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Abstract

Rationale—Macrophages change their phenotype and biological functions depending on the
microenvironment. In atherosclerosis, oxidative tissue damage accompanies chronic inflammation,
however, macrophage phenotypic changes in response to oxidatively modified molecules are not
known.

Objective—To examine macrophage phenotypic changes in response to oxidized phospholipids
that are present in atherosclerotic lesions.

Methods and Results—We show that oxidized phospholipid-treated macrophages develop into
a novel phenotype (Mox), strikingly different from the conventional M1 and M2 macrophage
phenotypes. Compared to M1 and M2, Mox show a different gene expression pattern, as well as
decreased phagocytotic and chemotactic capacity. Treatment with oxidized phospholipids induces
both M1 and M2 macrophages to switch to the Mox phenotype. Whole genome expression array
analysis and subsequent gene ontology clustering revealed that the Mox phenotype was
characterized by abundant over-representation of Nrf2-mediated expression of redox-regulatory
genes. In macrophages isolated from Nrf2~/~ mice, oxidized phospholipid-induced gene
expression and regulation of redox status were compromised. Moreover, we found that Mox
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macrophages comprise 30% of all macrophages cells in advanced atherosclerotic lesions of LDL
receptor knockout mice.

Conclusions—Together, we identify Nrf2 as a key regulator in the formation of a novel
macrophage phenotype (Mox) that develops in response to oxidative tissue damage. The unique
biological properties of Mox suggest this phenotype may play an important role in atherosclerotic
lesion development as well as in other settings of chronic inflammation.
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Introduction

Functional heterogeneity is a hallmark of cells of the mononuclear phagocyte system.
Macrophages have both, pro- and anti-inflammatory properties, as they orchestrate the
initiation, but also the resolution phases of inflammation 1 2. This plasticity in the functional
properties of macrophages is determined by the immunological microenvironment.
Macrophages, classically activated by IFNy and/or microbial products display an M1
phenotype that is characterized by high expression of IL-12, iNOS and TNFa and CD86,
which triggers type | inflammation and a Th1l response. In contrast, M2 macrophages
include various forms of alternatively activated macrophages that were exposed to IL-4,
IL-10 or IL-13, immune complexes or glucocorticoid 3. M2 macrophages are defined in
mice as cells high in arginase 1 (Arg-1) among other markers, but low in iNOS and IL-12
production % °, and promote a type Il inflammation and a Th2 response. In humans different
M2 markers have been described 6. Macrophages isolated during the resolution phase of
inflammation (rM) were shown to be hybrids of the classically (M1) and alternatively (M2)
activated phenotype 2. Tumour-associated macrophages (TAMs) have many features of M2
macrophages; however, the hypoxic environment in tumors may profoundly change their
phenotype 7 and thus these cells may represent a separate phenotype 3.

Atherosclerosis is regarded as a chronic inflammatory disease, where accumulation of
monocytes in the subendothelial space and differentiation into macrophages are key events
in the early stages as well as during propagation of the disease. However, little is known
about macrophage phenotypes in atherosclerotic lesions. Macrophage heterogeneity has
been reported & and both M1 and M2 macrophages have been shown to be present in
atherosclerotic lesions 9. The importance of macrophage phenotypic modulation in
atherosclerosis has been recently highlighted 10,

During atherogenesis, the oxidation of accumulated low-density lipoprotein (LDL) and
apoptotic cell membranes in the subendothelial space! leads to the enrichment of the tissue
with oxidized lipids'2. Oxidation of phospholipids such as 1-palmitoyl-2-arachidonoyl-sn-3-
glycero-phosphorylcholine (PAPC) yields a series of structurally defined oxidation products
(OXPAPC) 13-15 which cause pro- as well as anti-inflammatory effects 16. We have recently
shown that oxidized phospholipids are capable of specifically recruiting monocytes/
macrophages in vivo, a process that requires the chemokine receptor CCR2 7. However, the
effect of an oxidized phospholipid-rich microenvironment on macrophage phenotypic
polarization remained unclear. We demonstrate here that phospholipid oxidation products
that accumulate in atherosclerotic lesions affect macrophage gene expression and function
resulting in development of a unique macrophage phenotype that involves the redox
regulated transcription factor Nrf218,
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Materials and Methods

For detailed procedures see supplemental Materials provided online at
circres.ahajournals.com.

Expression Array Analysis

Macrophages were treated for 3 hours and gene expression was analyzed using Mouse
Genome 430 2.0 Arrays (Affymetrix, Santa Clara, CA).

Oxidized phospholipid preparation and analysis

OxPAPC was produced by air oxidation and analyzed by positive ion electrospray mass
spectrometry (ESI-MS) as described previously 14: 19,

Generation of bone-marrow-derived macrophages (BMDM) and phenotypic polarization

BMDM were cultured and phenotypically polarized with either 100U/ml IFNy plus 1ug/ml
LPS to generate M1, 10ng/ml IL-4 to generate M2, or 50ug/ml of OXPAPC to generate Mox
macrophages.

Statistical analysis

Results are expressed as mean + SD. Statistical analysis was performed using one-way
ANOVA. A p-value of less than 0.05 was considered statistically significant.

Results

Oxidized phospholipids induce a macrophage phenotype (Mox) that is distinct from
conventional M1 and M2 phenotypes

To test the effects of oxidized phospholipids on macrophages in vitro, we used primary
mouse bone marrow-derived macrophages (BMDM) that had been cultivated in the presence
of M-CSF for 7 days. The purity of our cultures was greater than 95%, as assessed by
FACS-analysis of CD68 and F4/80 (not shown). Furthermore, the cells expressed only low
levels of MHC 11, resembling resting, non-activated macrophages (not shown). Incubation of
macrophages with concentrations up to 75ug/ml of oxidized phospholipids neither induced
apoptotic nor necrotic cell death (Fig. S1). To examine different macrophage phenotypes,
cells were either left untreated (MO) or phenotypically polarized in the presence of the M1
stimulus IFNy plus LPS, the M2 stimulus IL-4, or OXPAPC (Mox).

Initial comparison of macrophage phenotypes demonstrated distinct morphological features
as well as different biological functions. Actin (not shown) and tubulin staining revealed
striking differences in cytoskeletal organization of the different macrophage phenotypes
(Fig. 1A). To test chemoattracting properties, we used conditioned media from different
macrophage phenotypes and examined their effect on THP-1 cell migration in modified
Boyden chambers. Both M1 and M2 macrophages induced THP-1 cell migration, while
Mox were significantly less effective (Fig. 1B). We next analyzed phagocytotic capacity of
the different macrophage phenotypes. Engulfment assays were conducted using either 2um
fluorescent carboxylate beads or apoptotic thymocytes. Our results show that phagocytic
capacity of Mox was significantly impaired compared to M1 or M2 macrophages (Fig. 1C,
D).

Whole-genome expression array analysis revealed that treatment of macrophages with
oxidized phospholipids induced a specific gene expression pattern, which was strikingly
different from that of conventional M1 and M2 phenotypes (Fig. 2A). 1255 genes were
exclusively upregulated in M1 (Table S1), 265 in M2 (Table S2) and 119 in Mox (Table S3)
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macrophages. Genes that were exclusively upregulated in Mox included a cluster of redox-
regulated genes such as Srx1, Gcelc, Gelm, Txnrd1 and HO-1, but also the nuclear receptor
Nr4A2 (Nurrl), VEGF and Trb3. Only 38 genes were upregulated in both M1 and Mox and
only 13 genes were overlapping between M2 and Mox (Fig. 2B, Tables S4-S6).

Array data were confirmed by real-time quantitative PCR, ELISA or FACS for selected
genes. OXPAPC neither increased expression of the specific M2 marker arginase 1 nor the
specific M1 markers iNOS (Fig. 3A), TNFa, JE/MCP-1, IL-12 or TLR2 (Fig. S2). Among
genes that were exclusively upregulated by OXPAPC we confirmed HO-1 (mRNA and
protein), VEGF (Fig. 3B-D), and Trb3 (not shown). Furthermore, Srxnl and Txnrd1 (Fig.
5B, C), Dusp-1, Nurrl, Dusp-5, Thsp, (Fig. S5), GCLM and GSR1 (Fig. S6) were confirmed
to be only induced in Mox. It is notable that in addition to the 38 M1/Mox overlapping
genes found in the array analysis (Table S4), the pro-inflammatory M1 genes IL-1p (Figs.
S2, S4) and COX-2 (Fig. S5), were also upregulated in Mox. However, their expression did
not reach statistical significance in the array experiment.

To demonstrate that the Mox-phenotype can reproducibly be derived from various forms of
macrophages, we generated BMDM using three different differentiation methods.
Macrophages differentiated in the presence of GM-CSF, M-CSF, or L929 conditioned
media, all responded to OXPAPC, as evidenced by upregulation of HO-1, COX-2, IL-18,
and VEGF, but showed no TNFa expression (Fig. S3). To further demonstrate that
polarization to the Mox phenotype was not restricted to bone marrow-derived cells, we
isolated macrophages from the peritoneal cavity of mice. Phenotypic polarization of
peritoneal macrophages in the presence of oxidized phospholipids, M1, or M2 stimuli
induced upregulation of HO-1, iNOS and Arg-1, respectively, confirming the results
obtained with bone marrow-derived macrophages (Fig. S4).

Together, these results demonstrate that OXPAPC induces macrophage gene expression
patterns and changes morphology and biological function towards a novel phenotype (Mox)
that is strikingly different from conventional M1 and M2 phenotypes.

Treatment with oxidized phospholipids causes phenotypic switching of the M1 and M2 into
the Mox phenotype

To examine the hypothesis that an oxidized lipid-enriched microenvironment can switch
gene expression in M1 and/or M2-phenotypes towards the Mox phenotype, we polarized
macrophages into M1 or M2, followed by enrichment of the culture medium with different
concentrations of OXPAPC or unoxidized PAPC. Profiling gene expression in the resulting
cells by RT-PCR revealed that OXPAPC treatment resulted in downregulation of M1
markers IL-1B, iNOS, TNFa and MCP-1 (Fig. 4A), as well as the M2 marker Arg-1 (Fig.
4B), in the respective phenotype. Evidence that OXPAPC changed the existing M1 or M2
phenotypes towards the Mox phenotype is demonstrated by the fact that OXPAPC induced
expression of HO-1 in all phenotypes (Fig. 4C). These data show that both M1 and M2
phenotypic polarization in macrophages is reversible in vitro and indicate that the Mox
phenotype may also develop in vivo in the presence of oxidized phospholipids.

Nrf2 regulates gene expression and redox status in Mox

Gene ontology analysis (BABELOMICS) of upregulated genes as obtained from the gene
array in Mox, M1, and M2 demonstrated several unique associations with biological
functions. While the M1 phenotype was specifically associated with biological functions
involved in host defense, Mox was associated with redox regulation and antioxidant activity.
Specificity for antioxidant activity associated with Mox was confirmed using chi square test,
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which demonstrated a highly significant correlation for Mox (p=9.1 x10~24), while there
was no such association with M1 (p=0.3384) or M2 (p=0.6635).

Moreover, ontology testing revealed that gene regulation mediated by the redox-regulated
transcription factor Nrf2 was exclusively associated with the Mox phenotype. Indeed, a set
of Mox-specific genes contain in their promoter regions one or more antioxidant response
elements (ARE), which serve as binding sites for Nrf2 20-22, Known ARE-containing genes
that were exclusively upregulated in Mox include Srxnl, Cebpb, Gcle, Gdf15, Gelm, Pde3b,
Txnrdl, Pim1, Hmox1, Gadd45a, Dgatl, Gsr, Duspl, and Tgifl (Table S3).

To examine whether Nrf2 was involved in transcription of Mox genes, we used
macrophages isolated from wild type C57BI/6 or Nrf2~/~ mice. We found that oxidized
phospholipid-induced expression of several redox-regulated genes including HO-1,
sufiredoxin-1 (Srnx1), and thioredoxin reductase (Txnrd) was dependent on Nrf2 (Fig. 5A-
C). In contrast, other Mox-specific genes including VEGF, Dusp-1, Nurr-1, Dusp-5, and
Thsp, as well as the M2-specific marker arginase 1, and the M1/Mox overlapping genes
IL-1p and COX-2 (Fig. S5), were upregulated independently of Nrf2. Moreover, we show
that OXPAPC and the cyclopentenone 15d-PGJ223, but not native PAPC, DMPC or LPS,
induce Nrf2-dependent gene expression (GCLM, GSR1 and HO-1) in BMDM (Fig. S6).

The involvement of Nrf2 in the response to OXPAPC strongly indicated a role in redox
regulation. Analysis of the redox status in the different macrophage phenotypes revealed that
while the total glutathione levels were not significantly different in M0, M1, M2 and Mox
macrophages, the GSH/GSSG ratio, an indicator of oxidative stress, was lower in M2
compared to the M1 macrophages (Fig. STA-C). This is in accordance with previous reports
24 demonstrating that the GSH/GSSG ratio is lower in M2 compared to M1 macrophages.
Interestingly, we observed an increased GSH/GSSG ratio in the Mox macrophages,
compared to M1 and M2 phenotypes, suggesting that Mox macrophages have the ability to
cope better with oxidative stress. Notably, the macrophages had been treated for 6 hours,
which provided sufficient time for activation of Nrf2-dependent redox-regulating genes.
Consequently, in Nrf2 deficient macrophages, the total glutathione level was significantly
lower compared to wild type macrophages, which indicates deficits in redox regulation.
There was no significant difference in the GSH/GSSG ratios of MO and Mox phenotypes in
Nrf2 KO macrophages (Fig. S7TA-C).

In addition to upholding the redox status, Mox-specific genes may have important functions
to protect cells from dying in oxidatively damaged tissue. In support of this hypothesis, we
show that Nrf2-dependent gene regulation is essential for survival of macrophages.
Treatment of Nrf2 deficient macrophages with oxidized phospholipids resulted in increased
cell death, while wild type macrophages were protected (Fig. S7D).

Mox represent a distinct subpopulation of macrophages in murine aortic atherosclerotic

lesions

Immunohistochemistry of lesion macrophages showed that HO-1 expressing macrophages
(Fig. 6A) clearly represent a distinct phenotype, since they neither co-localized with iNOS
expressing (M1) nor Arg-1 expressing (M2) macrophages (Fig. 6B, C). Combination
staining using HO-1, Srdxn1 and Txdnl showed that all three Mox markers co-localized
within atherosclerotic lesions in mice (Fig. 6D). These data clearly demonstrate that the Mox
phenotype is distinguishable from M1 and M2 macrophages.

To analyse the relative abundance of the various macrophage phenotypes in established
lesions, we used aortas from LDLR—/— mice that had been fed an atherogenic diet for 30
weeks. Lesion macrophages were analyzed by FACS and live CD45™ cells were gated on
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F4/80* and CD11b™. For phenotypic characterisation, we used the costimulatory molecule
CD86 for M1, the mannose receptor CD206 for M2, and HO-1 for Mox (Online Figure VIII
A-G). Of the F4/80" CD11b* macrophage population, 34.4% + 3.53 represented the Mox
phenotype, 21.8% + 2.40 were M2 and 39.2% + 1.90 were of the M1 phenotype (Fig. 6F).
While, as expected, there was some overlap between phenotypes, 65.9% * 2.49 of the Mox
macrophages did not express either of the classical M1 or M2 markers. In all of the aortas,
less than 12% of the HO-1* cells were also positive for another marker (9.6% + 1.09 were
also positive for CD86 and only 2.3% + 0.35 for CD206). Moreover, HO-1 positive cells
showed a significant overlap with thrombospondin-1, another Mox marker (Online Figure
VI H).

Including CD11c in our analysis (Online Figure 1X) did not result in a significant change in
the proportion of M1, M2 and Mox subpopulations. Consistent with previously published
studies, CD11c* cells represent a small fraction of the CD45* cells present in the murine
aorta25, some of which are CD11b*. Analysis of the general population of CD45* CD11c*
cells (which includes F4/80* CD11b* cells) revealed that less than 2% of these cells were
HO-1 positive. Therefore, while we cannot exclude the possibility that a subset of CD11c¢*
HO-1* cells exists, in the current data set it appears that HO-1 is predominantly found on
F4/80* CD11b* CD11c™ macrophages. In contrast, approximately 5% of the CD11c* cells
are CD206™ and 55% appear to be CD86 positive (Online Figures IX and X).

These results demonstrate HO-1 clearly distinguishes Mox from M1 or M2 phenotypes and
thus can be used as a reliable marker. Our data also indicate that upon encountering an
oxidized lipid-rich microenvironment such as present in atherosclerotic lesions,
macrophages polarize into the Mox phenotype in vivo.

Discussion

Atherosclerotic vascular complications are major causes of morbidity and mortality
worldwide. Several lines of evidence support a central role for macrophage-mediated
inflammation in the pathogenesis of atherosclerosis. The local environment in chronically
inflamed tissues regulates macrophage phenotypic polarization, and both M1 and M2
macrophages have been shown to be present in fatty streak lesions. However, the
endogenous factors that induce macrophage phenotypic polarization in oxidatively damaged
tissue are poorly understood. We demonstrate here that oxidized phospholipids that
accumulate in atherosclerotic lesions produce a novel macrophage phenotype (Mox) that
demonstrates strikingly different gene expression patterns and biological functions
compared to conventional M1 or M2 phenotypes. We identify several Mox marker genes,
whose expression is largely mediated by the redox-sensitive transcription factor Nrf2.
Furthermore, we demonstrate that Mox are formed in vivo and comprise approximately 30%
of all CD11b* cells in established atherosclerotic lesions in mice.

Chemotactic and phagocytic capacity of Mox

The local microenvironment in atherosclerotic lesions determines a monocyte/macrophage-
specific inflammatory response, characteristic of chronic inflammation. We found that the
monocyte chemotactic activity in Mox supernatants was slightly increased compared to
untreated control (M0) macrophages, although it was significantly lower than in M1 or M2
supernatants. It has been previously shown that the M2 macrophage activator IL-4 as well as
several M1 mediators, including IL-12, trigger inflammation and macrophage accumulation
in atherosclerotic lesions2. Mox also showed a pro-inflammatory phenotype, as evidenced
by several upregulated pro-inflammatory genes, including COX-2 and IL-1p, although to a
significantly lesser extent than in M1 macrophages. Our data suggest that a
microenvironment enriched in oxidized phospholipids leads to the formation of the Mox
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phenotype and perpetuates the chronic inflammatory response by further attracting cells of
the monocyte/macrophage lineage, consistent with “low grade” inflammation that has been
reported in chronically inflamed tisues. In support of this hypothesis, we have recently
shown that oxidized phospholipids specifically induce macrophage accumulation in a mouse
model of inflammation 17,

Decreased capacity of macrophages to clear cell debris and apoptotic cells will result in
accumulation of tissue-damaging material, exacerbating inflammation 27. IL-4 is known to
increase scavenger receptor expression by macrophages?8, facilitating their uptake of
apoptotic cells 2. Interestingly, Mox macrophages demonstrated decreased phagocytotic
capacity, when compared to M1 or M2 macrophages. We have reported previously that in
the context of bacterial infection, decrease of phagocytotic capacity by oxidized
phospholipids is detrimental to an adequate host response 30. The inhibited phagocytotic
capacity of Mox macrophages may significantly contribute to ongoing tissue damage and
pro-inflammatory state which would contribute to progression and/or destabilization of
atherosclerotic lesions 31,

Nrf2 mediates Mox phenotypic polarization and controls redox status

While the NF«B signaling pathway plays an essential role in M1 polarization, activation of
PPARYy is critically involved in macrophage polarization to the M2 phenotype. The
significance of the protective M2 phenotype is underlined by the fact that selective deletion
of PPARYy in macrophages exacerbates atherosclerosis 32734, Here we show that the redox-
sensitive transcription factor Nrf2 is a key mediator of macrophage polarization to the Mox
phenotype by oxidized phospholipids. Interestingly, negative crosstalk between both Nrf2
and PPARy and the NFxB pathway has been reported 3°.

In response to oxidative stress, Nrf2 escapes ubiniquitinization by dissociating from its
negative regulator Keapl (Kelch-like ECH-associated protein 1), translocates to the nucleus
and activates the genes involved in synthesis of antioxidant enzymes36 such as heme
oxygenese (HO-1), glutamate-cysteine ligase, modifier subunit (GCLM), glutathione S-
transferase (GST) and thioredoxin reductase 1 (Txnrd1) 37, all of which we have identified
as specific Mox marker genes. These genes carry a special Nrf2 binding site, called the
antioxidant response element (ARE), in their promoter region 38, Nrf2 itself contains an
ARE in its promoter, however, its expression was not induced by OxPAPC within 4 hours of
stimulation (not shown). Although Nrf2 expression was slightly upregulated after 18 hours,
these data indicate that Nrf2 is not transcriptionally regulated by OxPAPC at early
timepoints. However, we and others have shown previously that Nrf2 nuclear translocation
is induced by oxidized phospholipids 39 40, Nrf2 is activated by redox sensing either
directly or via Keap1 4L. In addition, it has been shown that PKC can activate Nrf2 38, Our
data clearly demonstrate a requirement for oxidative modification of phospholipids and the
presence of specific functional groups for activation of Nrf2-dependent gene expression.
Cyclopentenones induce nuclear translocation of Nrf2 by covalently binding to Keap-1 23.
The fact that the effects of OXPAPC on Nrf2-dependent gene expression can be mimicked
by 15d-PGJ2 indicates a role for cyclopentenones present in OXPAPC (such as PECPC).
PGPC, on the other hand, has been shown to induce PKC-dependent signalling 42,

Control of redox status in macrophages by Nrf2 may be important in regulation of various
cellular functions that potently influence tissue homeostasis and inflammation 3%. Defective
redox regulation, due to non-functional or deficient Nrf2, may lead to exacerbated cell
death, as seen in chronically inflamed tissue. In atherosclerotic lesions, where cells are
constantly exposed to high levels of oxidative stress, macrophages survive for surprisingly
long periods of time, despite the toxic environment, implying the upregulation of specific
survival mechanisms. The Nrf2 target gene HO-1 was shown to be an important survival
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factor due to its anti-apoptotic and anti-inflammatory effects. HO-1, which we identified as a
specific Mox marker, can be induced by a variety of stimuli, including lipid mediators 41+ 43:
44-46, 47 and was previously shown to be expressed in atherosclerotic plaques #8. We found
that protection against cell death in Mox was diminished by absence of Nrf2 or inhibition of
HO-1 enzymatic activity by tin protoporphyrin (SnPP) (data not shown). The importance of
redox regulation in macrophages in atherosclerosis as it relates to survival in an environment
of high oxidative stress has been the center of numerous investigations as reviewed
previously 49,

A large body of evidence demonstrates that failure of expression of Nrf2 leads to various
diseases related to oxidative stress, inflammation and xenobiotic metabolism in mice 5058,
Moreover, functional single nucleotide polymorphisms (SNPs) have been detected in Nrf2
that are associated with oxidant-induced acute lung injury and gastric mucosal inflammation
in humans 59 60, 61 Based on these findings, one would expect a protective role of Nrf2 in
atherogenesis. Surprisingly, a recent study has shown that Nrf2~/~ mice were protected
against diet-induced atherosclerosis 2. Whether Nrf2-mediated formation of the Mox
macrophage phenotype contributes to the initiation and/or progression of atherosclerotic
lesion formation remains to be shown.

Mox develop in vivo in established murine atherosclerotic lesions

It was proposed that the relative abundance of different polarization types of macrophages in
the tissue may change dynamically via recruitment of polarized monocytes from the blood
and/or through the effects of local factors on macrophages in the tissues 19. In support of the
first hypothesis, a recent study suggests that circulating monocytes can be primed for M2
polarization by PPARYy activation °. Based on our in vitro data demonstrating that the
phenotypes can be switched depending on the stimulus present in the culture medium, we
hypothesized that in vivo macrophages would have to encounter an oxidized lipid-enriched
microenvironment in order to upregulate Mox marker genes. In support of this hypothesis
we have previously shown that injection of OXPAPC into the murine air-pouch resulted in
accumulation of HO-1-positive macrophages in the air-pouch tissue 17 and i.p. injection of
OXPAPC resulted in upregulation of HO-1 gene expression in peritoneal cells (not shown).
Moreover, topical application of OXPAPC to murine carotid arteries induced gene
expression in vascular cells 62 and Nrf2 activation in endothelial cells 4. Our analysis of
established murine aortic lesions shows that about 30% of all CD11b+,CD11c* cells were of
the Mox phenotype, as evidenced by HO-1 expression. M1 (CD86M9M) and M2 (CD206*)
macrophages comprised about 40% and 20% of CD11b+,CD11c* cells, respectively.
Strikingly, there was little overlap between the different phenotypes (~3% with M2 and
~10% with M1), indicating that in established lesions different polarized phenotypes exist,
and probably are confined to specific regions within the plaque. Our results using
immunohistochemistry show that HO-1 positive macrophages (as determined by CD68
positivity) neither co-localized with M1 (stained with iNOS) nor with M2 (Arg-1)
macrophages in the lesions, clearly demonstrating distinct cells. Moreover, three identified
Mox markers, HO-1, Srdx1 and Trdx1, co-localized in the lesions, indicating that the Mox
phenotype can be characterized by these markers.

Interestingly, the presence of HO-1 expressing macrophages in human atherosclerotic
plaques has been reported 64, Oxidative stress can be generated in macrophages by a variety
of compounds. Hemoglobin may be the primary inducer of HO-1 at sites of intraplaque
hemorrhage, as previously reported 64 65 Thus, it is very likely that a combination or even
the sum of oxidative stress-inducing agents contribute to the formation of the Mox
phenotype. In this study we used oxidized phospholipids as model compounds which are
abundantly present in atherosclerotic lesions. Together our findings strongly indicate that
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macrophage phenotypic switching occurs in the tissue after contact with oxidized
phospholipids or other oxidative stress-inducing factors.

In summary, our data demonstrate that oxidized phospholipids, which are abundant in
atherosclerotic lesions, induce formation of a novel macrophage phenotype (Mox) that is
characterised by Nrf2-dependent gene expression and may significantly contribute to
pathologic processes in atherosclerotic vessels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

BMDM
PAPC
POVPC
PGPC
HO-1
Srxn-1
Txnrd-1
GCLM
GST
GSR-1
OxPAPC
DMPC
Thsp
Dusp
VEGF
15dPGJ,
LPS

IL

GSH
GSSG
lysoPC
Nrf2

bone marrow-derived macrophages
1-palmitoyl-2-arachidonoyl-sn-3- phosphorylcholine
1-palmitoyl-2-oxovaleroyl-sn-3- phosphorylcholine
1-palmitoyl-2-glutaroyl-sn-3- phosphorylcholine
heme oxygenese-1

sulforedoxin-1

thioredoxin reductase-1

glutamate-cysteine ligase, modifier subunit
glutathione S-transferase

glutathione reductase-1

oxidized PAPC
1,2-dimyristoyl-sn-3-phosphorylcholine
thrombospondin

dual specificity phosphatase

vascular endothelial growth factor
15-deoxy-deltal?:14 prostaglandin J,
lipopolisaccharide

interleukin

glutathione

oxidized glutathione

lysophosphatidylcholine

nuclear factor erythroid 2-like 2 (NFE2L2)
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Figure 1. Mox macrophages represent a functionally distinct phenotype

Bone marrow-derived macrophages were polarized with either 10U/ml IFNy plus 1pg/ml
LPS (M1) or 10ng/ml IL-4 (M2), 50ug/ml OXPAPC (Mox) or medium only (MO0) for 18
hours. Cells were stained with an anti-tubulin antibody and analyzed by epifluorescence
microscopy (A), bar indicates 20um. (B) Migration of THP-1 cells to supernatants from
macrophages treated as indicated, n=2. (C) Phagocytosis of carboxylate beads (left) and
apoptotic murine thymocytes (right) by bone marrow-derived macrophages treated for 8 hrs

as indicated, n=2.
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MO M1 M2 Mox

Figure 2. Oxidized phospholipids induce a unique gene expression pattern

Bone marrow-derived macrophages were stimulated with 10U/ml IFNy plus 1pg/ml LPS
(M1), 10ng/ml IL-4 (M2), 50pg/ml OXPAPC (Mox), or medium only (MO0), for 3 hours. (A)
Affimetrix gene array analysis and subsequent heat map generation identify unique
clustering patterns for each macrophage phenotype. (B) Differentially upregulated genes
were identified by selecting for the top 5% of total genes exhibiting greater than 1.5-fold
induction. A Venn-diagram of overlapping genes is shown, which represents intersections of
probe set IDs. Numbers represent total probe sets including duplicate gene titles as present
on the array (refer to supplemental tables).
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Figure 3. Confirmation of genes upregulated by OxPAPC
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Bone marrow-derived macrophages were stimulated with 10U/ml IFNy and 1ug/ml LPS
(M1), 10ng/ml 1L-4 (M2), indicated concentrations of OXPAPC (Mox) or medium only (co).
RNA was isolated after 3 hours of stimulation, and reverse transcribed. RT-PCR was
performed and expression of iNOS and arginase 1 (A), HO-1 (B) or VEGF (D) was
performed. n=4, results are shown as mean average +SD. p<0.05. For flow cytometric
analysis (C), cells were stimulated with 10U/ml IFNy and 1pg/ml LPS (M1), 10ng/ml IL-4
(M2), OXPAPC (Mox), medium only (co) or with IL-10 as positive control for 18 hours.
Macrophages were fixed and stained for HO-1 using an Alexa-488 labeled rabbit anti HO-1

antibody.
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Figure 4. Oxidized phospholipids skew macrophage phenotypes toward Mox

Bone marrow-derived macrophages were polarized with either 10U/ml IFNy and 1pg/ml
LPS (M1) or 10ng/ml IL-4 (M2), or control medium only (MO) followed stimulation with
either 10 pg/ml PAPC or indicated doses of OXPAPC. RNA was isolated after 3 hours, and
gene expression was analyzed using RT-PCR. Typical M1-gene expression (A), as well as
arginase-1 expression, a marker for M2 (B) was significantly reduced when stimulated with
OXPAPC. HO-1 expression was significantly induced in MO, M1, and M2 macrophages,
when stimulated with OXPAPC (C). n=4, results are shown as mean average +SD, fold over
MO; *p<0.05.
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Figure 5. Oxidized phospholipids induce redox-regulating genes via Nrf2

Bone marrow derived macrophages from either C57BL6/J mice (wild type) or Nrf2 deficient
mice were stimulated with either 10U/ml IFNy and 1ug/ml LPS (M1) or 10ng/ml IL-4 (M2),
or control medium only (co). RNA was isolated after 3 hours, expression of heme-
oxygenase 1 (HO-1, A), Sulfiredoxin 1 (Srxnl, B), or Thioredoxin reductase 1 (Txnrd1, C)
was analysed by RT-PCR.
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Figure 6. Immunocytochemistry and FACS analysis of mouse atherosclerotic plaques
demonstrate that phenotypic markers for Mox are distinctly different from phenotypic markers
for M1 and M2

In A, nuclei (blue; DAPI) is co-stained with the Mox marker HO-1 (green; Alexa 488) and

the pan-macrophage marker CD68 (red; Alexa 594); in B, nuclei are co-stained with HO-1
(green; Alexa 488) and the M2 phenotypic marker Arg-1 (red); in C, nuclei is co-stained
with HO-1 (green; Alexa 488) and the M1 phenotypic marker iNOS (red; Alexa 594). In D,
three different Mox phenotypic markers are co-stained (Txnrd1 (green; Alexa 488), HO-1
(magenta; Alexa 405), and Srnx1 (red; Alexa 594)). Control images in E are the secondary
antibodies alone. Scale bar in A is 30 um for A-C, 25 um for D, and 50 um for E; *
represents the lumen of the vessel in each image. (F) LDLR—/— mice were fed a Western
diet for 30 weeks, after which the aortas were harvested for flow cytometry. Tissues were
digested with an enzymatic cocktail and the resulting aortic cell suspensions were stained
with antibodies against CD11b, CD11c, CD45, CD86, CD206, HO-1 and a viability dye.
Data are represented as percentages of total CD11b+/CD11c+ aortic cells. Macrophage
subtypes were defined as M1: CD86+, M2: CD206+, Mox: HO-1+, Mox/M1: CD86+
HO-1+ and Mox/M2: CD206+ HO-1+. Each point represents a single animal.
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