcellular fractionation

Hif-2α+/+ and Hif-2α−/− Mϕs were gently lifted, pelleted, and suspended in 500μl 

hypotonic solution containing 20mM Tris-HCL, 10mM NaCl, 3mM MgCl2, pH 7.4, and 

incubated on ice for 15 minutes. 25μL of 10% NP-40 was added, and the nuclear fraction 

was pelleted by centrifugation for 10mins at 3000 RCF. Supernatant containing the 

cytoplasmic fraction was removed and the nuclear pellet was suspended in RIPA buffer 

containing protease inhibitor cocktail. Lysates were probed for NRF2. Cells were treated 

with 100mM H2O2 as positive control for NRF2 nuclear localization. Alternatively, nuclear 

proteins were isolated using the NE-PER nuclear extraction kit (Thermo Scientific, 

Rockford, IL).

Immunoblots

For HIF-2α: Lysis Buffer was added to culture dishes and incubated on ice for 10 minutes. 

RIPA buffer consists of 25 ml of 1M TRIS-HCL, 5ml NP-40, 1.5g Na-deoxycholate, 15ml 

5M NaCl, 1ml 0.5 M EDTA, 5ml 10%SDS, and 1x proteinase inhibitor cocktail. 

Alternatively, cells were dounce homogenized and passed through a 27-gauge needle several 

times in lysis buffer containing Tris, EDTA, sucrose, and protease inhibitor. Samples were 

collected and debris spun down to collect supernatant. After measuring protein 

concentration, 6x laemmli buffer with mercaptoethanol was added to a final 2% 

concentration. Samples were vortexed then boiled for 10 minutes and then vortexed again 

before loading. After Western transfer, blots were blocked with 5% milk in TBST for 1h RT, 

then incubated in primary anti-HIF-2α (Novus NB100-122, 2 ug/ml) in milk in TBST at 4C 

overnight. Blots were rinsed 3x for 10 mins in TSBT then incubated with secondary 

antibody for 1.5h at 4C.

Chromatin Immunoprecipitation

Chromatin for ChIP was prepared using a commercially available kit (Millipore#17-600) 

from WT and Hif-2α−/− Mϕs by fixing the cells in 1% formaldehyde for 10 minutes in a 

petri dish, followed by quenching with glycine. Cells were extracted in lysis buffer 

containing protease inhibitors and then sonicated for 6 cycles of 15 seconds each, resting on 

ice for 50 seconds between each cycle. Cross-linked chromatin was incubated overnight with 

5μg of antibodies against HIF-2α, NRF2, or control IgG. Samples from 3 immuno-

precipitations were used. Samples were used as template for RT-PCR. PCR primers were 

designed to amplify a 300bp region of the Marco promoter containing predicted NRF2 

binding site, as well as promoter (PRM) and enhancer (ENC) regions. ChIP primers as 

follows: PRM1-F: CTG CAC CGG TTC TCT TCC AA. R: TCC TGT TGC AGC ATC 

Dehn et al. Page 5

J Immunol. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



GTT CT. PRM2-F: CCA CAG GTT CAA CAG GGA CA. R: TGC CTC TTT GCA GCA 

TAC CA. PRM3-F: AGG GAT ACC TGT CCC TGT CC. R: AAA GTG CAC ATC AGG 

CAA GC. ENC1-F: GGC ACT CAG TGT GCT GGT TA. R: TGA GAC TCC TCT CGG 

GTT GT. ENC2-F: CTG TGG TTG TTG CGC AGA TT. R: GCA TGC CCA CAG ACC 

AAA CTA. ENC3-F: CAC TGA CCC AGC ATT GCC TC. F: AGC CAG GGG AGA GAT 

TTG TTT ARE-F: TCC TCA CAG ATA TGG AGC TC. R: TCT GCT TGC TGC CTA 

GAG GT.

Assays of mRNA stability

WT and Hif-2α −/− Mϕs were plated in 6 well plates, media was replaced with1g/L glucose 

DMEM with 10% FBS containing 10μg/mL Actinomycin D (Sigma A9415). Marco mRNA 

was quantified relative to 18S rRNA at various times following Actinomycin D treatment. 

RNA was extracted from cells using TRIZOL (Thermo Fisher) and RNA species were 

detected by RT-PCR as described previously. RNA half-life was calculated by linear 

regression analysis.

Primers used for qPCR analysis

The forward and reverse primers for Tnf-α were CGG AGT CCG GGC AGG T and GCT 

GGG TAG AGA ATG GAT GAA CA, respectively. 36B4 was used as the internal control. 

The forward and reverse primers for 36B4 were AGA TGC AGC AGA TCC GCA T and 

GTT CTT GCC CAT CAG CAC C, respectively. Hif-1α-F: GTT TAC TAA AGG ACA 

AGT CAC C (29). Hif-1α-R: TTC TGT TTG TTG AAG GGA G, Vegf-F: TGC CAA GTG 

GTC CCA G, Vegf-R: GTG AGG TCT TGA TCC G, Ifn-γ ChIP F: CTC ATC GTC AGA 

GAG CCC AA, Ifn-γ ChIP R: AGG ATC AGC TGA TGT GTC TT. Total RNA was 

extracted from Mϕs using the RNeasy kit (Qiagen). cDNA was synthesized from 4 μg of 

total RNA using oligo (dT) and Superscript II (Invitrogen). cDNA was subjected to 

quantitative RT-PCR amplification using a SYBR Green PCR Master Mix (Applied 
Biosystems). The reactions were run on a MX4000 multiplex quantitative PCR system 

(Stratagene). Additional oligonucleotides utilized for semi-quantitative/real-time PCR: Tyro 
F: CAG GGC TAA AGG TCG TCT CC. R: ATG TCC ACCATG AAC CGG AC. Axl F: 

CAT ATC GAG GCC AGG ACA CC. R: ATC CCC AGC CGA GGT ATA GG. Mertk F: 

GAG GAC TGC TTG GAT GAA CTG TA. R: AGG TGG GTC GAT CCA AGG. Cd36 F: 

TCC TCT GAC ATT TGC AGG TCT ATC. R: AAA GGC ATT GGC AAG AA. Marco F: 

TCC CAG GTC TTG TAG GCA GA. R: TAA CCG AGC ATG CGA CAG AA. Sra F: 

GGC TGG AGG GAA GTT GTC AAT AC. R: CCA CTG GTG ATG TAA AAG TTC TTG. 

Nrf2 F: TCT CCT CGC TGG AAA AAG AA. R: AAT GTG CTG GCT GTG CTT TA. 18S 
F: GTA ACC CGT TGA ACC CCA TT. R: CCA TCC AAT CGG TAG TAG CG. Gpx1 F: 

TCG GAC ACC AGG AGA ATG GCA. R: GAG CGC AGT GGG GTC GTC AC. Cas1 F: 

GCA TCG AGC CCA GCC CTG AC. R: TTG GGG GCA CCA CCC TGG TT. Sod1 F: 

GAG ACC TGG GCA ATG TGA CT. R: TTG TTT CTC ATG GAC CAC CA. Sod2 F: 

TCA ATG GTG GGG GAC ATA TT. R: GAA CCT TGG ACT CCC ACA GA. Ccs F: GCC 

TGG TTA TCG ATG AGG GG. R: CAA TGA TGC CAC AGG CCA AC. Prdx1 F: TTG 

GCG CTT CTG TGG ATT CT. R: GGT GCG CTT GGG ATC TGA TA. Nox1 F: CCT TCC 

ATA AGC TGG TGG CA. R: GGC CTG TTG GCT TCT TCT GTA G. Txnrd F: GCT 
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GAG CAC ATT GTC ATT GC. R: TCC AAC CAC CAA CGT TTT CC. Mpo F: ATG CAG 

TGG GGA CAG TTT CTG. R: GTC GTT GTA AGA TCG GTA CTG.

Statistical Analysis and bioinformatics

Bioinformatics - Transcription factor binding sites were predicted using Matinspector (http://

www.genomatix.de/cgi-bin/matinspector). Data were analyzed using Prism 5.0 software 

(GraphPad Software, San Diego, CA) using unpaired, 2- tailed t-tests for comparisons 

between 2 groups and 1-way or 2-way analysis of variance (ANOVA; with Bonferonni post-

test adjustment) for other data as appropriate. Significance was accepted when p < .05. Data 

are expressed as mean ± standard error of the mean (SEM).

Results

Hif-2α is not required for efferocytosis during hypoxia, however Hif-2α-deficient 
macrophages (Mϕs) engulf apoptotic cells more efficiently under non-hypoxic (20% O2) 
incubation

We began by directly testing requirements for Hif-2α during Mϕ efferocytosis. Hif-2α 
floxed (fl) mice were crossed to LysMcre and bone marrow-derived Mϕs incubated at 1% 

oxygen in temperature and humidity controlled chambers. Under these conditions, Hif-2αfl/fl 

LysMcre Mϕs exhibited >90% reduction of HIF-2α protein. When cultures were 

subsequently co-cultivated with apoptotic cells, Hif-2α was not required for efferocytosis 

under hypoxic conditions (Fig. 1A), unlike for Hif-1α (Fig. 1B) (21). Surprisingly, 

examination of Mϕs from Hif-2αfl/fl LysMcre mice under control conditions, exhibited 

heightened efferocytosis efficiency when incubated under normal atmospheric (20% O2) 

incubators (Fig. 1C). Importantly, the degree of change in uptake is consistent with the delta 

of known physiologic modulators of efferocytosis (30). Special care was taken to ensure 

assays were performed under sub-confluent conditions and in fresh normo-glycemic 

medium to prevent potential metabolic activation of HIFs. We also utilized gas-permeable 

plates to confirm increased efferocytosis under non-hypoxic, pimonidazole-negative (31) 

tissue culture conditions (Fig. 1D). Low levels of HIFs have previously been shown to be 

expressed under conditions classified as normoxic (32) and consistently, western blots 

revealed ~10% HIF-2α levels from normoxic Mϕs, relative to their hypoxic counterparts 

(Fig. 1E). Indeed, titration of Hif-2αfl/fl gene dose in the background of either heterozygous 

or homozygous LysMcre, revealed that efferocytosis efficiency inversely correlated with 

HIF-2α levels (Fig. 1E graph). Enhanced efferocytosis after acute knockdown of Hif-2α 
was consistent with direct actions of HIF-2α, as opposed to compensatory mechanisms 

during Mϕ differentiation in culture (Fig. 1F). Also, Mϕs simultaneously lacking both HIF-α 
isoforms were better efferocytes, indicating HIF-1α was not working in a compensatory 

manner in Hif-2α−/− Mϕs (Fig. 1G). This phenotype was specific to the Hif-2α isoform, as 

Hif-1α deficient Mϕs did not reveal statistically significant elevations in engulfment.

HIF-2α is sufficient to suppress efferocytosis

To address if HIF-2α could independently suppress efferocytosis, we first knocked down 

negative-regulator of HIFs, prolyl hydroxylase domain-3, or Phd-3. Prolyl hydroxylation 

promotes HIF association with von Hippel-Lindau (pVHL) ubiquitin E3 ligase and 
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destruction by the ubiquitin-preoteasome pathway (8). PHD3 has also been reported to be 

partially selective for HIF-2α (33). As shown in Fig. 2A, Phd-3 silencing in normoxic 

primary Mϕs both elevated HIF-2α protein levels, as well as suppressed efferocytosis 

efficiency. Suppressed efferocytosis was not due to a general cellular toxicity, as Mϕs with 

heightened HIF-2α were equally competent at phagocytosis of control latex beads. Direct 

targeting of HIF-2α by adenoviral over-expression after transduction, also led to increased 

HIF-2α and suppressed efferocytosis (Fig. 2B); this was not seen after adenoviral 

transduction with HIF-1α (data not shown). Mϕs from transduced cells also showed 

enhanced expression of the HIF-2α target gene Pai1 (data not shown). As further 

corroborating evidence, primary Mϕs from LysMcre Hif-2α LSL/LSL mice, which express 

heightened levels of HIF-2α relative to control (24, 25), also exhibited reduced efferocytosis 

(Fig. 2C).

Screening of engulfment pathways +/− Hif-2α and identification of a Hif-2α-Marco axis

We next sought to identify the molecular mechanism responsible for enhanced efferocytosis 

in Hif-2α fl/fl, LysMcre Mϕs. We executed a screen of receptors and signaling pathways 

involved in phagocytosis and measured mRNA expression by qRT-PCR from Hif-2αfl/fl vs. 
Hif-2αfl/f LysMcre Mϕs. As shown in Fig. 3A, analysis of Marco (34) gene expression 

revealed a specific and >10 fold induction in the absence of Hif-2α. Impressively, the 

reverse phenotype was found after inducing Hif-2α after Phd3 knockdown. Normoxic 

alterations in mRNA were recapitulated at the protein level (Fig. 3B & C). Furthermore, 

direct adenoviral transduction of HIF-2α also reduced MARCO (Fig. 3D). Elevations of 

Marco mRNA in Hif-2αfl/fl LysMcre Mϕs were corroborated by surface staining for 

MARCO by flow cytometry (Fig. 3E). Because Marco mRNA is known to be induced by 

LPS, special care was taken to avoid lipopolysaccharide contamination by measuring and 

confirming absence of endotoxin contamination via LAL assays.

MARCO is required for enhanced efferocytosis in the absence of HIF-2α

To test requirements for MARCO during efferocytosis in Hif-2α−/− Mϕs, MARCO was 

blocked by administration of a monoclonal antibody, specific to its ectodomain (clone 

ED31). As shown in Figure 3F, MARCO blocking antibody effectively abrogated 

efferocytosis enhancements. Consistently, Hif-2α knockdowns in Mϕs from Marco−/− mice 

did not exhibit enhanced efferocytosis relative to control (Fig 3G).

MARCO transcription is elevated in the absence of Hif-2α

Accumulation of MARCO could result from increases in mRNA transcription, stability, 

mRNA translation, or protein stability. To determine if Marco mRNA was post-

transcriptionally stabilized in the absence of Hif-2α, transcription in primary Mϕs was 

blocked with Actinomycin D (ActD) and mRNA levels measured by qRT-PCR. Marco 
mRNA stability was unchanged by Hif-2α deficiency as the percentage of initial Marco 
message was 71% in Hif-2αfl/fl vs. 73% in Hif-2αfl/fl LysMcre Mϕs, following ActD 

treatment (Sup. Fig. 1A). HIF-2α enhancement was determined to likely be transcriptional, 

as aryl hydrocarbon nuclear translocator (Arnt) deficient Mϕs also exhibited enhanced 

efferocytosis (Sup. Fig. 1B). Finally, Hif-2α knockdown failed to increase efferocytosis in 

the Arntfl/fl LysMcre Mϕs (Sup. Fig. 1C).
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Transcriptional regulation of MARCO by HIF-2α occurs through NRF2

To ascertain whether the Marco gene is a transcriptional target of HIF-2α, we first analyzed 

the mouse genomic sequence in the 5′ un-translated region (UTR) of Marco (Fig. 4A). In 
silico analysis of FASTA gene sequences revealed the lack of conserved RCGTG motif 

hypoxic response elements/HREs, as well as so called inhibitory reverse HREs (35), 

hundreds of base pairs upstream of the Marco transcription start site, respectively. HIFs have 

also been found to bind to enhancer regions, for example USF2 is a HIF-2α binding partner 

at EBOX enhancer regions, proximal to hypoxia responsive genes (36). Therefore, we next 

tested if HIF-2α might negatively regulate transcription of Marco through affecting 

promoter or enhancer occupancy and performed chromatin immune-precipitation as 

previously described (37). In contrast to HIF-2α binding to control Vegf promoters during 

hypoxia, relatively low amounts of HIF-2α binding to the MARCO promoter was identified 

after using probes scanning the promoter region 2kb upstream of the MARCO transcription 

start site, as well as three reported MARCO-associated enhancer regions (Fig. 4B).

Marco is a target of nuclear factor (erthroid-derived 2)-like 2 (NFE2L2 or Nrf2)(37) and the 

Marco promoter contains an antioxidant response elements (ARE). We therefore next looked 

for enhanced NRF2 binding to Marco. Indeed, absence of Hif-2α markedly enhanced NRF2 

association with the Marco ARE (Fig. 4C). Consistent with elevated NRF2-binding, Hif-2α-
deficiency also led to increased NRF2 in the nucleus and activation of NRF2 target genes 

(38) (Fig. 4D). To determine if Nrf2 is required for enhanced efferocytosis in Hif-2α-
deficient phagocytes, we used siRNA to reduce Nrf2 (>90% reduction) and MARCO in 

Hif-2αfl/fl LysMcre Mϕs, and as expected, reversed the enhanced efferocytosis phenotype 

(Fig. 4E). Finally, direct agonism of NRF2 with sulforaphane (39) increased both MARCO 

and efferocytosis (Fig. 4F).

Hif-2α deficient Mϕs produce heightened mROS to activate NRF2, Marco gene expression, 
and efferocytosis

In light of the activation of NRF2 in Hif-2α-deficient Mϕs, we next measured markers of 

ROS. Gene expression profiling revealed significant reductions in antioxidant gene 

expression, including catalase, glutathione peroxidase, and superoxide dismutase (Sup. Fig. 

2A–B). The reduction of multiple antioxidant mRNAs suggested a generalized mechanism 

of cellular ROS control, beyond the scope of this study, but also supported by other studies 

(40). Consistent with our findings, knockdown of antioxidant Sod2 also increased MARCO 

and efferocytosis (Sup. Fig. 2C). Given the link between mROS and HIFs (41), we next 

utilized mitochondrial superoxide indicators to measure mitochondrial-localized ROS levels 

in Hif-2α deficient Mϕs. Indeed Hif-2α deficient Mϕs exhibited on average a greater than 2-

fold elevation in mitoSOX signal (Fig. 5A). The mROS scavenger, mitoTEMPO, not only 

inhibited mROS as expected, but also restored MARCO and efferocytosis (Fig. 5B&C). In 

support of a role fpr mitochondrial-derived ROS, Tfam-deficient Mϕs (42) were unable to 

promote elevated efferocytosis after adding Hif-2α siRNA (Sup. Fig. 3).
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Hif-2α deficiency in vivo leads to elevated MARCO levels and enhanced efferocytosis 
during peritonitis

To test the in vivo significance of our findings, we measured MARCO expression levels in 

Hif-2α-deficient mice. We first examined spleen, where marginal zone Mϕs 

characteristically express MARCO (34). Indeed, splenic Mϕ populations exhibited 

significantly elevated MARCO levels (Fig. 6A). Splenic Red Pulp, Metallophilic, White 

Pulp, and Marginal Zone resident Mϕs were analyzed for MARCO surface expression by 

flow cytometry. After quantification, all 4 of the Mϕ subsets showed elevated MARCO 

expression in Hif-2α-deficient spleens (Fig. 6B). Remarkably, this phenotype was reversed 

in Hif-2αLSL/LSL LysMcre mice, which express elevated HIF-2a relative to control (24, 25).

To test the role of HIF-2α during in vivo efferocytosis, we injected apoptotic cells and 

measured percent uptake by flow cytometry (43) in peritoneum. It is important to note that 

the redundancy of apoptotic cell engulfment receptors is a likely reason why single receptor 

deficiency does not lead to clearance defects under steady state. Therefore, Hif-2αfl/fl and 

Hif-2αfl/fl LysMcre mice were challenged with apoptotic thymocytes through intraperitoneal 

injection, following administration of MARCO blocking antibody ED31 or IgG1 isotype 

control. Similar to the in vitro findings, peritoneal Mϕs isolated by peritoneal lavage from 

Hif-2α deficient mice had higher MARCO levels and a higher percentage of internalized 

apoptotic targets, indicating enhanced efferocytosis, which was dependent on MARCO (Fig. 

7A–B).

We hypothesized that an mROS-HIF-2α-MARCO axis might be particularly important 

during pro-inflammatory bacterial responses. We linked studies implicating ROS and 

separately, MARCO, to antibacterial recognition of bacteria (44, 45). We first asked whether 

Hif-2α-deficient Mϕs exhibited an increased capacity for in vivo bacterial phagocytosis, in a 

MARCO-dependent manner. This was tested after peritoneal injection of gram-positive 

Staphyloccus Aureus into Hif-2αfl/fl and Hif-2αfl/fl LysMcre mice. Similar to apoptotic 

cells, Hif-2α-deficient Mϕs were more efficient at MARCO-dependent bacterial 

phagocytosis (Fig. 7C) and exhibited reduced plasma inflammatory cytokines, including 

IL-1β. Importantly, reductions in IL-1β were inhibited with the addition of MARCO-

blocking antibodies (Fig. 7D).

Beyond genetic targeting, we importantly asked if natural Hif-2α regulators might also 

affect Marco, through HIF-2α. Previous reports indicate that Th2 cytokine IL-4 increases 

HIF-2α (46). Others have shown that IL-4 can down-regulate Marco expression (47) and 

separately, IL-4 can inhibit bacterial clearance (48). To test requirements for Hif-2α-

regulation of Marco in the presence of IL-4, Hif-2αfl/fl and Hif-2αfl/fl LysMcre mice were 

injected IP with IL-4 vs. vehicle control. Subsequently, IP-injections included fluorescently 

labeled gram-positive S. aureus at equivalent bacteria: Mϕ multiplicities of infection/MOIs 

for each genotype. Peritoneal Mϕs were lavaged and phagocytosis was quantified by flow 

cytometry. Flow plots (Fig. 7E) revealed that under saturating conditions, IL-4 significantly 

decreased the levels of S. Aureus (FITC) positive Mϕs, and impressively, this required 

Hif-2α. Thus, natural induction of HIF-2α-MARCO, such as though IL-4, in turn 

suppresses bacterial clearance capacity. Taken together, a picture of HIF-2α as significant 

negative regulator of Mϕ phagocytic activation emerges.
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Discussion

Herein we uncover a novel role for HIF-2α in the suppression of Mϕ phagocytic activation. 

Interestingly, this can occur under non-hypoxic culture conditions and at cellular steady 

state. Even at low expression levels, relative to hypoxia, (Fig. 1), HIF-2α functions to 

suppress key Mϕ signaling pathways, including mitochondrial ROS (mROS)(49) (Figure 5) 

and MARCO-dependent phagocytosis (34) (Figure 3). From the data, we have outlined a 

working model (Sup. Fig. 4) where basal levels of Mϕ HIF-2α, escape PHD-driven prolyl 

hydroxylation (8, 50) to drive transcription of antioxidant genes, potentially SOD2 (40) 

(Sup. Fig. 2). Redox suppression by HIF-2α is necessary to maintain a quiescent Mϕ 
phagocytic state, and this occurs via blockade of an mROS-Marco signaling axis (Fig. 5 & 

Sup. Fig. 2). Because the effect of HIF-2α on Marco is through mROS, indeed other mROS-

responsive pathways, beyond the scope of this study, may likely be responsive. Nevertheless, 

the importance of MARCO surfaces in that it is uniquely sensitive to mROS escalations, in 

contrast to other phagocytosis receptors (Fig. 3A). Also according to the model, Toll Like 

Receptor/TLR activation of mROS (51), for example during bacterial infection (Fig7) or 

after LPS (Sup. Fig. 4E), is predicted to overwhelm baseline HIF-2α antioxidant control, 

thereby providing a mechanism to quickly and specifically mobilize NFR2 to the Marco 
promoter (52). Such a rapid response may be applicable at times of acute bacterial 

challenge, where resting/resident Mϕs, which predominantly express homeostatic apoptotic 

cell-specific Tim4 and MERTK phagocytic receptors (53), require rapid mobilization of 

bacteria-biased MARCO. Besides basal HIF-2α function under normoxia or “mild” 

hypoxia, HIF-2α can also be induced by IL-4 (Sup. Fig. 4F) (46) to further reduce mROS 

and Marco. This working model is consistent with HIF-2α as significant negative regulator 

of Mϕ phagocytic activation.

Our normoxic findings, though contrary to initial expectations, are supported by other 

studies of HIF in non-hypoxic conditions (54–56). For example, HIF-1α is stabilized in 

circulating hematopoietic stem cells, independent of oxygen tension (57); this occurs in part 

through down-regulation of HIF ubiquitin ligase von Hippel-Lindau (VHL) protein. Also, 

changes in HIF transcription, after IL-4 treatment for example, have been shown to alter HIF 

protein levels, independent of post-translational degradation by HIF-targeting VHLs (58) 

(59). In Mϕs, an oxygen-independent calcineurin-NFAT-HIF-1α axis is activated by 

sphingosine-1-phosphate, which can be found in the supernatants of neighboring apoptotic 

cells (60). Furthermore, most normoxic studies of Mϕ HIFs have been conducted after 

inflammatory stimulation, including post TLR ligation (12, 13, 15). Our findings are unique 

in that Mϕ HIF-2α-regulation of MARCO occurs at steady state and in the absence 

inflammatory triggers.

In contrast to normoxic phagocytic activity, HIF-2α does not affect phagocytosis under 

hypoxia (Figure 1). Given that hypoxic induction of HIFs dramatically alters gene 

expression profiles of multiple Mϕ effector networks in primary and human Mϕs (61), it is 

not surprising that the HIF-2α-MARCO axis is lost to other competing signaling pathways 

under hypoxia. In our hands, Marco expression is induced under hypoxia, independent of 

HIFs. Also, data mining from previously published array analyses suggests that MARCO, in 

primary human monocytes, may be induced ~2fold after 16 hours in 1% oxygen (62). One 
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explanation for this might be hypoxic-mitochondrial mROS signaling (41), which can act 

independent of HIFs, and in turn is predicted to drive nuclear translocation of NRF2 onto the 

Marco promoter (Fig. 4).

In contrast to Hif-2α, Hif-1α is required for hypoxic-induced phagocytosis (21). 

Furthermore, HIF-1α in Mϕs has further been shown to coordinate bacterial killing (17). 

Although HIF isoforms regulate overlapping functions, they also control independent and 

potentially counteracting pathways (63). For example, HIF-1α uniquely regulates the Mϕ 
“M1” polarization phenotype (18) (64) (65), in part through HIF-1α control of glycolytic 

enzyme expression and the glucose transporter GLUT-1 (66, 67). In contrast, HIF-2α 
appears to act independent of glycolytic control, instead focused to endotoxin-induced 

cytokine production (19). HIF-2α is also linked to Mϕ alternative activation (46) (68) and is 

induced by Th2 cytokines, including IL-4 (46) and can oppose the pro-inflammatory action 

of HIF-1α (46, 69, 70). Our findings add a new tangent to these described HIF isoform 

dichotomies, wherein reduced oxygen acts as the molecular threshold to supersede HIF-2α 
phagocytic suppression, in favor of an opposing and dominant hypoxic HIF-1α pro-

phagocytic pathway.

To the best of our knowledge, the link between HIFs and MARCO has not been described in 

the literature. This is understandable, as our in silico analysis of Marco gene regulatory 

regions uncovered a paucity of hypoxic response elements/HREs, relative to other known 

HIF targets. Though studies have linked HIFs to induction of phagocytosis receptors, there 

interestingly are reports of phagocytic receptor suppression by hypoxia, reinforcing the 

interesting concept of differential hypoxic or HIF regulation of Mϕ phagocytosis receptors. 

For example, reductions in scavenger receptors Sra and Cd36 during hypoxia have been 

published and are seemingly Hif-independent in Mϕ RAW cell lines (71). In contrast, others 

find requirements for Hif-1α in Sra suppression (72). Sluimer et al. found reductions in 

Mertk in the context of atherosclerosis (73), as has our group (unpublished studies). As 

described in our working model, our findings during normoxia indicate that HIF-2α 
regulates Marco indirectly, although through activation of a specific ROS-sensitive NRF2-

Marco axis (Fig. 4). In contrast to MARCO, the scavenger receptor Cd36 is transcriptionally 

induced during hypoxia by HIF-1α to increase phagocytic uptake (21). Interestingly, 

transglutaminase 2, which has also been implicated in phagocytosis (74), has been shown to 

directly interact with Hif-1β, thereby suppressing Hif-1α signaling (75). Also, hypoxia has 

been shown to induce epithelial CD55 at mucosal surfaces, and this promoted clearance of 

apical PMNs in the gut (76). Ongoing studies are examining HIF-2α association with other 
candidate phagocytosis genes by ChipSeq.

In the arena of the phagocytic regulation per se, it is interesting to note that far fewer 

homeostatic negative regulators of phagocytosis have been described, relative to pro-

phagocytic stimuli, the latter of which often culminate in the modulation of Rho GTPases 

and assembly of filamentous actin at the phagocytic cup. Natural inhibitors of phagocytosis 

include Sec22, which negatively regulates levels of SNARE/fusion proteins (77). Again, 

although the mechanism of HIF-2α inhibition of phagocytosis is indirect, this pathway 

nonetheless is specific to Marco.
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Numerous links between HIFs and ROS have been made, including seminal findings during 

hypoxia, linking ROS from mitochondrial complex III (41) and independent of oxidative 

phosphorylation (78), to stabilization of HIF-1α. In the case of Hif-2α, mice that lack one 

copy of Hif-2α (79) exhibit a mitochondrial disease state. For example, Hif-2α-deficient 
livers are under elevated oxidative stress and express reduced levels of Sod2 (40), the latter 

of which is consistent with findings in adrenal glands (80), and our new findings in Mϕs. 

Our gene expression analyses suggest HIF-2α positive regulation of a number of other 

antioxidant enzymes, including glutathione peroxidase (GPX1), thioredoxin reductase 

(TXNRD1), and myeloperoxidase (MPO) (Sup. Fig. 2). This hints that HIF-2α may 

interestingly function as a master regulator of cellular oxidative state in Mϕs. Separately, 

NRF2 has been linked to phagocytosis. For instance and in Mϕs, neutrophil oxidative-burst 

byproducts, i.e., heme oxygenase, have been shown to induce NRF2 and lead to increased 

efferocytosis of apoptotic neutrophils (81). At the level of phagocytosis receptors, previous 

studies have linked MARCO to activation by ROS (37). Also, cellular oxidative stress 

caused by hypoxic incubation has been shown to modulate the expression of other Mϕ 
efferocytosis receptors, including CD36 (21). Taken together, our data and the literature 

suggest a conserved link between HIFs, ROS, and phagocytosis.

Particular aspects of the study should not be over-interpreted. For example, although Hif-2α 
deficiency enhances bacterial clearance through MARCO, this does not lead us to suggest 

targeting HIF-2α as an antibacterial approach. Rather, this pathway may partially explain 

compromised bacterial surveillance (48) during Th2/IL-4 associated parasitic infections, 

which would be predicted to have a heightened ratio of HIF-2α to MARCO. Another 

potentially relevant pathophysiology may occur during obesity, where it has been 

demonstrated that M2-classified Mϕs express high levels of HIF-2α in the adipose tissue of 

obese mice (70); the role of MARCO during obesity is unclear.

Multiple questions remain. Future studies are necessary to test the significance of the 

HIF-2α: Marco axis in human Mϕs, as has been done for HIF-2α in neutrophils (82). Also 

of interest is the complete range of basal HIF-2α activity in phagocytes under steady state, 

which has not been conclusively characterized. Besides steady state, the link between IL-4, 

HIF-2α, and alternatively activated or M2-polarized Mϕs (46), further raises questions 

during wound healing. For example, HIF-2α in M2 Mϕs may promote inflammation 

resolution, in part through suppression of pro-inflammatory mROS and MARCO signaling 

pathways. Finally, and consistent with other homeostatic feedback circuits, it will be 

interesting to determine if MARCO-mediated phagocytosis signals-back to regulate HIF-2α, 

during the return to a resting Mϕ phenotype, or even with aging-associated elevations in 

ROS.
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Figure 1. Hif-2α is not required for hypoxic efferocytosis, in contrast to under non-hypoxic 
conditions, where Hif-2α specifically acts as an efferocytic suppressor
(A) Immunoblot of Hif-2αfl/fl LysMcre bone marrow-derived macrophages (Mϕs) after 

culture at 1% oxygen. Mϕs were overlaid with fluorescent (calcein-AM) apoptotic Jurkat T-

cells (“AC”) or fluorescent viable Jurkat T-cells (“C”) and efferocytosis quantified. Scale bar 

= 60 micrometers. (B) Efferocytosis carried out similar to as in (A) except during with 

Hif-1αfl/fl vs. Hif-1αfl/fl LysMcre Mϕs. (C) Efferocytosis similar to as in (A) except under 

normoxia. (D) Efferocytosis by Hif-2αfl/fl vs Hif-2αfl/fl LysMcre phagocytes cultured on gas 

permeable plates. Wild type cultures were grown on Lumox plates to optimize gas exchange 

at indicated oxygen tensions and stained with hypoxyprobe (green) as an indicator of 

hypoxia. Efferocytosis of fluorescent apoptotic Jurkat cells by Hif-2αfl/fl vs. Hif-2αfl/fl 

LysMcre phagocytes after quantification by microscopy. (E) Immunoblots of HIF-2α levels 

as a function of efferocytosis efficiency. (F) Immunoblot of normoxic Mϕ HIF-2α after 

Hif-2α siRNA in mature Mϕs and % Efferocytosis at 30min. Sc = scrambled siRNA. (G) 

Normoxic efferocytosis kinetics of Hif-2αfl/fl LysMcre vs. Hif-1αfl/fl Hif-2αfl/fl LysMcre vs. 
Hif-1αfl/fl LysMcre vs. control (Hif- 1αfl/fl Hif-2αfl/fl). * indicates < 0.05 relative to control.
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Figure 2. Strategies that induce HIF-2α are sufficient to suppress efferocytosis
(A) Bone marrow-derived Mϕs were treated with scrambled (scr) vs. Phd3 siRNA and 

HIF-2α levels revealed by immunoblot, as a function of efferocytosis and engulfment of 

control latex beads. (B) Adeno-HIF-2α-GFP (green) was transduced into Mϕs and 

immunoblots and efferocytosis of red apoptotic cells (ACs) quantified. (C) Non-stained 

primary Hif-2α LSL/+ LysMcre vs. Hif-2α LSL/LSL LysMcre Mϕs were challenged with ACs 

and efferocytosis imaged and quantified. Scale bar = 60 micrometers. * indicates < 0.05 

relative to control.
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Figure 3. Hif-2α deficiency enhances MARCO expression in primary mouse Mϕs, which is 
required for enhanced efferocytosis
(A) qPCR data of indicated receptors from Hif-2αfl/fl LysMcre (TOP) vs after Phd3 siRNA 
from Mϕs under normoxic conditions. (B) Immunoblot of MARCO in Hif-2αfl/fl vs. 
Hif-2αfl/fl LysMcre Mϕs under normoxia. (C) Immunoblot of MARCO after PhD3 siRNA 
in Mϕs under normoxia. (D) Densitometry of MARCO protein after adenoviral Hif-2α 
expression under normoxia. (E) Cell surface flow cytometry of MARCO in Hif-2αfl/fl vs. 
Hif-2αfl/fl LysMcre Mϕs. (F) Hif-2αfl/fl versus Hif2αfl/fl LysMcre (CRE) primary Mϕs were 

treated with 10μg/mL MARCO blocking antibody (clone ED31, azide-free) or IgG1 isotype 

(ISO) control prior to co-culture with fluorescently-labelled apoptotic cells and efferocytosis 

enumerated. * indicates p < 0.05 vs. ISO control and # indicates p < 0.04 vs. CRE/ISO 

control. (G) Marco−/− Mϕs were treated with Hif-2α siRNA and challenged with apoptotic 

cells (Bar graph axis same as in (F).
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Figure 4. Minimal HIF-2α association with Marco, in contrast to NRF2, which is required for 
enhanced efferocytosis
(A) Schematic of Marco gene regulator regions, including Enhancer (E), Promoter (P), and 

ARE element. (B) Chromatin precipitation for HIF-2α on 3 P (PRM1-3) and 3 E (ENC1-3) 
regions each. (C) Chromatin precipitation for NRF2 on Marco. (D) Nuclear translocation of 

NRF2 in control vs Hif-2αfl/fl LysMcre Mϕs and induction of indicated NRF2 target genes. 

(E) Nrf2 siRNA tests (vs scrambled/scr) reduces MARCO in Hif-2αfl/fl LysMcre Mϕs. 

Efferocytosis efficiency in control Hif-2αfl/fl vs. Hif-2αfl/fl LysMcre Mϕs treated with 

indicated siRNA (Scr vs Nrf2). * indicates < 0.05 relative to control. (F) NRF2 agonist 

induces MARCO and enhances efferocytosis. WT bone marrow derived macrophages were 

treated with 20uM Sulforaphane, NRF2 agonist, for 24hrs, prior to blotting (nNRF2 = 

nuclear NRF2) and efferocytosis.
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Figure 5. Elevated mROS increases MARCO & efferocytosis in the absence of Hif-2α
(A) Elevated mROS in Hif-2α-deficient Mϕs was measured vs. control with MitoSox. 

Antimycin A, an electron transport chain-inhibitor and positive control for mROS formation. 

mTempo was used to inhibit mROS. # and ## and * indicate p < 0.05 versus control. (B) 

mTEMPO reduces MitoSox mROS in Hif-2α deficient Mϕs and also suppresses MARCO. 

(C) Mito-Tempo reduces enhanced efferocytosis. Scale bar indicates 30 micrometers. * 

indicates p < 0.05 versus WT control. # indicates p < 0.05 versus knockout control.
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Figure 6. Hif-2α-MARCO axis is revealed in vivo
(A) Evidence for elevated MARCO protein on splenic macrophages from Hif-2αfl/fl vs 
Hif-2αfl/fl LysMcre. To the left is the gating strategy for splenic macrophage subsets. To the 

right are the analyses of the individual populations. (B) Quantification of elevations in 

MARCO expression (mean fluorescent intensity) in Hif-2αfl/fl vs Hif-2αfl/fl LysMcre mice 

and Hif-2α LSL/LSL mice vs. Hif-2α LSL/LSL LysMcre mice.
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Figure 7. Hif-2α-Marco axis is functional in vivo
(A) Evidence for elevated MARCO protein and nuclear NRF2 in resident peritoneal Mϕs 

from Hif-2αfl/fl vs. Hif-2αfl/fl LysMcre mice after immunoblotting. (B) Peritoneal resident 

Mϕ efferocytosis after intraperitoneal injection of fluorescent apoptotic thymocytes (AC) 

into Hif-2αfl/fl vs. Hif-2αfl/fl LysMcre mice +/− AB (MARCO blocking antibody). (C) 
Acute phagocytosis of S. Aureus is enhanced in the absence of Hif-2α through MARCO. 

Heat-killed FITC-labeled S. Aureus were injected into the peritoneum of Hif-2α-deficient 
mice and % phagocytosis by resident F4/80+ phagocytes enumerated. Anti-MARCO 

antibody was added prior to bacterial injection. (D) Plasma cytokine levels were examined in 

Hif-2αfl/fl vs Hif-2αfl/fl LysMcre mice after injection of S. Aureus vs. PBS vehicle and +/− 
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MARCO blocking antibody vs. isotype control. (E) IL-4 suppression of F4/80-gated 

macrophage phagocytosis under saturating MOI requires Hif-2α.
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