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Abstract

Macrophages play a key role in host defense against microbes, in part, through phagocytosis.
MARCO (macrophage receptor with collagenous structure) is a scavenger receptor on the cell
surface of macrophages that mediates opsonin-independent phagocytosis. The goal of our study is
to investigate the role of MARCO in lipopolysaccharide (LPS) or lipotechoic acid (LTA)-induced
macrophage tolerance. While it has been established that expression of MARCO and phagocytosis
is increased in tolerant macrophages, the transcriptional regulation and biological role of MARCO
in tolerant macrophages has not been investigated. Here, we confirm that tolerized mouse bone
marrow derived macrophages (BMDM) selectively increase expression of MARCO (both
transcript and cell surface receptor) and increase phagocytosis. We found that H3K4me3 dynamic
modification of a promoter site of MARCO was increased in tolerized BMDM. Blocking
methylation by treatment with 5-Aza-2"-deoxycytidine (5-AZA) resulted in reduced H3K4me3
binding in the promoter of MARCO, decreased expression of MARCO, and impaired
phagocytosis in tolerized BMDM. However, 5-AZA had no effect on the inflammatory component
of innate immune tolerance. In aggregate, we found that histone methylation was critical to
MARCO expression and phagocytosis in tolerized macrophages but did not affect the
inflammatory component of innate immune tolerance.
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Introduction

Innate immune tolerance plays a key role in protecting the host from potential damage
caused by excessive inflammation (1). With repetitive pathogen stimulation, tolerant
macrophages are characterized by suppressed secretion of proinflammatory cytokines,
upregulation of anti-inflammatory genes, and increased phagocytosis (2). The increased
phagocytosis helps clear microorganisms, is mediated by the CD64 (Fc receptor) (3), and
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limits further inflammation. There are two phagocytic processes: opsonin-dependent
phagocytosis via Fc receptor and complement receptors (4, 5), and opsonin-independent
through scavenger receptors.

Scavenger receptors on the surface of macrophages, such as class A scavenger receptor
MARCO, mediate binding of unopsonized particles and phagocytosis (6). Other scavenger
receptors on macrophages include LOX1 and class B scavenger receptors (SR-A, SR-B, and
CD36) , which mediate phagocytosis of modified LDL (low-density lipoprotein), bacteria,
and apoptotic cells (6, 7). It has been reported that MARCO is the major binding receptor
for oxidized lipids, unopsonized particles, and bacteria in human alveolar macrophages (8-
10). In addition, MARCO serves as a signaling receptor involved in responses to CpG
oligodeoxynucleotides and mycobacterial trehalose dimycolate (11, 12).

While previous studies have shown that the expression of MARCO was significantly
upregulated in LPS-induced tolerant macrophages (13), the mechanisms controlling this
process and the role of MARCO in innate immune tolerance has not been comprehensively
investigated. Macrophage tolerance can be induced by different toxic signals including
tissue damage and components of microbial pathogens through various receptors and
signaling pathways (14-16). Here, we investigated the expression of MARCO in both LPS-
and LTA-induced tolerant cells. While our results confirmed the increased expression of
MARCO (transcript and cell surface expression) in tolerant macrophages, we also detected
tolerance induced epigenetic marks (trimethylation of the H3K4 residue in the promoter of
MARCO) that regulate the expression of MARCO. In aggregate, we found that histone
methylation was critical to MARCO expression and phagocytosis in tolerized macrophages
but did not affect the inflammatory component of innate immune tolerance.

Materials and Methods

Mice

Reagents

Male C57BL/6 mice, 8-12 weeks old were purchased from Jackson Laboratories. The mice
were maintained at the animal facilities at National Jewish Health and University of
Colorado Denver. The femurs from MARCO-/- mice on C57BL/6 genetic background
were provided by Dr. Lester Kobzik (10).

LPS (cat. no.421) was purchased from List Biological Laboratories, INC (Campbell, CA).
Lipoteichoic acid (LTA), cytochalasin D, 5-Aza-2"-deoxycytidine (5-AZA) and Fluorescein
diacetate were purchased from Sigma. ELISA kits and M-CSF were purchased from R&D
Systems, Inc. Vybrant Phagocytosis Assay Kit (cat. No. V-6694) and Deep Red plasma
membrane stains (cat. no.c10046) were purchased from Invitrogen. cDNA Reverse
Transcription Kit and SYBR Green PCR Master Mix were purchased from AB applied
biosystem. RNeasy Mini Kit was purchased from QIAGEN. CHIP kits were purchased from
Active Motif and Covaris Inc. Rat anti mouse MARCO-FITC (cat. No. MCA1849FA) and
rat IgG1 negative control-FITC (cat. No. MCA1211F) were purchased from AbD Serotec.
Rabbit anti-Goat 1gG Antibody, HRP conjugate (cat. No. AP106P) was purchased from
EMD Millipore Corporation (Chicago, IL). Mouse MARCO Affinity Purified Polyclonal Ab
(cat. No. AF2956) was purchased from R&D Systems Inc. Anti-NFxB p65 antibody (cat.
No. ab7970) was purchased from Abcam Ltd (Cambridge, GB). CellMask™ Deep Red
plasma membrane stain was purchased from Invitrogen. Anti-trimethyl-Histone H3 (Lys4)
(cat. No. 07-473) and Anti-dimethyl-Histone H3 (Lys9) (cat. No. 07-521) were purchased
from Millipore.
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Cell Culture, Endotoxin Assay, Fluorescein diacetate assay, and Cytokine ELISA

BMDM were harvested from femurs of male C57BL/6. Bone marrow progenitors were
cultured for 6 days in DMEM/high glucose supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, 5% penicillin/streptomycin and M-CSF (final concentration 20-25 ng/
ml). Cells were lifted with warm PBS and replated on tissue-culture treated plates. On day 7,
macrophages were left untreated (nontolerant, NT) or stimulated with 5 EU (endotoxin unit)/
ml LPS or 20ug/ml LTA for 24 h (tolerant, T). At 24h, cell cultures were washed twice with
warm PBS and given fresh media or conditioned media with 5 EU/mI LPS (LPS/LPS-
incubation time or LTA/LPS-incubation time). After various times of incubation, media
were tested for cytokines content. To ensure the same activity of LPS from different lots, we
measured the concentration of LPS by Endosofe-PTS kinetic reader (Charles River
Laboratories).

For Fluorescein diacetate assay, live cells were stained by fluorescein diacetate (final
concentration 100ug/ml) for 5 min at room temperature (RT). Lysed cells were obtained
after incubation with the same amount of triton-100 (1%) at RT for 5min. The plate was read
by GENS5 (BioTek, VT) using ~480 nm excitation, ~ 520 nm emissions.

IL-6 and TNF-a concentrations in macrophage culture supernatants were measured by
ELISA, as specified by manufacturer's instruction (R&D Systems). The data were collected
from at least 3 independent experiments and normalized with cell numbers measured by
Fluorescein diacetate assay.

Phagocytosis assays and Immunofluorescence Microscopy

BMDM were cultured and treated as described above. After 24h incubation at 37°C, cells
were lifted with warm PBS and replated on 96-well tissue culture plates with the density of
108/ml for phagocytosis assays. Cells were seeded in coverslip coated with collagen on 6-
well tissue culture plates with the density of 5x10%/ml for microscopic imaging. Cells were
treated with LPS (5EU) and incubated at 37°C for 4 h. For phagocytosis assays, the detail
protocol follows the manufacturer's instructions of Vybrant Phagocytosis Assay. In brief,
cells were fed with prepared fluorescein-labeled BioParticles and incubated for 2h. Cells
were quenched with trypan blue (250pg/ml) for 1 min. For microscopy imaging, cells were
incubated with Deep Red plasma membrane stain (10pg/ml) for 30 min and fixed with 4%
paraformaldehyde for 10 min at various time points (5min, 15min, 35min, 70min and 2h).
Cells were then extensively washed with PBS. Coverslips were mounted in VectaShield
(Vector laboratories). Cells were imaged with an inverted Zeiss Axiovert 200M
deconvolution microscope. Image processing was performed using Intelligent Imaging
Innovations three-dimensional rendering and exploration software. NFkB p65 colocalization
was analyzed by Olympus 6x63 Upright Microscope and CellSens software.

Reverse transcription and Quantitative real time PCR (RT-gPCR)

Total RNA from tolerant (T) and nontolerant (NT) cells was isolated with RNeasy Kit. Total
RNA was reverse transcribed with random primers using MultiScribe reverse transcriptase
(Applied Biosystems). Complementary DNA was analyzed in triplicate by gPCR
amplification using SYBR Green QPCR Master Mix (MARCO and other scavenger
receptors) on the Applied Biosystems ViiA™7 Real-Time PCR System. For SYBR Green,
the gPCR amplification conditions were: 50 °C (2 min), 95 °C (10 min), 40 cycles of 95 °C
(15's), 60 °C (1min) and melt curve stage of 95 °C (15 s), 60 °C (1 min), 95 °C (15 s).
Primer pairs were designed to amplify mRNA-specific fragments and unique products were
tested by melt-curve analysis.

MARCO (F 5'-gaagacttcttgggcagcac-3', R 5'-cttcttgggcactggatcat-3')

J Immunol. Author manuscript; available in PMC 2014 June 15.
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SR Al (F 5'-tcaaactcaaaagccgacct-3', R 5'-ccagtgaattcccatgttce-3')
SR B (F 5'-aagtggtcaacccaaacgag-3', R- 5'-acggtgtcgttgtcattgaa-3’)
CD36 (F 5'-gcttgcaactgtcagcacat-3', R-5'-gccttgctgtagccaagaac-3')
LOX1 (F 5'-tggtggatccagatgtttga-3', R 5'-gttggttgggagactttgga-3")
B-actin (F 5'-agggctatgctctccctcac-3', R 5'-ctctcagetgtggtggtgaa-3')
TLR2 (F 5'-ctggagcatccgaattgca-3', R 5'-catcctctgagatttgacgct-3)
TLR4 (F 5'-ggcaacttggacctgaggag-3', R 5'-catgggctctcggtccatag-3")

Relative quantification was calculated by the A ACt method ((17)). Data are represented as
the fold induction over NT (nontolerant) cells.

Chromatin immunoprecipitation assay (CHIP)

1 x 10’ BMDM were stimulated, washed with PBS, and fixed with 1% formaldehyde (16%
methanol free, Thermo Scientific) for 5 min at room temperature. Formaldehyde fixation
was stopped with the addition of quench buffer (375 mg glycine in 50 ml). Fixed cells were
sonicated for 8-10 min in S220 Covaris according to manufacturer's instruction (Covaris
Inc.). Chromatin shearing efficiency was analyzed on a 1% agarose gel to ensure that
sheared fragments range from 200 to 700 bp in size. 25 pl of sonicated material was saved
for gPCR analysis (input). The rest of the sonicated material was incubated with antibody
(Anti- H3K4me3, Anti- H3K9me2 and IgG) and protein G magnetic beads while rotating
overnight according to manufacturer's instruction (Active Motif). After the elution of
protein-DNA complexes, DNA was desalted and concentrated by QIAEX Il Gel Extraction
Kits (QIAGEN). Immunoprecipitated DNA and input DNA were amplified with MARCO
(415F 5'-atttgcacctgaggctcact-3', 415R 5'-gtgaaaaccaggtgtcgttg-3'; 255F 5'-
gttatgcttgcctgatgtge-3', 255R 5'-ccacacagaccaaat ccaaa-3') CD4 (F 5'- tgtaagcecttgectcacgtt-3',
R 5'- atgcctgagcagaatcaage-3') and B-actin (F 5'-gagacattgaatggggcagt -3, R 5'-
aagcgagagagaaagcgaga -3") specific primers by gPCR, using input DNA to generate a
standard curve. ChIP data is represented as fold changes of tolerant (T) and NT which were
calculated by 2-[(AT target gene-AT input)- (AT 1gG- AT input)]

Flow cytometry

BMDMs were treated with or without LPS (5 EU) at 37°C for 24 hours followed by a
second LPS (5 EU) stimulation. Cells were then harvested and fixed with 4%
paraformaldehyde for 10 min, followed by quenching with quench buffer (375 mg glycine in
50 ml) 2x for 5 min. Cells were washed with 1xPBS, blocked with incubation buffer (0.5 g
BSA, 2ml serum in 50ml PBS) for 30 min at RT, followed by incubation with anti-
MARCO-FITC or anti-1gG-FITC (10 pg/ml) in 200wl incubation buffer for 2h at RT. After
extensive washing with incubation buffer, cells were resuspended in 500 I PBS. Cell-
associated FITC-conjugated antibodies were analyzed by flow cytometry. Flow cytometry
analysis was performed using a FACS Scan flow cytometry equipped with 488nm lasers in
the National Jewish Health Flow Cytometry Core Facility.

Western Blot

BMDMs were treated with or without LPS (5 EU) at 37°C for 24 hours followed by a
second LPS (5 EU) stimulation. Cells were harvested at 4h, 6h, 12h and 24h after second
stimulation. Cell lysates were extracted by Nuclear and Cytoplasmic Extraction Reagent
(Thermo Scientific, IL) and loaded with 7ug protein per lane. Cell extracts were resolved by
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SDS-PAGE and were analyzed by immunoblot. The membranes were probed with
antibodies to MARCO at a dilution of 1:2000 and RCP/FIP1. Blots were developed with
SuperSignal West Dura (Thermo Scientific, Rockford, IL).

The phagocytic ability of macrophages was defined as the average number of fluorescein-
labeled BioParticles in random cells of multiple x 63 high-power fields. Data were presented
as the mean = SEM. Statistical comparisons or fold changes were performed by t-test as
indicated using GraphPad Prism 5 software.

MARCO is significantly upregulated in LPS- and LTA-induced tolerant and cross tolerant
macrophages

Cell surface

Previous studies have established that MARCO expression is significantly upregulated in
LPS stimulated tolerant cells (13). Here, we asked whether the expression of MARCO is
generally upregulated in tolerant cells or is specific for LPS-induced tolerance. To address
this question, we measured MARCO expression in LPS and LTA induced tolerant and cross
tolerant macrophages derived from mouse bone marrow. As shown in Supplemental Figures
1A and 1B, IL-6 and TNF-a concentration were highest when stimulated with 5 EU LPS at
several time points (6h, 12h, 24h). LTA at a concentration of 20p.g/ml also produced a high
concentration of TNF-a (Supplemental Figure 1C). Tolerized BMDM resulted in
significantly reduced concentrations of IL-6 and TNF-a levels when restimulated with either
LPS or LTA (Figures 1B, 1C). Consistent with previous studies, BMDM were highly
tolerant to LPS secondary stimulation in both LPS- and LTA-induced tolerance at several
time points. The extent of decreased TNF-a mRNA in tolerant macrophages is less obvious
than the decreased protein level in the media, suggesting the important role of post-
transcriptional regulation (Figure 1D). We next examined the expression of MARCO in
tolerant and cross tolerant cells (Figure 1D). After secondary LPS stimulation, the
expression of MARCO was significantly increased in both tolerant and cross tolerant
macrophages. To understand the kinetic response of MARCO expression, we measured
MARCO mRNA level at various time-points with single LPS or double LPS stimulation
(Figure 2A). The results showed that MARCO mRNA was increased after LPS stimulation
in all three groups and all three time-points. At the 28h time-point, LPS/LPS group had
maximum fold changes compared with median fold changes of the LPS group and minimum
fold changes of the O/LPS group. The increased mRNA levels peaked after 24h stimulation
of LPS and slowed down in the following 24-48h. The increased MARCO mRNA with
single dose of LPS stimulation can last for at least 72 hours. These results were consistent
with previous studies that showed increased expression depends on protein synthesis at early
stage. The rapid responses to the second dose of LPS and the maximum fold changes at 28h
in the LPS/LPS group indicate the MARCO gene expression loses its dependency on protein
synthesis showing the gene converts to a rapid response (primary response) gene following
the second LPS stimulation The presence of LPS continues to induce the persistent
expression of MARCO (13).

MARCO is specifically increased in tolerant macrophages

We next wanted to examine whether the expression of other scavenger receptors are also
increased in tolerant and cross tolerant cells (Figure 2B). Consistent with previous studies,
TLR4 was down-regulated after stimulation with LPS or LTA (18). In contrast, expression
of MARCO was again significantly increased in tolerant and cross tolerant cells, but the
expression of other scavenger receptor was not increased indicating a specific role of
MARCO in tolerant cells. To explore the protein level of MARCO on the cell surface, we
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measured cell surface MARCO in both nontolerant and tolerant macrophages by flow
cytometry (Figure 3). After BMDMs were incubated with LPS (Figure 3F) or LTA (Figure
3G), cells were further stimulated with LPS for 4h (Figure 3C-D). Figure 3A clearly
demonstrates the increase of MARCO on cell surfaces of tolerant and cross tolerant cells.

LPS and LTA induced tolerant macrophages have increased phagocytosis

MARCO plays an important role in mediating non-opsonin dependent phagocytosis, which
is a key defensive mechanism of macrophages for clearing foreign pathogens. Here, we
determined whether LPS- or LTA-induced tolerant or cross tolerant macrophages have
increased phagocytosis. More fluorescein-labeled BioParticles were internalized into
nontolerant and LPS- or LTA-induced tolerant macrophages with prolonged incubation with
fluorescence-labeled BioParticles (Figure 4). Macrophages were fed BioParticles after 4h of
LPS stimulation and fixed at different time points as shown in the plot in Figure 4. At each
time point, nontolerant macrophages have significantly less internalized Escherichia coli
BioParticles than corresponding tolerant macrophages (Figure 4, panels A-K). These data
demonstrate that phagocytosis is increased in both tolerant and cross tolerant cells.

The role of epigenetic regulation of MARCO in tolerant macrophages

TLR4 and TLR2 signaling pathways both lead to activation of the transcription factor NF-
xB. We evaluated the localization of active NF-xB p65 in macrophages and quantified NF-
B localized in the nucleus in 200-300 cells in each condition, including no treatment, LPS
stimulation, and LPS induced tolerance (Supplemental Figure 2). Interestingly, NF-xB p65
accumulated in nuclei of both nontolerant and tolerant macrophages, suggesting that loci-
specific targeting of p65 rather than nuclear localization was altered in tolerant
macrophages. Previous studies also demonstrated the role of histone modification in LPS
induced tolerant cells (13, 19-21). Here, we ask whether epigenetic mechanisms also play a
role in regulation of the expression of MARCO in tolerant and cross tolerant cells.

According to previous studies, H3K4me3 (permissive) and H3K9me2 (repressive)
modifications play important roles in expression of proinflammatory cytokines (13, 20, 21).
We performed a ChlP assay to test whether there is differential methylation of histones in
the MARCO promoter between nontolerant and tolerant cells. As shown in Figure 5A, the
promoter region (-255) of MARCO was specifically immunoprecipitated by H3K4me3 in
tolerant and cross tolerant cells compared to nontolerant cells. In contrast, there were no
differences observed in the H3K9me2 mark between tolerant and nontolerant cells
(Supplemental Figure 3A).

To understand the dynamic process of H3K4me3 histone modification and whether this is
the only specific permissive modification at MARCO promotor region, we observed
H3K4me3 and H3K9Ac histone modifications at the MARCO gene promoter (-255) at
different time-points in MARCO(-255)-T, MARCO(-255)-NT, and MARCO(-255)-LPS
macrophages. MARCO(-255)-T macrophages were exposed to LPS at Oh and 24h,
MARCO(-255)-NT macrophages were exposed to LPS at 24h only, and MARCO(-255)-
LPS macrophages were exposed to LPS at Oh only (see diagram). At time points, 28h, 48h,
and 72h, these three groups were analyzed by ChIP (H3K4me3 and H3K9Ac).
MARCO(-255)-T macrophages had increased H3K4me3 histone modifications at 28h and
48h compared with MARCO(-255)-NT macrophages, but this modification had a decreased
trend at 72h. MARCO(-255)-NT macrophages had fewer H3K4me3 histone modifications
at 28h and an increased trend at 48h and 72h. MARCO(-255)-LPS macrophages had
intermediate H3K4me3 histone modifications at 28h compared to NT and T macrophages
and more steady at 48h and 72h (Figure 5B). H3K4me3 histone modification levels at the
beta actin promoter are steady over time for all three groups of macrophages (Supplemental
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Figure 3B). Interestingly, H3K9Ac modification had mild changes and a similar trend
compared to H3K4me3 modifications (Supplemental Figure 3B). These data suggest the
dynamic nature of histone modifications during the tolerant process, which involves
multiple permissive histone modifications.

We next considered DNA methylation in regulation of MARCO expression. We used 5-
Aza-2’-deoxycytidine (5-AZA) treatment as shown in Figure 5. Interestingly, the extent of
increased MARCO expression between tolerance and nontolerance analyzed by qgPCR was
significantly reduced in tolerant cells treated with 5-AZA (Figure 5C). The protein level of
MARCO were also decreased in 5-AZA treatment tolerant macrophages compared with no
5-AZA treatment tolerant macrophages at the time point of 4h, 6h and 12h after second LPS
stimulation. There are 12 CpG motifs located 2000 bp upstream of the MARCO
transcription start site. Recent studies have shown 5-AZA play a role in reorganizing
genomic histone modification patterns (22). It is possible that DNA methylation in
combination with histone modification play a role in regulation of MARCO expression.
Consistent with this, H3K4me3 modification at the promoter region of MARCO was
significantly decreased after 5-AZA treatment (Figure 5E). These data suggest that the
expression of MARCO in tolerized cells can be reduced by treatment with a demethylating
agent. This is likely caused by inhibition of H3K4me3 which specifically regulates MARCO
expression in tolerant cells. However, 5-AZA treatment did not change LPS-induced
tolerance as measured by the expression of TNFa (Figure 5F). Thus, MARCO appears to be
regulated by epigenetic mechanisms in innate immune tolerance, and the reduced expression
of TNFa in innate immune tolerance appears to be controlled by other mechanisms. This is
consistent with differentially expressed MARCO and TNFa following tolerance (Figure
1D).

MARCO contributes to increased phagocytosis in tolerant macrophages

To determine whether elevated MARCO expression is responsible for increased
phagocytosis in tolerant cells and whether MARCO is necessary for the establishment of
tolerance, wild type C57BL6 (WT) and MARCO-deficient macrophages were analyzed for
tolerance (Figure 6A a—e). To quantify internalized Escherichia coli BioParticles in the
phagocytosis assay, the images were captured from top to bottom in 0.2um distance and the
BioParticles were counted in random cells in 3D images (Supplemental Figure 4). The
average fluorescent signal of internalized BioParticles in WT macrophages were increased
3.4 times while it was increased 1.8 in MARCO-deficient macrophages (Fig 6B). Although
the internalized BioParticles were increased in both WT and MARCO-deficient tolerant
cells compared to nontolerant macrophages, WT cells were capable of far more
phagocytosis than MARCO-deficient cells. However, MARCO-deficient macrophages are
capable of inducing innate immune tolerance. TNFa (Figure 6C) were decreased in both
WT and MARCO-deficient tolerant macrophages, and the extent of decrease was
comparable. In addition, 5-AZA treatment reduced the phagocytosis in WT tolerant
macrophages further suggesting that DNA methylation is involved in the regulation of
phagocytosis (Figure 6B).

Discussion

Our findings demonstrate that expression of MARCO in both LPS- and LTA-induced
tolerant macrophages is significantly increased, is regulated by H3K4me3, and partially
contributes to increased phagocytosis. However, MARCO is not essential for inducing the
inflammatory component of innate immune tolerance. Thus, we conclude that phagocytosis
and inflammation associated with innate immune tolerance are differentially regulated.

J Immunol. Author manuscript; available in PMC 2014 June 15.
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The expression of MARCO is TLR4-dependent and mediated by MyD88 (23). It has been
shown to be associated with the p38 mitogen-activated protein kinase (MAPK) pathway in
dendritic cells (24). However, the regulatory mechanism of MARCO in tolerant
macrophages remains unknown. Interestingly, both LPS and LTA signaling pathways
include MAPK pathway, and MKP-1 has been proven to be the negative regulator of MAPK
signaling pathway in tolerant cells (25, 26).

Our findings demonstrate that innate immune tolerance increases MARCO associated
phagocytosis. The regulation of phagocytosis is involved in multiple levels including the
detection of target by cell surface receptor, recruitment of associated cytoskeleton
componentsand clearance in lysosomes. Cell surface receptors involved in phagocytosis
include opsonin-dependent receptors (Fc receptors and complement receptors) and opsonin-
independent receptors (scavenger receptors). In our study, we focused on MARCO in
tolerant macrophages because of its significant upregulation in both LPS and LTA induced
tolerance (Figure 1B). Many studies have reported the role of MARCO in clearance of
bacteria in macrophages (27, 28), but not crucial for the survival of a LPS challenging model
(23). This is suggested by increased anti-LPS antibodies and activation of marginal zone B
cells in class A scavenger receptor deficient mice. Phagocytosis is also initiated by Toll-like
receptors (29). The stimulation of macrophages by LPS is associated with increased
phagocytosis and followed by activation of proinflammatory pathways (30-32). Recent
studies showed that a blockade of class B scavenger receptors SR-A, SR-B, and CD36 was
associated with reduced inflammation and increased phagocytosis(33). Here, we have shown
the phagocytosis and proinflammatory activation in tolerant macrophages represent distinct
biological processes (Figure 6). The increased phagocytosis may be due to the increased
expression of MARCO. This is consistent with our finding (Figure 2) that TLR4 expression
is decreased and MARCO is specifically increased in tolerant macrophage and with previous
studies about the negative regulation of TLR4 signaling pathways (34, 35). Interestingly,
MARCO mainly contributes to host defense by capture and clearance of invading
microorganisms. These findings lead us to hypothesize that different mechanisms regulate
the expression of TLR4 and MARCO in immune tolerance and account for the divergent
responses in inflammation and phagocytosis.

Tolerance induced phagocytosis involving MARCO is regulated by epigenetic factors.
Epigenetics play an important role in the regulation of immune cell functions in LPS
induced tolerance (36). Consistent with this, our findings demonstrated that NF-xB is not
functional and accumulates in the nucleus of both nontolerant and tolerant macrophages
(Supplemental Figure 2). Many studies have shown that chromatin modification regulate
specific genes in their promoter regions during this process (13, 20, 21, 37). Among these
chromatin modifications, repressive histone modification H3K9me2 was increased in the
promoter region of TNFa (21) and permissive histone modification H3K4me3 was lost at
the promoter of IL6 in tolerant cells (13). Here, we demonstrated that H3K4me3 was
involved in controlling the expression of MARCO (Figure 5A). This modification
dynamically changes within the first 48 hours of stimulation with LPS (Figure 5B).
H3k4me3 is not the only permissive modification at the promotor region of MARCO.
Another modification (H3K9Ac) may be involved in this process (Supplemental Figure 3C),
but this needs to be further explored. The dynamic histone modification changes is similar to
MARCO mRNA level dynamic changes (Figure 2A) but not identical (gradually diminished
histone modification between 48 and 72h instead of persistent mMRNA level in this period)
indicating multiple level regulation of MARCO expression. Beside histone modification,
DNA methylation also contributes to the epigenetic regulation in tolerant cells (21). Effector
proteins that are recruited by methylated DNA and histones can orchestrate the complexes
that include chromatin structure and regulate specific gene expression (38, 39). Our
experiments showed that 5-AZA treatment did change the extent of increased MARCO
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expression in tolerance macrophages (Figure 5C) and the H3K4me3 modification was also
reversed in promoter region of MARCO (Figure 5D). Although this could be affected
indirectly by other genes involved in MARCO regulation due to the global effect of 5-AZA,
it is possible that changes in epigenetic patterns involved both DNA methylation and histone
modification. It is also possible that gene expression can be regulated by DNA methylation
in other regulatory elements (40). Although our findings indicate that H3K4me3
modifications and methylation are involved in controlling the expression of MARCO,
further work is needed to understand the precise mechanisms.

In summary, the establishment of macrophage tolerance is associated with massive gene
expression changes that modulate the effects of persistent pathogen stimulation. This
process includes suppression of proinflammatory cytokines and upregulation of genes
responsible for phagocytosis such as scavenger receptor MARCO. We show that MARCO
expression is significantly elevated through histone modification in LPS and LTA induced
tolerant macrophages and that increased expression of MARCO on the surface of
macrophages is partially responsible for the enhanced phagocytosis in tolerant cells.
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Figure 1.

LPS and LTA induced tolerant in MBMM. (A) The schematic used to induce tolerance in
MBMM. Cells were treated with LPS (5EU), LTA (20ug/ml), or no treatment control.
Following 24h incubation, media were removed and second stimulation with LPS (5EU) or
no treatment control was used to establish non-tolerant (NT) and tolerant (T) status. Media
were collected at various time points and IL-6 (B) and TNF-a (C) were measured by
ELISA. (D) Expression of MARCO and TNF-a were examined by qPCR in cells that
harvested 4h after second LPS stimulation. Data are representative of 3 independent
experiments; shown are mean + s.e.m from triplicate values (#, p<0.01; *, p<0.05, compared
with LPS/LPS or O/LPS groups).
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induced tolerant cells. (A) Dynamic changes of MARCO mRNA expression level in the
process of LPS stimulation. BMDMs were exposed to LPS with single stimulation at 0 h
(LPS) and 24 h (0/LPS) or double stimulations (LPS/LPS). At timepoints of 28h, 48h and

72h, total MRNA of BMDMs were purified and analyzed by qPCR. (B) In addition to

MARCO, Lox1 is upregulated in all three conditions while expression of other scavenger
receptors is unchanged. Data are representative of 3 independent experiments; shown are

mean + s.e.m from triplicate values (#, p<0.01, compared with O/LPS group).
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Figure 3.

MARCO expression on cell surface is increased with persistent stimulations. (A) Merge of
(B-D). Experimental conditions are as follows: 4 hour stimulation with LPS following 24h
incubation with no treatment (B), 4 hour stimulation with LPS following 24h incubation
with LPS (C) or LTA (D). Additional control conditions: cells incubated for 24h with no
treatment (E), LPS (F), or LTA (G).
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Figure 4.

Phagocytosis ability is increased in LPS or LTA induced tolerant macrophage. The
schematic on the top represents the various time points for cell fixation after adding
fluorescent Bioparticles in nontolerant and tolerant cells. Nontolerant (A-E) and tolerant (F-
K) macrophages from different time points were fed with fluorescent E. Coli Bioparticles
(green) and incubated with cell membrane marker.
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Figureb.

The histone modification (H3K4me3) in the promoter of MARCO is differentially regulated
between T and NT cells. The schematic on top shows the treatment regimen for 5-AZA
treatment experiments. Cells treated with 5-AZA (10 nmol; or no treatment control) 24h
prior to first stimulation with LPS as well at first and second LPS stimulations. Cells were
harvested 4h after second LPS (5EU) stimulation. (A) Sheared nuclear chromatins from T
and NT macrophages were immunoprecipitated with anti-H3K4me3. Immunoprecipitated
DNA and input DNA were amplified with specific primers for the promotor region of p-
actin, CD4 and MARCO. gPCR data show that promoter of MARCO (-255) is differentially
regulated between T and NT cells. (B) H3K4me3 histone modifications in the MARCO
promoter dynamically change over time for MARCO (-255)-T, MARCO (-255)-NT, and
MARCO (-255)-LPS macrophages. (C) The expression of MARCO is decreased after the
demethylation treatment by 5-AZA. (D) The protein level of MARCO is decreased in 5-
AZA treatment tolerant macrophages compared with no 5-AZA treatment tolerant
macrophages. (E) Histone modification (H3K4me3) in the promoter of MARCO is not
differentially regulated in tolerant and non-tolerant 5-AZA treated cells. (F) The tolerance
was measured by ELISA testing of TNF-a in 5-AZA treatment and non-treatment cells.
Data are representative of 3 or more independent experiments; shown are mean + s.e.m from
triplicate and quadruplicate values (*, p<0.05 A. compared with O/LPS group; C. compared
with 5-AZA treatment. F. # p<0.01 compared with LPS/LPS group).
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Figure®6.

MARCO contributes to the increased Phagocytosis in tolerance cells and does not affect the
extent of tolerance. (Panel A a-d) NT and T cells derived from wild and MARCO-/
—-C57BL/6, (Panel A e) WT tolerant cell with 5-AZA treatment are fed with fluorescent
E.Coli Bioparticles for 15 min and phagocytotic Bioparticles were counted in random cells
(B). The tolerance was measured by ELISA testing of TNF-a in MARCO KO (C), Data are
representative for 3 or more independent experiments; shown are mean + s.e.m from
triplicate values (B, * p<0.05 WT T-15 min compared with NT-15min and 5-AZA treated
cells; C, # p<0.01compared with LPS/LPS group).
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