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An imbalance between specialized pro-resolving
lipid mediators and pro-inflammatory leukotrienes
promotes instability of atherosclerotic plagues
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Chronic unresolved inflammation plays a causal role in the development of advanced
atherosclerosis, but the mechanisms that prevent resolution in atherosclerosis remain
unclear. Here, we use targeted mass spectrometry to identify specialized pro-resolving lipid
mediators (SPM) in histologically-defined stable and vulnerable regions of human carotid
atherosclerotic plagues. The levels of SPMs, particularly resolvin D1 (RvD1), and the ratio of
SPMs to pro-inflammatory leukotriene B, (LTB,), are significantly decreased in the vulnerable
regions. SPMs are also decreased in advanced plaques of fat-fed Ldlr—/~ mice. Adminis-
tration of RvD1 to these mice during plaque progression restores the RvD1:LTB, ratio to that of
less advanced lesions and promotes plaque stability, including decreased lesional oxidative
stress and necrosis, improved lesional efferocytosis, and thicker fibrous caps. These findings
provide molecular support for the concept that defective inflammation resolution contributes
to the formation of clinically dangerous plaques and offer a mechanistic rationale for SPM
therapy to promote plaque stability.

TDepartment of Anesthesiology, Perioperative and Pain Medicine, Departments of Medicine, Pathology & Cell Biology, and Physiology, Columbia University
Medical Center, 630 West 168th Street, New York, New York 10032, USA. 2 The Department of Molecular and Cellular Physiology, Center for Cardiovascular
Sciences, Albany Medical College, 47 New Scotland Avenue, Albany, New York 12208, USA. 3 Department of Anesthesiology, Perioperative and Pain
Medicine, The Center for Experimental Therapeutics and Reperfusion Injury, Brigham and Women's Hospital and Harvard Medical School, Boston,
Massachusetts 02115, USA. 4 Division of Vascular Surgery, Department of Cardiothoracic and Vascular Surgery, University Medical Center of the Johannes
Gutenberg University, Langenbeckstraie 1, Mainz D-55131, Germany. > Department of Neurosurgery, Columbia University Medical Center, New York, New
York 10032, USA. © The Department of Pathology, Albany Medical College, 47 New Scotland Avenue, Albany, New York 12208, USA. / Department of
Anesthesiology, Columbia University Medical Center, New York, New York 10032, USA. * These authors contributed equally to this work. Correspondence and
requests for materials should be addressed to M.S. (email: mspite@bwh.harvard.edu) or to I.T. (email: iatl@columbia.edu).

NATURE COMMUNICATIONS | 7:12859 | DOI: 10.1038/ncomms12859 | www.nature.com/naturecommunications


https://core.ac.uk/display/161455369?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:mspite@bwh.harvard.edu
mailto:iat1@columbia.edu
http://www.nature.com/naturecommunications

ARTICLE

hronic unresolved inflammation contributes to the devel-

opment of advanced atherosclerosis!™. However, the

mechanisms that prevent resolution of inflammation in
atherosclerosis are poorly understood. Specialized pro-resolving
mediators (SPMs) represent a key family of resolution effectors
that include arachidonic acid (AA)-derived lipoxins like LXA,
and docosahexaenoic acid (DHA)-derived resolvins like RvD1
(ref. 5). SPMs are autacoids, which by definition suggests that
local tissue microenvironments play important roles in the
production and function of these mediators’. In this regard, the
balance of pro-inflammatory mediators and SPMs during acute
inflammation regulates the duration of the inflammatory
response and the timing of tissue resolution, for example, by
promoting apoptosis and efferocytic clearance of inflammatory
cells and other processes that dampen inflammation and repair
collateral damage®’. An imbalance between these two classes of
mediators has been linked to a number of diverse chronic
inflammatory diseases®1°,

In the case of atherosclerosis, major gaps remain in our
understanding of the mechanisms and relevance of defective
resolution. In humans, the subset of atherosclerotic plaques that
are most important are those that at risk for precipitating acute
atherothrombotic clinical events, including myocardial infarction,
unstable angina, sudden cardiac death and stroke!'l. These so-
called ‘vulnerable’ plaques have distinct features, including
heightened inflammation and oxidative stress (OS); prominent
areas of necrosis, which are composed of dead cells not efficiently
cleared by efferocytosis; and thinning of a protective layer of
collagen (‘fibrous cap’) that overlies the areas of necrosis in more
stable lesions>!12, These features are suggestive of defective
resolution, but the mechanisms of this defect in advanced
atherosclerosis, including whether a deficiency of SPMs is
involved, are not known.

A possible clue to mechanism comes from a previous
study showing that macrophages in advanced atherosclerotic
plaques have abundant nuclear 5-lipoxygenase (5-LOX)!,
The potential significance of this observation is that nuclear
5-LOX, because of its proximity to LTA, hydrolase, leads
to the conversion of AA to pro-inflammatory/pro-atherogenic
leukotrienes in macrophages'®!>. In contrast, non-nuclear
5-LOX, potentially because of its proximity to 12/15-LOX,
promotes the conversion of AA to pro-resolving LXA, or DHA
to RvD1 (ref. 16). Moreover, nuclear 5-LOX and the resultant
decrease in SPMs might trigger a ‘negative SPM feedback’ cycle,
because we recently showed that RvDl promotes nuclear
exclusion of 5-LOX, which suppresses LTB, and enhances
LXA, in macrophages'®. Thus, a decrease in SPMs may beget a
further decrease in SPM production by macrophages. However,
the critical issue as to whether SPMs and the SPM:leukotriene
balance are perturbed in advanced plaques is not known.

Here, we report that there is a significant imbalance between
5-LOX-derived SPMs, particularly RvD1, and leukotrienes, in
human vulnerable plaques compared with stable lesions. Similar
results were found in advanced murine atherosclerotic plaques,
and in this model we show that restoration of lesional RvDI
suppresses plaque progression. These findings provide critical
molecular support for the hypothesis that defective resolution
contributes to plaque progression and for the concept that SPM
‘restoration’ therapy could promote plaque stabilization.

Results

SPM and leukotriene imbalance in human vulnerable plaques.
Flash-frozen human plaques obtained from carotid endarter-
ectomy were dissected into ‘vulnerable’ and ‘stable’ regions based
on gross appearance (Fig. la left panel) and quantification of
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features of plaque vulnerability, such as fibrous cap thickness,
plaque necrosis, and OS (Fig. la right top and bottom panels,
Supplementary Fig. 1a) was carried out'”!8, Fibrous caps and
necrosis were assessed by histology, and OS was quantified by
mean fluorescence intensity after staining with dihydroethidium
(DHE), a fluorescent probe that detects superoxide in tissues.
Fibrous caps were significantly thicker in the regions that were
assigned to the stable group versus vulnerable group (Fig. 1a, top
right). Necrosis and DHE were higher in the regions that were
assigned to the vulnerable group versus stable group (Fig. la
bottom right panel and Supplementary Fig. 1la). Patient
characteristics are shown in Supplementary Table 1.

The vulnerable and stable regions were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) for
targeted lipid mediator analysis. The major SPMs detected were
those that require 5-LOX for biosynthesis, namely, LXA, and
RvD1, as depicted in the DHA and AA metabolomes in Fig. 1b,c.
The values are represented as pg of lipid mediators per gram of
tissue; the average weights of the specimens are shown in
Supplementary Table 2. Whereas the resolvin and maresin
biosynthetic intermediates 17- and 14-HDHA were significantly
higher in vulnerable compared with stable regions, RvD1 was
markedly decreased in the vulnerable regions. Interestingly, there
was a significant correlation between RvD1 and DHE levels
(Supplementary Fig. 1b), in which increased plaque reactive
oxygen species (ROS) correlated with decreased RvD1 levels. In
terms of AA-derived products, vulnerable regions contained
higher levels of 6-trans LTB, (P <0.05, t-test), the non-enzymatic
hydrolysis product of LTA,, and there was a trend for lower levels
of LXA, (Fig. 1c). When the two regions were compared for total
5-LOX-derived SPMs and for the ratio of these SPMs to LTB,,
vulnerable regions showed a striking decrease in both parameters
(Fig. 1d). To further interrogate these findings, we compared
vulnerable and stable regions from clinically defined symptomatic
or asymptomatic plaques for the above parameters. Total 5-LOX-
derived SPMs and the ratio of these SPMs to LTB, was lower in
the vulnerable regions compared with stable areas of the
symptomatic plaques (Supplementary Fig. 1c), whereas these
relationships between lipid mediators and plaque region were
not statistically significant in the asymptomatic plaques
(Supplementary Fig. 1d). The full MS/MS spectra of RvDI,
LXA, LTB, and LXB, identified in lesions are shown in
Supplementary Fig. 2a. This biochemical signature of inflamma-
tion-resolution imbalance has previously been linked to other
human inflammatory diseases®~'?. We also identified other SPMs
in lesions, including protectin D1 (PD1), 17R-RvD3 and LXBy;
the levels of these SPMs, as well as the COX products
prostaglandins E, and D,, were not different in vulnerable
versus stable plaques (Supplementary Fig. 2b,c; Tables 1 and 2).
RvEl and maresin 1 (MaR1) were not detected in these samples
(Tables 1 and 2). In contrast, 5-HEPE and 15-HEPE, which are
5-LOX and 15-LOX monohydroxy products of EPA, respectively,
were increased in vulnerable regions, with a trend in that
direction for COX-2-derived 18-HEPE (Supplementary Fig. 2d),
suggesting that 5-LOX, 15-LOX and COX-2 are active in
vulnerable plaques. Thus, 5-LOX-derived SPMs are much lower
in vulnerable versus stable regions of human atherosclerotic
plaques despite the fact that the cells in the vulnerable regions are
still bioactive.

)1

7-KC-induced OS suppresses RvD1 production. Because
vulnerable plaque regions had significantly more OS and
significantly less RvD1, we next asked whether OS could impair
RvD1 production as a possible mechanism of the decrease in
SPMs in vulnerable plaques. We incubated human macrophages
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Figure 1 | Human vulnerable atherosclerotic plaques have decreased 5-LOX SPM levels and a lower SPM:LT ratio than stable lesions. (a) Flash-frozen
human plaques were separated into vulnerable (V) and stable (S) regions (left panel), which were quantified for fibrous cap thickness:lesion area ratio (top
right panel) and percent plaque necrosis (bottom right panel). (t-test, **P < 0.01, n= 8 donors). (b) Quantification of key DHA-derived lipid mediators, with
their respective biosynthetic pathways indicated (LOX, lipoxygenase). (¢) Quantification of key AA-derived lipid mediators. (d) Comparison of 5-LOX-
derived SPMs (RvD1 and LXA,) and the SPM:LT ratio in vulnerable versus stable regions. For (b-d), t-test, *P<0.05, n=15 donors. (e) Quantification of
RvD1 by ELISA in human macrophages that were incubated for 5h with vehicle control, or 35 uM of 7KC, followed by Veh or 10 uM DHA, for an additional
40 min, and then the media were assayed for RvD1 with or without a 1h pre-incubation with 10 uM NAC. Data are shown as mean + s.e.m. (n =4 separate
donors). Statistical analysis was conducted using one-way ANOVA with the Kruskal-Wallis test and Dunn’s multiple comparison post-hoc analysis,
*P<0.05 of n=4 separate donors. (f) Quantification nuclear:non-nuclear 5-LOX ratio by confocal microscopy in macrophages incubated as in e, with two
additional groups, NAC alone and 7KC 4+ NAC. Images were acquired on a Leica confocal microscope, and nuclear:non-nuclear 5-LOX MFI was quantified
using Image J. Data are shown as mean  s.e.m. (n = 4 separate donors). Statistical analysis was conducted using one-way ANOVA with the Kruskal-Wallis
test with the Dunn’s multiple comparison post-hoc analysis, *P<0.05.
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Table 1 | Quantification of DHA-derived lipid mediators in
stable and vulnerable regions of human carotid
atherosclerotic plaques.
Lipid mediator Stable (pgg ! Vulnerable (pgg !
(mean £ s.e.m.)) (mean * s.e.m.))
DHA-derived
4-HDHA 163.9+64.6 831.7+457.3
7-HDHA 49.2+15.9 144.9 + 48.0*
17-HDHA 71.4+£10.4 129.5+19.1*
14-HDHA 3031+67.2 839.4 £ 280.3*
PD1 23%17 201+0.6
Mar1 ND ND
RvD1 10.3£15.6 42+27"
RvD2 ND ND
RvD3 ND ND
RvD4 ND ND
RvD5 ND ND
RvD6 ND ND
17R-RvD1 63.4+30.5 93.09+48.2
22-OH-PD1 ND ND
13-HDHA 100.7£17.4 223.8+60.2*
17R-RvD3 1.8+1.4 0.4+01
45,14S-diHDHA ND ND
A12-trans-MaR1 ND ND
7-epi,A12-trans-MaR1 21+£1.0 10.7 £ 2.5*
DHA, docosahexaenoic acid; ND, not detected.
*P<0.05 (paired analysis).

with a known inducer of OS found in human plaques,
7-ketocholesterol (7KC)!%2°, and confirmed that 7KC stimulated
OS in a manner that was suppressed by the anti-oxidant
N-acetylcysteine (NAC) (Supplementary Fig. 3a). Under the
conditions of this experiment, 7KC did not induce apoptosis in
the macrophages, as indicated by no increase in cleaved caspase-
3, which is a measure of caspase-3 activation (Supplementary
Fig. 3b). Using this model, we found that DHA-stimulated RvD1
production by human macrophages was suppressed by 7KC and
that this suppression was abrogated by co-treatment with NAC
(Fig. le). As one possible mechanism for this effect, we
considered that 7KC may increase the ratio of nuclear:non-
nuclear 5-LOX, which would decrease the production of RvD1
(ref. 16). Indeed, 7KC increased this ratio in a manner that was
abrogated by NAC (Fig. 1f).

To further probe mechanism, we considered our previous
finding that CaMKII promotes nuclear 5-LOX by activating
MAPKAPK2 (MK2)-mediated phosphorylation of Ser 271 on
5-LOX!®. In view of the data presented in the previous paragraph,
we were particularly interested in the finding by Anderson and
colleagues®!?? that, under OS conditions, oxidation of paired
methionine residues in the regulatory domain of CaMKII
(oxCaMKII) sustains the enzyme’s kinase activity in the
absence of Ca’*/calmodulin. In this regard, we found that
7KC increases oxCaMKII in human macrophages, and this
increase was abrogated by RvD1 (Supplementary Fig. 3c). We also
found that 7KC led to the phosphorylation of both MK2 and
5-LOX-Ser271 and that RvD1 significantly reduced both of these
endpoints (Supplementary Fig. 3d,e). To prove causation, we
showed that silencing of CaMKII in human macrophages
suppressed the ability of 7KC to stimulate 5-LOX nuclear
localization (Supplementary Fig. 3f,g). In addition, the ability of
RvD1 to decrease 7KC nuclear localization was not enhanced in
CaMKII-silenced cells, suggesting that RvD1 exerts its action in a
CaMKII-dependent manner. Lastly, we found that CaMKII
silencing prevented the 7KC-mediated decrease of conversion of
DHA to RvD1 (Supplementary Fig. 3h). Note that 7KC

4

Table 2 | Quantification of AA- and eicosapentaenoic acid-
derived lipid mediators in stable and vulnerable regions of
human carotid atherosclerotic plaques.
Lipid mediator Stable (pgg ! Vulnerable (pgg !
(mean t s.e.m.)) (mean t s.e.m.))
AA-derived
5-HETE 1,660 £309.5 4,389 11,490
12-HETE 3,782+817.2 6,759 +1,959
15-HETE 1,571+£2279 1,894 +£326.3
5,15-diHETE 21.2+5.7 429117
PGD, 164.8+425 335.81+192.7
PGE, 3943+96.5 397.8+125.5
PGFyy ND ND
15R-LXA,4 1,453 £703.1 943+379.4
LTB4 596.3 113311 810.51+184.8
Eicosapentaenoic acid-derived
5-HEPE 107.2+18.1 294.6 £ 69.6*
12-HEPE 411.4 £127.8 1,449 + 685.7
15-HEPE 161+ 46.9 485.2 +£158.4*
18-HEPE 2341+ 64.8 1,120 £ 530
RVE1 ND ND
RvE2 ND ND
RVE3 ND ND
55,15S-diHEPE ND ND
LXAs ND ND
PGE3 ND ND
AA, arachidonic acid; ND, not detected.
*P<0.05 (paired analysis).

stimulation did not upregulate eicosanoid oxidoreductase, an
enzyme known to metabolize RvD1, which is consistent with
concept that the decrease in RvD1 by 7KC is primarily due to a
production defect rather than enzymatic inactivation
(Supplementary Fig. 4a). In summary, one mechanism of
decreased SPMs in advanced lesions could be decreased SPM
synthesis by macrophages via ROS-mediated activation of the
CaMKII-nuclear 5-LOX pathway.

Atheroprogression is associated with a decrease in lesional RvD1.
To determine whether the findings with human plaques might be
amenable to further experimentation in an animal model, we
conducted targeted LC-MS/MS analysis of aortic arch and
brachiocephalic artery (BCA) lesions of Ldlr—/~ mice fed a
Western-type diet (WD) for 8 weeks (early lesions) or 17 weeks
(advanced lesions). Similar to human vulnerable plaques,
advanced murine plaques had significantly larger necrotic areas
and more lesional OS compared with early lesions (Fig. 2a). We
identified SPMs (RvDI1, 17R-RvDl1, 15R-LXA, and PDI),
SPM biosynthetic pathway markers (for example, 17-HDHA,
18-HEPE, 4-HDHA), and several pro-inflammatory lipid
mediators, including LTB, and prostaglandins (PGE,, PGD, and
PGF,,) (Fig. 2b; Supplementary Table 3). Using Metaboanalyst
software (see ‘Methods’ section), we found that several of these
lipid mediators were significantly different in early versus
advanced lesions (Fig. 2b). Among these changes, RvD1 emerged
as being the most highly significantly changed mediator. To gain
an appreciation for the magnitude and direction of these changes,
we plotted the data as shown in Fig. 2¢; red dots indicate those
mediators above the twofold threshold that were significantly
increased in advanced lesions, whereas red dots below the
threshold were considered significantly decreased mediators in
advanced lesions. The blue dots indicate mediators that were
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Figure 2 | Advanced aortic root plaques of WD-fed Ldlr ~/ ~ mice exhibit
an imbalance in 5-LOX-derived SPMs and LTs compared with earlier
stage lesions. (a) Aortic root lesions from Ldlr =/~ mice fed the WD for 8
weeks (Early) or 17 weeks (Advanced) were quantified for necrotic area and
mean fluorescence intensity after DHE staining (data are shown as

mean  s.e.m., t-test, ***P<0.001, n=7 for early lesions and n=11 for
advanced plaques). (b,c) Analysis of lipid mediators in advanced versus
early atherosclerotic plaques. Red dots indicate mediators that both
reached statistical difference by Student's t-test ( — log;o of the P-value)
and changed by at least twofold (log,); blue dots indicate mediators that
met only one of these criteria; and black dots represent lipid mediators that
met neither of these criteria. For b and ¢, n=28 for early lesions and n=11
for advanced lesions.

either significantly changed or changed by more than twofold,
whereas the mediators indicated by black dots did not meet either
criterion. The data show a striking ~ 87-fold significant decrease
in RvD1 in advanced versus early lesions. Other SPMs, such as
17R-RvD1, PD1 and LXB,, were also decreased in advanced
lesions, although to a lesser extent than RvD1. In contrast, early
and advanced lesions had similar amounts of LTB, (Fig. 2c).
Importantly, the levels of 15-PGDH were not different between
Veh or RvDl-administered mice (Supplementary Fig. 4b),
suggesting that the decrease of RvD1 in advanced plaques may be

due to a production defect. Together, these data indicate that
the progression of atherosclerosis in WD-fed Ldlr —/~ mice is
associated with a marked decrease in RvD1, while pro-inflam-
matory LTB, levels are maintained. These findings are quantita-
tively similar to those found in the comparison of vulnerable
versus stable regions of human plaques.

Administration of RvD1 suppresses plaque progression.
Because RvD1:LTB, ratio was reduced in advanced plaques, we
next questioned whether we could ‘restore’ this ratio to the early
lesional level by RvD1 administration to the mice and, if so,
suppress advanced plaque progression. For these experiments,
Ldlr—/~ mice were fed the WD for either 8 weeks (early lesions)
or 17 weeks (advanced lesions), with vehicle control or 100 ng
RvD1/mouse (3 x /wk i.p.) administered during the last 5 weeks
of the advanced lesion cohorts. As expected, RvD1 administration
increased lesional RvD1 levels (Fig. 3a, left panel). Importantly,
the absolute level of RvD1 (40.6+12.2pgg ') was not supra-
physiologic, as the level in early lesions was 152.9+23.6pgg .
Moreover, LTB, levels in lesions were significantly decreased by
RvD1 administration (Fig. 3a, middle panel), which is consistent
with our previous finding that RvD1 lowers LTB, in macroghages
by increasing the ratio of non-nuclear:nuclear 5-LOX!°. The
overall net effect was that RvD1 treatment restored the advanced
lesional ratio of RvD1:LTB, to that of early lesions (Fig. 3a right
panel). Moreover, other SPMs and pathway markers of SPM
biosynthesis, including PD1, 17-HDHA, 15-HETE and MaR1
(ref. 23) were increased by RvD1 (Supplementary Fig. 5a;
Supplementary Table 3). In contrast, the COX products PGE,,
PGD, and PGF,, were not affected by RvDI treatment
(Supplementary Fig. 5b; Supplementary Table 3). Monohydroxy
products of 5-LOX, including 5-HETE, 5-HEPE, 4-HDHA and
7-HDHA, were also detected and quantified (Supplementary
Fig. 5¢; Supplementary Table 3). The increase of 4-HDHA and
the lack of suppression of the other monohydroxy 5-LOX
products suggest that RvD1 does not act as a 5-LOX inhibitor. In
summary, restoring RvD1 during the time period when earlier
lesions are progressing to advanced lesions reestablishes the
balance of SPM to pro-inflammatory leukotrienes.

On the basis of our previous data linking oxidative activation of
CaMKII to an increase in nuclear 5-LOX and a decrease in the
SPM:leukotriene ratio in cultured macrophages, we probed
0xCaMKII in the early versus advanced murine lesions, including
advanced lesions from mice subjected to RvD1 restoration. We
observed that advanced lesions had significantly more immunor-
eactive oxCaMKII compared with early lesions and that RvD1
restoration significantly decreased lesional oxCaMKII in these
lesions (Fig. 3b). Moreover, using confocal immunofluorescence
microscopy, we observed that RvDI1 restoration decreased the
nuclear:non-nuclear 5-LOX ratio in advanced lesional macro-
phages (Fig. 3c; Supplementary Fig. 6). These combined data
provide correlative in vivo support for the hypothesis that
oxidative activation of CaMKII in advanced lesional macrophages
contributes to an imbalance of 5-LOX-derived resolving versus
inflammatory lipid mediators in a manner that can be prevented
by RvD1 restoration.

Having achieved the goal of restoring RvDI:leukotriene
balance in advanced lesions, we then analyzed the mice for basic
metabolic parameters and, most importantly, for hallmarks of
advanced plaque progression that are associated with vulnerable
plaques in humans'!. RvD1 had no effect on body weight, plasma
cholesterol, plasma insulin or plasma MCP-1 levels (Supple-
mentary Fig. 7a-d). As expected, aortic root plaques of the
vehicle-treated mice exhibited robust DHE and NOX2 staining,
indicative of OS (Fig. 4a, top image and white bar), and large
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Figure 3 | Administration of RvD1 to WD-fed Ldlr—/ ~ mice with established atherosclerosis restores lipid medicator balance. (a) Quantification of
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administered vehicle control (Veh) or 100 ng RvD1/mouse (3 x /week i.p.) during weeks 12-17; the ratio data in 3a right panel are also shown for mice fed
the WD for 8 weeks (Early lesions). For a, data are shown as mean + s.e.m., one-way ANOVA with Fisher's least significant difference post-hoc analysis,
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advanced lesions/Veh group, and n=10 for advanced lesions/RvD1 group. Scale bar, 100 um. (¢) Representative confocal immunofluorescence images and
quantification of 5-LOX localization in aortic lesional macrophages of 17-week WD-fed Ldlr =/~ mice given vehicle control (Veh) or RvD1 during weeks
12-17. Macrophage F4/80 is red, 5-LOX is green, and Hoechst (nuclei) is blue. Arrows indicate nuclear region. In these images, nuclear 5-LOX appears as
blotchy light blue staining within the dark blue Hoechst-stained nuclei. The quantitative data are shown as mean *s.e.m,, t-test, *P<0.05, n=11 for Veh
group and n=10 for RvD1 group. Scale bar, 5pum.

necrotic cores (Fig. 4b, left image and white bar of graph). We
found that RvD1 markedly reduced both of these endpoints
(Fig. 4a,b, grey bars of graph). Defective clearance of apoptotic
cells (efferocytosis) in advanced plaques promotes plaque
necrosis>!%, and, in other settings, RvD1 has been shown to
enhance efferocytosis?®. By quantifying macrophage-associated
apoptotic cells versus free apoptotic cells in lesions as a measure
of efferocytosis®®, we found that RvD1 significantly enhanced

6

lesional efferocytosis (Fig. 4c; Supplementary Fig. 8a) without
affecting lesional apoptosis (Supplementary Fig. 8b). Another
hallmark of advanced plaques is thinning of the ‘protective’
fibrous collagenous cap that overlies necrotic areas®!!. While the
aortic root lesions of the vehicle-treated control group had
relatively thin fibrous caps, those in the RvD1 group had
significantly thicker fibrous caps (Fig. 5a). Note that RvD1 did not
affect lesional macrophage or smooth muscle cell content
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Figure 4 | Administration of RvD1 to mice with established atherosclerosis suppresses lesional ROS and necrosis and enhances efferocytosis. (a)
Representative images of DHE and quantification of immunoreactive NOX2 and DHE in aortic root lesions of 8-week and 17-week WD-fed Ldlr =/~ mice
given vehicle control (Veh) or RvD1 for weeks 12-17 (Fig. 3). Scale bar, 100 pm. Data are shown as mean £ s.e.m., one-way ANOVA with Tukey's multiple
comparison test, ***P<0.001 early lesions versus other groups. “"P<0.01 Veh versus RvD1 groups, n=38 for early lesions, n=11 for advanced lesions,
n=10 for advanced lesions/RvD1 group. (b) Representative images and quantification of lesional necrosis in the two cohorts of mice. Scale bar, 100 pm.
(c) Representative images and quantification of lesional efferocytosis, quantified as the ratio of TUNELY apoptotic cells (red) associated with lesional
macrophages (green) versus apoptotic cells not associated with macrophages (‘free’). Yellow indicates red/green overlap, and blue indicates DAPI-stained
nuclei. Scale bar, 5pum. Data are shown as mean £ s.e.m., t-test, *P<0.05, **P<0.01, n=11 for Veh group and n=10 for RvD1 group.

(Supplementary Fig. 7e,(f), indicating that its protective effects significantly reduced both endpoints (Fig. 5b,c). Together, these
were not being mediated by regulating the number of these cells results indicate that RvD1 restores the RvD1:LTB, balance in
in lesions. In this regard, advanced plaques exhibited robust advanced plaques and, in association with this effect, suppresses
staining of both collagenase and MMP9 (Fig. 5b,c), while RvD1  key hallmarks of plaque progression.
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Figure 5 | Administration of RvD1 to WD-fed Ldlr —/ — mice with
established atherosclerosis enhances fibrous caps and decreases
collagenase and MMP9. (a) Representative images and quantification of
collagen of 17-week WD-fed Ldlr =/~ mice given vehicle control (Veh) or
RvD1 for weeks 12-17 (Fig. 3). Scale bar, 100 um. (b,c) Representative
images and quantification of collagenase and MMP9. Scale bar, 100 pm.
Data are shown as mean * s.e.m., t-test, **P<0.01 and ***P<0.001, n=11
for Veh group and n=10 for RvD1 group.

Discussion
The findings of this study provide critical molecular support to
the concept that defective resolution of inflammation contributes
to atherosclerosis progression’>1>26, and they offer a new
framework to understand how this defect may develop.
Moreover, the finding that advanced plaque progression can be
suppressed by ‘normalizing’ resolution:inflammation imbalance
during a critical period of plaque transformation adds causative
support for the concept and provides a mechanistic underpinning
to recent studies showing the benefits of resolving mediator
therapy in atherosclerosis?’ 30

More than two decades ago, Serhan and colleagues®! found
that angioplasty increased the levels of certain leukotrienes and
lipoxins in human coronary arterial blood, suggesting that
coronary arterial cells could carry out lipid mediator
biosynthesis. Following that discovery, correlations were
reported for high levels of plasma leukotrienes and plaque
instability in humans®2. In this regard, the LTB, receptor BLT1 is
expressed by human lesional cells and triggers inflammatory
signalling pathways®. Leukotrienes promote chemotaxis of
inflammatory cells and enhance the production of other
pro-inflammatory mediators that, when in excess, can
exacerbate vascular disease®®. There have also been reports that
atherosclerotic disease in humans is correlated with low levels
of SPMs in the plasma, including aspirin-triggered LXA,
(refs 35,36).

8

The situation is more complex with 5-LOX, which can give rise
to either inflammatory or resolving mediators, and 12/15-LOX,
which can promote either SPM synthesis or pro-atherogenic
oxidation of LDL1263773% A possible determinant as to whether
these pathways promote or suppress plaque progression may be
the relative types of long-chain fatty acids in the diet, because
essential omega-6 fatty acids (for example, AA) can promote the
local synthesis of pro-inflammatory mediators, while omega-3
fatty acids can promote the local biosynthesis of pro-resolving
mediators®. In Apoe ~/~ mice, a high omega-3:0mega-6 ratio was
found to be associated with decreased atherosclerosis*’, although
whether this effect was caused by alterations in lipid mediators is
not known. In humans, individuals with a specific ALOX5 variant
who also ingested a diet rich in AA had increased carotid
atherosclerosis compared with individuals with non-variant
ALOX5, while those with the same mutation but who ingested
a diet rich in omega-3 fatty acids had less carotid atherosclerosis
compared with the control population?!. More recent work
indicated a trend between EPA and a 5-LOX variant in lowering
CVD risk (P=0.06)°. Further studies need to be carried out to
determine the functions of these SNPs and to reconcile the results
of a few clinical trials that failed to show a protective effect of
dietary fish oils*2. Other possible determinants of the balance of
5-LOX products include factors that affect the nuclear versus
non-nuclear location of 5-LOX, such as oxysterols/OS as
demonstrated here, and SPMs themselves, as recently published
by us'®. Other processes that can affect SPM production and that
could, in theory, play roles in atherosclerosis include cell-cell
communication and transcellular biosynthesis®; release of LX
precursors from cellular phospholipids*3; and action of 5-LOX
activating protein (FLAP), which may play a role in LX
production 4-47  Leukotriene Ay hydrolase (LTA4H) is also
emerging as an intriguing target for atherosclerosis, because
inhibition of this enzyme has been linked to the decrease of
leukotriene B, and the increase of lipoxins®>4448,

One of the most striking features of RvD1 administration was
its ability to increase the fibrous cap. In support of these findings,
RVEI increased collagen in the context of periodontal ligament
repair®® and 17R-RvD1 was shown to increase matrix synthesis in
a model of arthritis®®. On the other hand, RvD1 was found to
decrease cardiac collagen in the setting of myocardial infarction®!,
and there are several reports that suggest SPMs exert anti-fibrotic
actions®>®. Thus, the role of SPMs in fibrosis appears to be
context-specific, and factors that control its actions in collagen
synthesis versus degradation in advanced atherosclerosis
represents an important area for future investigation.

Exogenously administered SPMs have shown benefit in other
vascular settings, including injury-induced neointimal hyperpla-
sia and monocyte recruitment during early atherogenesis®®>%,
However, these settings are very different from the one examined
in this report—advanced atherosclerosis.  Furthermore,
mechanistic links represent a major gap in this area of research.
Given the importance of defective efferocytosis in necrotic core
formation and advanced plaque progression?, one key link likelgf
involves the beneficial effect of SPMs on efferocytosis™>>,
including that shown here for RvDI. Advanced plaques
also have elevated OS'®. In this context, we showed that
7-KC-induced OS in human macrophages lowered RvD1 levels
and that DHE fluorescence in human lesions, which is an
indicator of OS, showed a negative correlation with lesional
RvDI1. Pending more in-depth analysis of various ROS in the
atherosclerotic lesions investigated in this study, our combined
in vitro and in vivo data thus far suggest that OS may be one
mechanism leading to lower RvD1 levels in advanced lesions. It is
also possible that a deficiency in RvD1 exacerbates OS in
advanced atherosclerosis, which could then contribute to
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defective efferocytosis®®. In terms of therapeutic implications of
these concepts, we showed recently that treatment of WD-fed
Ldlr =/~ mice with plaque-targeted nanoparticles containing
Ac2-26, a bioactive peptide derived from the pro-resolving
protein called annexin Al, exhibited increased fibrous cap
thickness and decreased OS and necrosis compared with
control mice?’. Ac2-26 and RvDI, the mediator used here,
activate the same G-protein-coupled receptor called ALX/FPR2
(refs 24,57). Thus, stimulating pro-resolving signalling via
ALX/FPR2 may be a promising therapeutic strategy to prevent
vulnerable plaque formation.

In summary, we have shown that the levels of 5-LOX-derived
SPMs, particularly RvD1, are lower in human vulnerable versus
stable plaques and murine advanced versus early lesions and that
restoration of the RvD1:LTB, ratio in murine plaques protects
against advanced plaque progression. These findings add a critical
new molecular link to the concept that resolution of inflamma-
tion is defective in advanced atherosclerosis and provide
a rationale for developing ‘SPM-restoration’ therapy to help
prevent the clinical progression of atherosclerosis in humans.

Methods

Human carotid endarterectomy analysis. De-identified atherosclerotic plaques
from elective endarterectomy procedures were obtained with informed consent and
then immediately snap frozen in the operating room using liquid nitrogen.
Specimens were then dissected into ‘vulnerable’ and ‘stable’ regions based on gross
appearance. Gross necrotic regions were identified by dark brown regions and
were dissected from less necrotic regions of the same donor. For human plaque
histology, vulnerable and stable plaques from each donor were fixed using 10%
formalin overnight at room temperature (RT). Tissue was then washed with PBS
and decalcified using calcic-clear rapid solution (National Diagnostics) for 3 h at
RT. Human plaques were placed in biopsy cassettes, processed in a Leica tissue-
processing machine, and embedded in paraffin blocks. Sections were cut serially at
8-pm intervals and mounted on slides. Before staining, sections were deparaffinized
in xylene and rehydrated in graded series of ethanol. For plaque necrosis mea-
surements, the sections were stained with Harris’ hematoxylin and eosin (H&E).
Total lesional and necrotic areas were quantified using Image Pro Plus software.
Lesional collagen was stained with picrosirius red as per the manufacturer’s
instructions (PolySciences), and the ratio of fibrous cap thickness to total lesion
area was quantified with image processing software?”°%%. Dihydroethidium
bromide (DHE, Life Technologies) was used per manufacturer’s instructions,

and total plaque mean fluorescence intensity (MFI) was quantified using Image]J
software. Vulnerable and stable lesions from each donor were then subjected to
tandem mass spectrometry for lipid mediator analysis (see below for more details).
Lipid mediators were calculated as picogram per gram of frozen tissue. The
Columbia University IRB provided ethical approval for these studies and
procedures were conducted in accordance with an approved IRB protocol.

Human macrophage experiments. Buffy coats were purchased from the New
York Blood Donor Center, and peripheral blood mononuclear cells (PBMCs) were
isolated using Histopaque 1077 (Sigma). Briefly, buffy coat cells were carefully
loaded onto Histopaque 1077 and then spun at 1,500 r.p.m. for 30 min at room
temperature. The centrifuge was set to ‘no brake’ to preserve the separation of the
cells. PBMCs were collected and washed twice with PBS. Sixty million PBMCs were
plated on a 10-cm petri dish for 30 min to allow for monocyte adhesion. After
30 min, non-adherent cells were removed by rinsing with PBS, and the attached
cells were cultured with RMPI-1640 containing 10% FBS and 10 ngml ~! of
recombinant human GM-CSF for 7 days®. (Fresh GM-CSF-containing media
was supplemented on day 3). In some experiments, the macrophages (3 x 10
cells/treatment) were incubated with 35 uM of 7KC or vehicle control for 5h. The
macrophages were then analyzed for ROS using a CellROX probe (Invitrogen)
or fixed, permeabilized and stained with an antibody against cleaved caspase-3
(Cell Signaling). CellROX-stained images were acquired using a Bio-Rad Zoe
fluorescence microscope, and images were analyzed using Image]J software. Cleaved
caspase-3 was quantified by flow cytometry using FlowJo software. In other
experiments, the cells were sequentially incubated with 10 pM NAC for 1h and
then 35 uM of 7KC or vehicle for 5h, after which either 10 uM DHA or vehicle was
added for an additional 1h. The media were then collected and assayed for RvD1
by ELISA (Cayman Chemicals).

Macrophage 5-LOX localization. The ratio of nuclear to non-nuclear 5-LOX
mean florescence intensity (MFI) was quantified by confocal immunofluorescence
microscopy, as previously described!®. Briefly, macrophages (60,000 cells per well
in an 8-well coverslip) were fixed with 4% formalin for 15 min. After removal of the
formalin, the cells were incubated with 1:100 anti-5-LOX antibody (Abcam

#ab39347) in 1 x PermWash buffer (BD Biosciences) for 45 min and then with
1:200 goat-anti-rabbit IgG secondary antibody conjugated to Alexa 488 for 45 min.
After counterstaining with Hoechst, the cells were imaged on a Leica confocal
microscope. An average of 15-20 cells per treatment per donor were analyzed.

Immunoprecipitation. Human macrophages were incubated for 3 h with 35 pM
7KC, 10nM RvD1, 7KC + RvD1, or vehicle. For immunoprecipitation (i.p.)
experiments, incubations were stopped using liquid nitrogen, and the cells

were immediately collected in ip. buffer. SureBeads (Bio-rad, #1614013) were
conjugated to anti-CaMKII antibody (kind gift of Dr Harold Singer, Albany
Medical College) or control IgG according to the manufacturer’s instructions.
The beads (100 pl) were added to 300 pl cell lysate, and the mixture was incubated
overnight at 4 °C. The immunoprecipitates were collected by centrifugation

and subjected to 10% SDS gel electrophoresis. Membranes were probed with anti-
oxCaMKII at a 1:1,000 dilution (kind gift from Dr Mark E. Anderson, University of
Towa2261) followed by an anti-rabbit light chain IgG (Abcam, #ab99697, 1:4,000).

siRNA experiments. Human macrophages were incubated for 72h with 1 uM of
Accell human Camk2g siRNA SMARTpool (Dharmacon) or control siRNA
(Dharmacon) in RPMI 1640 media containing 1% FBS. To confirm knockdown,
cells were subjected to flow cytometry (below). The cells were then incubated for
5h with 35uM 7KC, 10 nM RvD1, 7KC + RvD1 (added at the same time), or
vehicle control. 5-LOX localization and RvD1 ELISA were carried out as above.

Flow cytometry. For signalling experiments, formalin-fixed human macrophages
(above) were incubated with either anti-pMK2 (Cell Signaling, 3007) or anti-p-5-
LOX-Ser271 (Cell Signaling, 3748) in 1 x permeabilization buffer (BD Biosciences)
for 45 min on ice. For siRNA knockdown confirmation, macrophages (above) were
fixed, then incubated with the CaMKIIy antibody from Genetex in 1 x permea-
bilization buffer for 1 h on ice. Excess antibody was removed, and the cells were
then incubated with goat-anti-rabbit IgG secondary antibody conjugated to Alexa
488 or Alexa 647 in 1 X permeabilization buffer for an additional 45 min on ice.
Flow cytometric analysis was carried out using a FACsCaliber flow cytometer and
FlowJo software.

Murine atherosclerotic lesion analysis. Eight to ten week-old male Ldlr —/~
mice on the C57BL/6] background were purchased from Jackson Laboratory (stock
#002207) and placed on a WD (TD.88137, Harlan Talked) for 8-17 weeks. After
12 weeks on the WD, some of the cohorts were injected i.p. three times per week
with 500 pl of sterile PBS (vehicle control) or RvD1 (100 ng/mouse) for an addi-
tional 5 weeks, while still on the WD. The Columbia University IACUC provided
ethical approval for these studies and procedures were conducted in accordance
with approved animal protocols. Necrotic core analysis was carried out on
H&E-stained lesional cross sections as previously described®?. Briefly, using light
microscopy and image analysis software, boundary lines were drawn around areas
lacking hematoxylin stained nuclei (acellular), and these areas were then quantified
using a 10,000 um? threshold to avoid including regions that did not represent
substantial areas of necrosis. Collagen staining was performed using picrosirius red
as per the manufacturer’s instructions (PolySciences) and analyzed as previously
described?”. All experiments were carried out in two separate cohorts each with
~ 5 mice/group/cohort.

Quantification of lipid mediators by metabololipidomics. Human endarter-
ectomy or mouse atherosclerotic lesion samples were immediately snap frozen and
stored at — 80°C. As described previously®?, frozen samples were weighed,
combined with 1 ml of ice-cold methanol containing deuterium-labeled internal
standards (ds-RvD2, d-LTBy, dg-5-HETE, d4-PGE, and ds-LXA,), homogenized,
and kept at — 20 °C for 45 min to allow protein precipitation. Samples were
centrifuged and supernatants were collected. Solid phase extraction was carried out
on an automated extraction system (RapidTrace, Biotage) using C18 extraction
cartridges. Following column conditioning with 3 ml of methanol followed by 6 ml
of H,0, acidified samples (pH = 3.5, HCI) were loaded onto the columns. Columns
were washed with 4ml of H,O followed by 5ml of hexane, and lipid mediators
were eluted with 9 ml of methyl formate. A steady stream of N, gas was used to
slowly concentrate the samples before complete re-suspension in methanol:water
(50:50). Samples were injected and analyzed by LC-MS/MS using a high
performance liquid chromatography system (HPLC; Shimadzu) coupled to a
QTrap 6500 or QTrap5500 mass spectrometer (AB Sciex) operating in negative
ionization mode using scheduled multiple reaction monitoring (MRM),
information-dependent acquisition and enhanced product ion-scanning. A
Poroshell column (100 mm x 4.6 mm X 2.7 um, Agilent) was kept in a column
oven maintained at 50 °C (ThermaSphere), and lipid mediators were eluted with a
mobile phase consisting of methanol-water-acetic acid of 50:50:0.01 (vol/vol/vol)
isocratic for 2 min that was ramped to 80:20:0.01 (vol/vol/vol) over 9 min, kept
isocratic for 3.5 min, and then ramped to 98:2:0.01 (vol/vol/vol) for the next

0.1 min, which was maintained for 5.4 min at 0.5 ml min ~ L. Lipid mediators were
identified using published criteria including retention time, MRM transitions, and
diagnostic MS/MS ions and were quantified using standard curves for each
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mediator after normalization of extraction recovery based on internal deuterium-
labelled standards®3. To analyze the differences between early and advanced
murine atherosclerotic lesions in an unbiased manner, we used Metaboanalyst 3.0
(http://www.metaboanalyst.ca). Missing values were imputed with half of the
minimum positive value, and data were log transformed and autoscaled before
analysis. Global changes between the groups were compared using Student’s t-tests
(P<0.05) and a fold-change threshold of 2.

Immunofluorescence staining of murine lesions. For assessment of collagenase
activity, aortic root lesions from Veh or RvD1-treated mice were analyzed using a
collagenase assay kit from ThermoFisher in accordance with the company’s
guidelines. Briefly, collagenase substrate (1:50) was incubated with lesion sections
overnight at 37 °C. After rinsing with PBS, the sections were imaged by fluores-
cence microscopy and analyzed using ImageJ software. For immunofluorescence
microscopy, aortic root sections were fixed in ice-cold acetone for 5 min, washed in
PBS, and blocked with DAKO protein block for 1h at room temperature. Sections
were then incubated overnight at 4 °C with antibodies against NOX2 (Abcam,
ab80508), 15-PGDH (Genetex, GTX113740), MMP9 (Abcam, ab38898), oxCaM-
KII (Millipore, 07-1387), or alpha smooth muscle cell actin (Sigma, C6198), F4/80
(Bio-Rad, MCA497) all at 1:100 in the DAKO protein block solution. The sections
were then rinsed, stained with a secondary antibody, rinsed again, viewed by
fluorescence microscopy, and analyzed using Image] software.

Murine aortic root confocal microscopy. Cross sections of murine aortic root
lesion were stained at 4 °C with anti-5-LOX antibody and then anti-F4/80. The
sections were counterstained with Hoechst to identify nuclei, viewed on a Nikon

Al confocal microscope, and analyzed using ImageJ software!®.

In situ efferocytosis. The efferocytosis assay was performed on frozen aortic root
sections and was conducted using procedures previously described?. Briefly, an
observer who was blinded to the identity of the samples quantified apoptotic
(TUNEL-positive) nuclei (DAPI) that were associated with lesional macrophages,
indicative of efferocytosis, or not associated with macrophages (‘free’).
Macrophage-associated apoptotic cells followed the criteria of TUNEL-positive
nuclei surrounded by or in contact with neighbouring F4/80 + macrophages. Free
apoptotic cells exhibited nuclear condensation, loss of antibody F4/80 reactivity,
and were not in contact with neighbouring macrophages.

Statistical analysis. All mice were randomly selected to be in either the early or
advanced group, and, for the advanced group, to receive either vehicle or RvD1. No
mice were excluded from any of the groups. There were at least 10 mice per
experimental group, and all data were found to fit a normal distribution. Results are
shown as mean * s.e.m. For comparison between two experimental groups, the
two-tailed Student’s f-test was used, and for comparison among three experimental
groups, one-way ANOVA with Fisher’s least significant difference post-hoc analysis
was used. The human macrophage experiments used at least three separate human
donors per experiment, and so n>3 for each experimental group. Results are
shown as mean * s.e.m, and statistical differences were determined using the
Kruskal-Wallis test with the Dunn’s multiple comparison post-hoc analysis.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.

References

1. Merched, A. J., Ko, K., Gotlinger, K. H., Serhan, C. N. & Chan, L.
Atherosclerosis: evidence for impairment of resolution of vascular
inflammation governed by specific lipid mediators. FASEB J. 22, 3595-3606
(2008).

2. Tabas, I. Macrophage death and defective inflammation resolution in
atherosclerosis. Nat. Rev. Immunol. 10, 36-46 (2010).

3. Libby, P, Tabas, L, Fredman, G. & Fisher, E. A. Inflammation and its resolution
as determinants of acute coronary syndromes. Circ. Res. 114, 1867-1879
(2014).

4. Viola, J. & Soehnlein, O. Atherosclerosis—a matter of unresolved
inflammation. Semin. Immunol. 27, 184-193 (2015).

5. Serhan, C. N. Pro-resolving lipid mediators are leads for resolution physiology.
Nature 510, 92-101 (2014).

6. Fredman, G, Li, Y., Dalli, J., Chiang, N. & Serhan, C. N. Self-limited versus
delayed resolution of acute inflammation: temporal regulation of pro-resolving
mediators and microRNA. Sci. Rep. 2, 639 (2012).

7. Chiang, N. et al. Infection regulates pro-resolving mediators that lower
antibiotic requirements. Nature 484, 524-528 (2012).

8. Karp, C. L. et al. Defective lipoxin-mediated anti-inflammatory activity in the
cystic fibrosis airway. Nat. Immunol. 5, 388-392 (2004).

9. Levy, B. D. et al. Diminished lipoxin biosynthesis in severe asthma. Am. J.
Respir. Crit. Care Med. 172, 824-830 (2005).

10.

1

—

12.

1

w

14.

15.

16.

17.

18.

20.

21.

2!

Y

23.

24.

25.

26.

27.

28.

2

o

3

o

3

—

32.

33.

34.

35.

3

[=2)

37.

Fredman, G. et al. Impaired phagocytosis in localized aggressive periodontitis:
rescue by resolvin el. PLoS ONE 6, €24422 (2011).

. Virmani, R., Burke, A. P,, Farb, A. & Kolodgie, F. D. Pathology of the

vulnerable plaque. J. Am. Coll. Cardiol. 47, C13-C18 (2006).

Schrijvers, D. M., De Meyer, G. R,, Kockx, M. M., Herman, A. G. & Martinet, W.
Phagocytosis of apoptotic cells by macrophages is impaired in atherosclerosis.
Arterioscler. Thromb. Vasc. Biol. 25, 1256-1261 (2005).

. Spanbroek, R. et al. Expanding expression of the 5-lipoxygenase pathway

within the arterial wall during human atherogenesis. Proc. Natl Acad. Sci. USA
100, 1238-1243 (2003).

Brock, T. G., Maydanski, E., McNish, R. W. & Peters-Golden, M. Co-
localization of leukotriene a4 hydrolase with 5-lipoxygenase in nuclei of
alveolar macrophages and rat basophilic leukemia cells but not neutrophils.

J. Biol. Chem. 276, 35071-35077 (2001).

Luo, M., Jones, S. M., Peters-Golden, M. & Brock, T. G. Nuclear localization of
5-lipoxygenase as a determinant of leukotriene B4 synthetic capacity. Proc. Natl
Acad. Sci. USA 100, 12165-12170 (2003).

Fredman, G. et al. Resolvin D1 limits 5-lipoxygenase nuclear localization and
leukotriene B4 synthesis by inhibiting a calcium-activated kinase pathway. Proc.
Natl Acad. Sci. USA 111, 14530-14535 (2014).

Finn, A. V., Nakano, M., Narula, J., Kolodgie, F. D. & Virmani, R. Concept of
vulnerable/unstable plaque. Arterioscler. Thromb. Vasc. Biol. 30, 1282-1292
(2010).

Channon, K. M. Oxidative stress and coronary plaque stability. Arterioscler.
Thromb. Vasc. Biol. 22, 1751-1752 (2002).

. Li, G, Scull, C., Ozcan, L. & Tabas, . NADPH oxidase links endoplasmic

reticulum stress, oxidative stress, and PKR activation to induce apoptosis. J. Cell
Biol. 191, 1113-1125 (2010).

Brooks, C. J., Harland, W. A. & Steel, G. Squalene, 26-hydroxycholesterol and
7-ketocholesterol in human atheromatous plaques. Biochim. Biophys. Acta 125,
620-622 (1966).

He, B. J. et al. Oxidation of CaMKII determines the cardiotoxic effects of
aldosterone. Nat. Med. 17, 1610-1618 (2011).

. Erickson, J. R. et al. A dynamic pathway for calcium-independent activation of

CaMKII by methionine oxidation. Cell 133, 462-474 (2008).

Serhan, C. N. et al. Maresins: novel macrophage mediators with potent
antiinflammatory and proresolving actions. J. Exp. Med. 206, 15-23 (2009).
Krishnamoorthy, S., Recchiuti, A., Chiang, N., Fredman, G. & Serhan, C. N.
Resolvin D1 receptor stereoselectivity and regulation of inflammation and
proresolving microRNAs. Am. J. Pathol. 180, 2018-2027 (2012).

Thorp, E., Cui, D., Schrijvers, D. M., Kuriakose, G. & Tabas, 1. Mertk receptor
mutation reduces efferocytosis efficiency and promotes apoptotic cell
accumulation and plaque necrosis in atherosclerotic lesions of apoe — / — mice.
Arterioscler. Thromb. Vasc. Biol. 28, 1421-1428 (2008).

Serhan, C. N. et al. Reduced inflammation and tissue damage in transgenic
rabbits overexpressing 15-lipoxygenase and endogenous anti-inflammatory
lipid mediators. J. Immunol. 171, 6856-6865 (2003).

Fredman, G. et al. Targeted nanoparticles containing the proresolving peptide
Ac2-26 protect against advanced atherosclerosis in hypercholesterolemic mice.
Sci. Transl. Med. 7, 275ra220 (2015).

Hasturk, H. et al. Resolvin E1 (RvE1) attenuates atherosclerotic plaque
formation in diet and inflammation-induced atherogenesis. Arterioscler.
Thromb. Vasc. Biol. 35, 1123-1133 (2015).

. Drechsler, M. et al. Annexin Al counteracts chemokine-induced arterial

myeloid cell recruitment. Circ. Res. 116, 827-835 (2015).

. Kusters, D. H. et al. Pharmacological Treatment with annexin Al reduces

atherosclerotic plaque burden in LDLR —/ — mice on western type diet. PLoS
ONE 10, e0130484 (2015).

. Brezinski, D. A., Nesto, R. W. & Serhan, C. N. Angioplasty triggers

intracoronary leukotrienes and lipoxin A4. Impact of aspirin therapy.
Circulation 86, 56-63 (1992).

Qiu, H. et al. Expression of 5-lipoxygenase and leukotriene A4 hydrolase in
human atherosclerotic lesions correlates with symptoms of plaque instability.
Proc. Natl Acad. Sci. USA 103, 8161-8166 (2006).

Heller, E. A. et al. Inhibition of atherogenesis in BLT1-deficient mice reveals a
role for LTB4 and BLT1 in smooth muscle cell recruitment. Circulation 112,
578-586 (2005).

Haeggstrom, J. Z. & Funk, C. D. Lipoxygenase and leukotriene pathways:
biochemistry, biology, and roles in disease. Chem. Rev. 111, 5866-5898 (2011).
Ho, K. J. et al. Aspirin-triggered lipoxin and resolvin E1 modulate vascular
smooth muscle phenotype and correlate with peripheral atherosclerosis. Am. J.
Pathol. 177, 2116-2123 (2010).

. Elajami, T. K. et al. Specialized proresolving lipid mediators in patients with

coronary artery disease and their potential for clot remodeling. FASEB J. 30,
2792-2801 (2016).

Poeckel, D. & Funk, C. D. The 5-lipoxygenase/leukotriene pathway in
preclinical models of cardiovascular disease. Cardiovasc. Res. 86, 243-253
(2010).

| 7:12859 | DOI: 10.1038/ncomms12859 | www.nature.com/naturecommunications


http://www.metaboanalyst.ca
http://www.nature.com/naturecommunications

ARTICLE

3

oo

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

5

j=1

51.

52.

53.

54.

55.

56.

5

J

58.

. Merched, A. ], Serhan, C. N. & Chan, L. Nutrigenetic disruption of

inflammation-resolution homeostasis and atherogenesis. J. Nutrigenet.
Nutrigenomics 4, 12-24 (2011).

Cyrus, T. et al. Disruption of the 12/15-lipoxygenase gene diminishes
atherosclerosis in apo E-deficient mice. J. Clin. Invest. 103, 1597-1604 (1999).
Wan, J. B. et al. Endogenously decreasing tissue n-6/n-3 fatty acid ratio reduces
atherosclerotic lesions in apolipoprotein E-deficient mice by inhibiting systemic
and vascular inflammation. Arterioscler. Thromb. Vasc. Biol. 30, 2487-2494
(2010).

Dwyer, J. H. et al. Arachidonate 5-lipoxygenase promoter genotype, dietary
arachidonic acid, and atherosclerosis. N. Engl. J. Med. 350, 29-37 (2004).
ORIGIN Trial Investigators et al. n-3 fatty acids and cardiovascular outcomes
in patients with dysglycemia. N. Engl. J. Med. 367, 309-318 (2012).

Norris, P. C., Gosselin, D., Reichart, D., Glass, C. K. & Dennis, E. A.
Phospholipase A2 regulates eicosanoid class switching during inflammasome
activation. Proc. Natl Acad. Sci. USA 111, 1274612751 (2014).

Lehmann, C. et al. Lipoxin and resolvin biosynthesis is dependent on 5-
lipoxygenase activating protein. FASEB J. 29, 5029-5043 (2015).

Titos, E. et al. Inhibition of 5-lipoxygenase-activating protein abrogates
experimental liver injury: role of Kupffer cells. J. Leukoc. Biol. 78, 871-878
(2005).

Hill, E., Maclouf, J., Murphy, R. C. & Henson, P. M. Reversible membrane
association of neutrophil 5-lipoxygenase is accompanied by retention of activity
and a change in substrate specificity. J. Biol. Chem. 267, 22048-22053 (1992).
Elias, I et al. Alox5ap overexpression in adipose tissue leads to LXA4
production and protection against diet-induced obesity and insulin resistance.
Diabetes 65, 2139-2150 (2016).

Rao, N. L. et al. Anti-inflammatory activity of a potent, selective leukotriene A4
hydrolase inhibitor in comparison with the 5-lipoxygenase inhibitor zileuton.
J. Pharmacol. Exp. Ther. 321, 1154-1160 (2007).

Hasturk, H. et al. Resolvin E1 regulates inflammation at the cellular and tissue
level and restores tissue homeostasis in vivo. J. Immunol. 179, 7021-7029
(2007).

. Norling, L. V. et al. Proresolving and cartilage-protective actions of resolvin D1

in inflammatory arthritis. JCI Insight 1, €85922 (2016).

Kain, V. et al. Resolvin D1 activates the inflammation resolving response at
splenic and ventricular site following myocardial infarction leading to improved
ventricular function. J. Mol. Cell. Cardiol. 84, 24-35 (2015).

Borgeson, E. et al. Lipoxin A(4) and benzo-lipoxin A(4) attenuate experimental
renal fibrosis. FASEB J. 25, 2967-2979 (2011).

Yatomi, M. et al. 17(R)-resolvin D1 ameliorates bleomycin-induced pulmonary
fibrosis in mice. Physiol. Rep. 3, 12628 (2015).

Miyahara, T. et al. D-series resolvin attenuates vascular smooth muscle cell
activation and neointimal hyperplasia following vascular injury. FASEB J. 27,
2220-2232 (2013).

Krishnamoorthy, S. et al. Resolvin D1 binds human phagocytes with evidence
for proresolving receptors. Proc. Natl Acad. Sci. USA 107, 1660-1665 (2010).
Lee, H. N. & Surh, Y. J. Resolvin D1-mediated NOX2 inactivation rescues
macrophages undertaking efferocytosis from oxidative stress-induced
apoptosis. Biochem. Pharmacol. 86, 759-769 (2013).

. Perretti, M. et al. Endogenous lipid- and peptide-derived anti-inflammatory

pathways generated with glucocorticoid and aspirin treatment activate the
lipoxin A4 receptor. Nat. Med. 8, 1296-1302 (2002).

Kamaly, N. et al. Targeted interleukin-10 nanotherapeutics developed with a
microfluidic chip enhance resolution of inflammation in advanced
atherosclerosis. ACS Nano 10, 5280-5292 (2016).

59. Harmon, E. Y. et al. Anti-inflammatory immune skewing is atheroprotective:
Apoe — / — FcgammaRIIb — / — mice develop fibrous carotid plaques. J. Am.
Heart Assoc. 3, 001232 (2014).

Dalli, J. & Serhan, C. N. Specific lipid mediator signatures of human

phagocytes: microparticles stimulate macrophage efferocytosis and

pro-resolving mediators. Blood 120, e60-e72 (2012).

61. Timmins, J. M. et al. Calcium/calmodulin-dependent protein kinase II links ER
stress with Fas and mitochondrial apoptosis pathways. J. Clin. Invest. 119,
2925-2941 (2009).

62. Wang, Y., Wang, G. Z., Rabinovitch, P. S. & Tabas, I. Macrophage
mitochondrial oxidative stress promotes atherosclerosis and nuclear factor-
kappaB-mediated inflammation in macrophages. Circ. Res. 114, 421-433
(2014).

63. Colas, R. A., Shinohara, M., Dallj, J., Chiang, N. & Serhan, C. N. Identification
and signature profiles for pro-resolving and inflammatory lipid mediators in
human tissue. Am. J. Physiol. Cell. Physiol. 307, C39-C54 (2014).

60.

Acknowledgements

We thank Justin Heinz, Michael Marinello and Carlo Savoia for help with the human
macrophage studies, Dr Harold Singer and Dr Roman Ginnan for the CaMKII antibody,
Dr Mark E. Anderson for the oxCaMKII antibody, and the Confocal and Specialized
Microscopy Core at Columbia University’s Irving Cancer Research Center (ICRC) for
assistance with lesional imaging. This work was supported by an NIH Pathway to
Independence RO0 Grant HL119587 (G.F.) and by NIH Grants HL106173 (M.S.),
GM095467 (M.S.), HL116186 (J.H.), and HL132412, HL075662 and HL127464 (L.T.).

Author contributions

G.F, LT. and M.S. designed experiments and analyzed data, and wrote the paper. J.H.,
J.D.P, GK, RA.C, and D.M.J. analyzed data. B.D., E.S.C,, EJ.H. and R.S. provided
human tissue and advice on analysis of human specimens.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Fredman, G. et al. An imbalance between specialized
pro-resolving lipid mediators and pro-inflammatory leukotrienes promotes instability
of atherosclerotic plaques. Nat. Commun. 7:12859 doi: 10.1038/ncomms12859
(2016).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

| 712859 | DOI: 10.1038/ncomms12859 | www.nature.com/naturecommunications 1


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	SPM and leukotriene imbalance in human vulnerable plaques
	7-KC-induced OS suppresses RvD1 production

	Figure™1Human vulnerable atherosclerotic plaques have decreased 5-LOX SPM levels and a lower SPM:LT ratio than stable lesions.(a) Flash-frozen human plaques were separated into vulnerable (V) and stable™(S) regions (left panel), which were quantified for 
	Atheroprogression is associated with a decrease in lesional RvD1

	Table 1 
	Table 2 
	Administration of RvD1 suppresses plaque progression

	Figure™2Advanced aortic root plaques of WD-fed Ldlr-sol- mice exhibit an imbalance in 5-LOX-derived SPMs and LTs compared with earlier stage lesions.(a) Aortic root lesions from Ldlr-sol- mice fed the WD for 8 weeks (Early) or 17 weeks (Advanced) were qua
	Figure™3Administration of RvD1 to WD-fed Ldlr-sol- mice with established atherosclerosis restores lipid medicator balance.(a) Quantification of lesional RvD1 and LTB4 levels (left and middle panels) and RvD1:LTB4 ratio (right panel) in aortic lesions of 1
	Figure™4Administration of RvD1 to mice with established atherosclerosis suppresses lesional ROS and necrosis and enhances efferocytosis.(a) Representative images of DHE and quantification of immunoreactive NOX2 and DHE in aortic root lesions of 8-week and
	Discussion
	Figure™5Administration of RvD1 to WD-fed Ldlr-sol- mice with established atherosclerosis enhances fibrous caps and decreases collagenase and MMP9.(a) Representative images and quantification of collagen of 17-week WD-fed Ldlr-sol- mice given vehicle contr
	Methods
	Human carotid endarterectomy analysis
	Human macrophage experiments
	Macrophage 5-LOX localization
	Immunoprecipitation
	siRNA experiments
	Flow cytometry
	Murine atherosclerotic lesion analysis
	Quantification of lipid mediators by metabololipidomics
	Immunofluorescence staining of murine lesions
	Murine aortic root confocal microscopy
	In situ efferocytosis
	Statistical analysis
	Data availability

	MerchedA. J.KoK.GotlingerK. H.SerhanC. N.ChanL.Atherosclerosis: evidence for impairment of resolution of vascular inflammation governed by specific lipid mediatorsFASEB J.22359536062008TabasI.Macrophage death and defective inflammation resolution in ather
	We thank Justin Heinz, Michael Marinello and Carlo Savoia for help with the human macrophage studies, Dr Harold Singer and Dr Roman Ginnan for the CaMKII antibody, Dr Mark E. Anderson for the oxCaMKII antibody, and the Confocal and Specialized Microscopy 
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




