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BACKGROUND: Activated macrophages contribute to the pathogenesis of vascular disease. Vein graft failure is a major clinical
problem with limited therapeutic options. PCSK9 (proprotein convertase subtilisin/kexin 9) increases low-density lipoprotein
(LDL)-cholesterol levels via LDL receptor (LDLR) degradation. The role of PCSK9 in macrophage activation and vein
graft failure is largely unknown, especially through LDLR-independent mechanisms. This study aimed to explore a novel
mechanism of macrophage activation and vein graft disease induced by circulating PCSK9 in an LDLR-independent fashion.

METHODS: We used Ldlr’~ mice to examine the LDLR-independent roles of circulating PCSK9 in experimental vein grafts. Adeno-
associated virus (AAV) vector encoding a gain-of-function mutant of PCSK9 (rAAV8/D377Y-mPCSK9) induced hepatic PCSK9
overproduction. To explore novel inflammatory targets of PCSK9, we used systems biology in Ldlr”” mouse macrophages.

RESULTS: In Ldlr’- mice, AAV-PCSK increased circulating PCSK9, but did not change serum cholesterol and triglyceride levels.
AAV-PCSK9 promoted vein graft lesion development when compared with control AAV. In vivo molecular imaging revealed
that AAV-PCSK9 increased macrophage accumulation and matrix metalloproteinase activity associated with decreased fibrillar
collagen, a molecular determinant of atherosclerotic plaque stabilit. AAV-PCSK9 induced mRNA expression of the pro-
inflammatory mediators IL-1f (interleukin-1 beta), TNFa (tumor necrosis factor alpha), and MCP-1 (monocyte chemoattractant
protein-1) in peritoneal macrophages underpinned by an in vitro analysis of Ldlr’~ mouse macrophages stimulated with
endotoxin-free recombinant PCSK9. A combination of unbiased global transcriptomics and new network-based hyperedge
entanglement prediction analysis identified the NF-«xB (nuclear factor-kappa B) signaling molecules, lectin-like oxidized LOX-1
(LDL receptor-1), and SDC4 (syndecan-4) as potential PCSK9 targets mediating pro-inflammatory responses in macrophages.

CONCLUSIONS: Circulating PCSK9 induces macrophage activation and vein graft lesion development via LDLR-independent
mechanisms. PCSK9 may be a potential target for pharmacologic treatment for this unmet medical need.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Autologous saphenous vein grafting is a widely used of vein grafts is their high occlusion rates.'? Acute
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Novelty and Significance

What Is Known?

* Autologous saphenous vein is a widely used surgical
bypass for lower extremity peripheral artery disease
and coronary artery disease.

« PCSK9 (proprotein convertase subtilisin/kexin 9) tar-
gets receptors other than LDL receptor (LDLR) such
as LRP1 (low-density lipoprotein receptor-related pro-
tein-1), ApoER2 (apolipoprotein E receptor 2), VLDLR
(very low-density lipoprotein receptor), and CD36.

* PCSK9 may induce pro-inflammatory responses in
macrophages and arterial atherosclerotic lesions pri-
marily via LDLR-dependent mechanisms.

What New Information Does This Article
Contribute?

» PCSK9 promotes vein graft lesion development by the
mechanisms unassociated with either LDLR degrada-
tion or blood cholesterol levels.

+ PCSK9 induces pro-inflammatory macrophage activa-
tion: immune responses, proliferation and migration, via
LDLR-independent mechanisms.

* Potential PCSK9 targets mediating pro-inflammatory
responses in macrophages include NF-xB (nuclear
factor-kappa B) signaling molecules, lectin-like oxidized
LOX-1 (LDL receptor-1), and SDC4 (syndecan-4).

The role of PCSK9 on vascular inflammation remains
controversial in the clinical setting because clinical tri-
als with PCSK9 inhibitors did not show any significant
changes in high sensitivity-CRP (C-reactive protein)
levels in patients with coronary artery disease. How-
ever, CRP may not solely capture changes in inflam-
mation. Although there are a few emerging in vivo
studies suggesting a direct link between PCSK9 and
atherosclerosis primarily via LDLR-dependent mecha-
nisms, the role of PCSK9 in vein graft failure, especially
via LDLR-independent mechanisms, remains largely
unknown. To test the hypothesis, we developed a sys-
tems approach, involving unbiased transcriptomics and
network analysis. Our in vivo evidence suggests that
PCSK9 promotes vein graft lesion development, mac-
rophage proliferation, monocyte migration, foam cell
formation, and collagen remodeling. We further identi-
fied NF-xB signaling molecules, LOX-1 and SDC4 as
potential targets of PCSK9 mediating pro-inflamma-
tory responses in macrophages. The evidence, includ-
ing our own, has suggested that circulating PCSK9
may exert pro-inflammatory effects on vascular lesions.

Nonstandard Abbreviations and Acronyms

AAV adeno-associated virus

HEP hyperedge entanglement prediction
IL-18 interleukin-1 beta

LDL low-density lipoprotein

LDLR LDL receptor

MCP-1 monocyte chemoattractant protein-1

NF-xB nuclear factor-kappa B

PCSK9 proprotein convertase subtilisin/kexin 9
SDC4 syndecan-4

SMC smooth muscle cell

TNFa tumor necrosis factor alpha

disease. Aspirin and other antiplatelet drugs reduce early
events resulting from thrombotic occlusion.®* How-
ever, later events, including progressive wall thickening
and segmental neointimal or anastomotic hyperplasia,
are followed (usually after approximately 2 years) by
the development of changes similar to arterial athero-
sclerosis.® Statins may be a therapeutic option for the
later events; however, no randomized controlled trials
of statins have been sufficiently powered to show their
clinical impact®” Despite the global burden of vein graft
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disease and decades of research, medical therapeutic
options remain limited to prevent vein graft failure. We
have recently reported that Delta-like ligand 4-Notch
signaling and PPARa pathways in macrophages contrib-
ute to vein graft lesion development?®® suggesting that
macrophage-mediated inflammation plays a key role in
the pathogenesis of vein graft failure.’®"

PCSK9 (proprotein convertase subtilisin/kexin 9) is pre-
dominantly produced by the liver, and increases blood levels
of low-density lipoprotein (LDL) cholesterol by escorting
LDL receptors (LDLRs) on the cell plasma membrane to
lysosomes for degradation in hepatocytes.'>'® PCSK9
monoclonal antibodies reduce the risk of major cardiovascu-
lar events'*'® and adverse limb events which is not possible
by statin treatment alone.’®'® The Alirocumab for Stopping
Atherosclerosis Progression in Saphenous Vein Grafts Pilot
Trial - (https://clinicaltrials.gov/ct2/show/NCT03542110),
evaluating the effect of a PCSK9 inhibitor on intermediate
saphenous vein graft lesion, is ongoing. The role of PCSK9
in vein graft failure, however, is largely unknown. A recent
clinical study associated serum PCSK9 levels with saphe-
nous vein graft disease after coronary artery bypass graft-
ing (CABG), independently of LDL cholesterol levels.'” As
PCSKO is a circulating protein,'® there may be crosstalk
between the liver and vein grafts via circulating PCSK9
that may have lipid-independent pro-inflammatory proper-
ties on vascular lesions. Another study demonstrated that
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recombinant PCSK9 induces TNFo. (fumor necrosis fac-
tor alpha) mMRNA in bone marrow-derived macrophages
mainly, but not exclusively, in an LDLR-dependent manner.™®
These studies led us to hypothesize that circulating PCSK9
induces macrophage activation and vein graft lesion devel-
opment through LDLR-independent mechanisms via
unknown targets associated with inflammation.

The present study used LDLR-deficient (Ldlr”") mice to
demonstrate that circulating PCSK9 promotes macrophage
activation and vein graft lesion development in an LDLR-
independent fashion. We also used a systems approach
involving RNA-sequencing and network-based hyperedge
entanglement prediction® to examine the global impact of
PCSKO in inflammation and identify potential novel LDLR-
independent targets of PCSK9 in macrophages.

METHODS
Data Availability

The online-only Supplemental Data provided detailed meth-
ods of all procedures. The data, analytic methods, and study
materials will be made available to other researchers, upon
request for purposes of reproducing the results or replicating
the procedure.

Animal Procedures

All animal experiments were approved by the Brigham and
Women’s Hospital's Animal Welfare Assurance (protocol
2016N000219). Male Ldlr~ mice were fed a high-fat diet
(1.25% cholesterol, D12108C, Research Diets, Inc, New
Brunswick, NJ). To create experimental vein grafts in Ldlr”
mice, inferior vena cava were harvested from a donor mouse
and implanted into the carotid artery of recipient mice using
cuff technique, as previously described.#?' To induce liver-spe-
cific gain-of-function mutant PCSK9, we administered adeno-
associated virus (AAV) encoding a gain-of-function form of
mouse PCSK9 (AAV-PCSK9, 1x10'" vg, i.v.).?2 We constructed
AAV encoding LacZ (AAV-LacZ) that we used as a control for
AAV-PCSKO. Four weeks after implantation, grafts were evalu-
ated. After ultrasonography and in vivo molecular imaging of
vein grafts, vein graft tissues were harvested, sectioned, and
used for Masson trichrome staining, picrosirius red staining,
immunohistochemistry, and in situ hybridization.

Culture and Stimulation of Mouse Primary

Macrophages

Mouse peritoneal macrophages cultured with RPMI 1640
containing 10% fetal bovine serum were prepared as previ-
ously described.® Briefly, 4% Brewer thioglycolate medium (BD
Diagnostic Systems) was injected into the peritoneal cavity of
mice 4 days before macrophage collection. After euthanasia,
10 mL of ice-cold phosphate-buffered saline was injected
into the peritoneal cavity, and cells were harvested. The cells
were then washed with phosphate-buffered saline once and
plated for further experiments. Overnight starvation was per-
formed with 0.5% fetal bovine serum before each experiment.
Endotoxin-free recombinant mouse PCSK9 derived from
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mouse myeloma cell line NSO was used to stimulate mouse
primary macrophages (R&D Systems).

Transcriptomics

RNA-sequencing—mRNAseq (polyA enriched) library prep, sin-
gle-end 7bbp sequencing on NextSeq of 12-16 pooled barcoded
samples, and VIPER analysis®®—was performed at the Molecular
Biology Core Facilities at Dana-Farber Cancer Institute. The data
were then analyzed using DESeq2 and Qlucore (http://www.
glucore.com/) to perform a 2-group comparison and identify dif-
ferentially expressed transcripts (increase/decrease by 2-fold)
between control and PCSK9 groups. STRING (version 11.5) was
used to evaluate known and predicted transcript interconnectiv-
ity. The differentially expressed transcripts (increase/decrease by
2-fold, g<0.05), which were compared with the ‘inflammatome”?*
dataset, were used for the following network analysis.

Network-Based Hyperedge Entanglement
Prediction Analysis

Network-Based Hyperedge Entanglement Prediction (HEP)
algorithm?® was performed to estimate the likelihood of PCSK9
directly interacting with any of the differentially expressed tran-
scripts in the “inflammatome.” Given only a network topology and
its high-order hypergraph organization, the HEP algorithm uses
an ensemble of link predictors to calculate a level of statistical
significance for each candidate node to hyperedge entangle-
ment that is characterized by not having a direct connection. The
link predictor is an operator that, exploiting topological informa-
tion of the graph, can associate a similarity score to any discon-
nected node pair, suggesting the likelihood for a link between
them to exist. Several link predictors perform under the evidence
that 2 nodes are more likely to be linked if their common neigh-
bors are members of a strongly inner-linked cohort, named a
local community,® and recent studies demonstrated that this
growth mechanism emerges mainly considering missing links
between nonadjacent nodes distanced by paths of length 2 (L2)
or 3 (L3)? following a scheme that can be well described by the
Cannistraci-Hebb network automata modeling.?” The HEP anal-
ysis provides 12 different estimations of the Pvalue that quanti-
fies the significance of the entanglement (association) between
each node and hyperedge (also called node2hyperedge entan-
glement) using the 12 available node-node link prediction vari-
ants.2?" In this study, we applied HEP algorithm according to the
following specifications: the scaling of the similarity scores was
not necessary, and the average operator to estimate the node-
2hyperedge entanglement scores was the mean.

Statistics

Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software). For experiments with a small sample size
(n<6), P values were determined by nonparametric analysis
except for RNA-sequencing analysis. Other data were exam-
ined for normality before analysis by Shapiro-Wilk test. For alll
normally distributed data, an unpaired 2-tailed Student f test
was used for comparisons between 2 groups, 1-way ANOVA
followed by Bonferroni or Dunnett post-hoc test was used
to compare multiple groups. When there were 2 experimen-
tal factors, 2-way ANOVA for comparisons between multiple
groups was used. If the data were not normally distributed,
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nonparametric unpaired 2-tailed Mann-Whitney U test was
used to compare 2 groups, and Kruskal-Wallis test with Dunn
post-hoc test was used to compare multiple groups. Wald Test
in DESeq2 was used for bulk RNA-sequencing analysis. Data
are expressed as mean = SEM for continuous variables. P val-
ues of <0.05 were considered statistically significant.

RESULTS

AAV-PCSK9 Promotes Vein Graft Lesion
Development in an LDLR-Independent Manner

In vivo studies have suggested a direct link between
PCSK9 and atherosclerosis?®?®; however, no evidence
has yet implicated PCSK9 in vein graft lesion develop-
ment. Furthermore, these in vivo studies indicate that the
underlying mechanism of atherosclerotic lesion develop-
ment by PCSK9 may depend mainly on LDLR. Whether
PCSK9 can exert pro-inflammatory effects via LDLR-
independent mechanisms is unclear. To test the hypoth-
esis that circulating PCSK9 promotes vein graft lesion
development in vivo, we used experimental vein grafts
in mice." A single intravenous injection of AAV-PCSK9
induced liver production of PCSK9. To exclude potential
systemic toxicity of AAV, AAV-LacZ was developed and
used as a control (Figure 1A; Online Supplemental Meth-
ods). All experiments used Ldlr”~ mice to explore LDLR-
independent mechanisms unless otherwise noted.

Body weight and blood pressure did not differ signifi-
cantly between the AAV-LacZ and AAV-PCSK9 groups
4 weeks after vein graft implantation (Supplemental Table
1). In situ hybridization showed that AAV-PCSK9 markedly
increased PCSK9 mRNA levels in the liver (Figure 1B).
AAV-PCSK9 increased PCSK9 mRNA expression in the
liver and serum levels of PCSK9 (Figure 1C; Supplemental
Table 1). Serum levels of total cholesterol and triglycerides
did not differ between the AAV-LacZ and AAV-PCSK9
groups (Figure 1C; Supplemental Table 1). These findings
indicate that the effects of AAV-PCSKO on vein graft lesions
described below did not depend on blood cholesterol and
triglyceride concentrations (Supplemental Table 1).

Noninvasive ultrasonography visualized that AAV-
PCSKQ injection caused increased vessel wall area, but
not lumen area, in the short axis view and 3-dimensional
reconstructed vessel wall volume of vein grafts (Figure 1D).
Consistent with the ultrasonography, histological analysis
by Masson trichrome staining showed that AAV-PCSK9
increased intimal area and thickness of vein grafts. Lumen
diameter, vessel diameter, and media/adventitia thickness
did not differ significantly, suggesting compensatory out-
ward remodeling of vein grafts (Figure 1E).

AAV-PCSK?9 Increases Thin Collagen Fibers and
Macrophage Accumulation in Vein Graft Lesions

Evidence suggests that vein grafts in humans can
develop lesions similar to those of advanced arterial
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atherosclerosis, and plaque rupture can occur in inflamed
vein grafts393!" Therefore, exploring vein graft lesion
composition in depth is critical to understanding what
contributes to this occurrence. We then examined the
collagen content of vein grafts by picrosirius red stain-
ing. AAV-PCSKS increased the percentage of thin col-
lagen fibers as a ratio of the total collagen fibers in the
vein grafts, suggesting that circulating PCSK9 induced
pathological features similar to those in thin-capped ath-
erosclerotic plaques (Figure 2A). In vivo molecular imag-
ing further provided insight into the effects of circulating
PCSK9 on matrix metalloproteinase activity and mac-
rophage accumulation in vein grafts. We intravenously
co-injected 2 spectrally different imaging agents that
elaborate near-infrared signals for visualization of matrix
metalloproteinase activity (MMPsense, 680 nm) and
macrophage accumulation (AminoSPARK, 750 nm). Fol-
lowing the evidence that activated macrophages express
MMPs that degrade interstitial collagen as previously
reported by our group,®>3 in vivo molecular imaging dem-
onstrated that increased matrix metalloproteinase activity
co-localized with accumulated macrophages (Figure 2B,
left). In addition, AAV-PCSK9 treatment promoted matrix
metalloproteinase activity and macrophage accumulation
in vein grafts (Figure 2B), suggesting a potential mecha-
nism of collagen remodeling as determined by Picrosirius
red staining. Immunohistochemical analysis further dem-
onstrated increased macrophage accumulation in vein
grafts by AAV-PCSK9 (Mac3; Figure 2C). Macrophage
proliferation and migration may contribute to the mecha-
nisms of macrophage accumulation in vascular diseases.®
Supporting this mechanism, AAV-PCSK9 increased the
percentage of macrophages positive for Ki-67, an indi-
cator of proliferating cells (Supplemental Figure 1A, B).
Consistent with this in vivo finding, recombinant PCSK9
augmented M-CSF-induced cell proliferation in mouse
bone marrow-derived macrophages (BMDMs) (Supple-
mental Figure 2A, B). Monocyte migration assay using the
human monocytic cell line THP-1 showed that recombi-
nant PCSK9 tended to promote MCP-1 (monocyte che-
moattractant protein-1)-induced chemotaxis, suggesting
lipid-independent effects of PCSK9 on monocyte migra-
tion (Supplemental Figure 2C). On the other hand, AAV-
PCSKO did not increase apoptosis determined by TUNEL
staining in vein grafts of Ldlr"~ mice (Supplemental Figure
3A). Accordingly, AAV-PCSK9 did not change necrotic
core area in the vein grafts (Supplemental Figure 3B).

AAV-PCSK9 Induces Macrophage Activation via
an LDLR-Independent Route In Vivo

We previously reported that macrophage activation plays
a key role in vein graft lesion development® To explore
the effects of circulating PCSK9 on macrophage acti-
vation, we examined mRNA levels of pro-inflammatory
(IL-1PB [interleukin-1 beta], IL-6, TNFa, and MCP-1) and
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Figure 1. The effects of Adeno-associated virus (AAV)-PCSK9 (proprotein convertase subtilisin/kexin 9) on vein graft lesion
development in Ld/r” mice.

A, An experimental protocol for the treatments in Ldlr’~ mice. B, In situ hybridization of PCSK9 (red) in the liver of Ldlr”~ mice 1 week after
intravenous injection with AAV-LacZ or AAV-PCSKO. Nuclei are visualized with DAPI. The data represent 4 mice per group. Scale bars indicate
100 pm. €, PCSK9 mRNA level in the liver of AAV treated Ldlr’- mice (=12 and 11 for AAV-LacZ and AAV-PCSK9 groups, respectively), and
serum levels of PCSK9, total cholesterol, and triglyceride in AAV treated Ldlr”~ mice (n=11 per group). D, Left, ultrasonography images of vein
grafts from Ldlr’~ mice treated with AAV-LacZ or AAV-PCSK9 28 days after implantation. The red, green, and yellow dotted lines indicate lumen,
near wall, and far wall, respectively. Right, The quantitative analysis of lumen and vessel wall area in short axis view and 3D reconstructed vessel
wall volume of vein grafts by ultrasonography (n=12 and 11 for AAV-LacZ and AAV-PCSK9 groups, respectively). E, Left, Masson’s trichrome
staining of vein grafts from Ldlr”~ mice treated with AAV-LacZ or AAV-PCSK9 28 days after implantation. Scale bars indicate 500 um. Right, The
quantitative analysis of intimal area, intimal and media/adventitia thickness, and lumen and vessel diameter of vein grafts (n=12 and 11 for AAV-
LacZ and AAV-PCSK9 group, respectively). Pvalue was calculated by Mann-Whitney U-test (triglyceride in C, media/adventitia thickness, lumen
diameter, and vessel diameter in E) and unpaired Student ¢ test (A, B, and D). Data are reported as mean = SEM.
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Figure 2. The effects of Adeno-associated virus (AAV)-PCSK9 (proprotein convertase subtilisin/kexin 9) on collagen thinning
and macrophage accumulation in vein graft lesions of Ld/r”- mice.

A, Picrosirius red staining of vein grafts without (top) or with (bottom) polarized light (n=12 and 11 for AAV-LacZ and AAV-PCSK9 group,
respectively). Scale bars indicate 500 pm. Circle graphs show the percentage of thin (green) and thick (red) collagen fibers compared with total
fibers. B, Intravital microscopy images of MMPSense 680 (red) and AminoSPARK750 (green) in vein grafts for visualization of MMP activity and
macrophage accumulation, respectively (n=10 and 9 for AAV-LacZ and AAV-PCSK9 group, respectively). C, Mac3 (macrophages) staining in
vein grafts. Scale bars indicate 500 um. Pvalue was calculated by Mann-Whitney U-test (thick collagen in A, macrophage accumulation mean
fluorescence intensity in B) and unpaired Student t test (C). Data are reported as mean + SEM.

antiinflammatory molecules (Arginase-1, Ym1, MRCH1, 4 weeks after intravenous injection of AAVs. AAV-PCSK9
TGF-B1 [transforming growth factor-beta 1], and IL-10) promoted pro-inflammatory IL-1f8, IL-6, TNFa, and
in the peritoneal F4/80" macrophages of Ldlr” mice 1 or MCP-1 mRNA levels at 1 week (Figure 3A). AAV-PCSK9
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Figure 3. Adeno-associated virus (AAV)-PCSK9 (proprotein convertase subtilisin/kexin 9) induced macrophage activation in

murine peritoneal macrophages via LDL receptor (LDLR)-independent mechanisms in vivo.

mRNA levels of pro-inflammatory molecules (IL-16, IL-6, TNFa, MCP-1) and antiinflammatory molecules (Arginase-1, Ym1, MRC1, TGF-$31,
IL-10) were measured in murine peritoneal macrophages of Ldlr”- mice 1 week (A) or 4 weeks (B) after intravenous injection with AAV-LacZ or
AAV-PCSK9 (n=7 to 8 per group). Pvalue was calculated by Mann-Whitney U-test (TNFa in A, IL-1b, TNFa, MCP-1, Arginase-1, Ym1, and IL-10

in B) and unpaired Student t test. Data are reported as mean £ SEM.
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also suppressed Arginase-1 mRNA levels at 4 weeks
when the increase in the mRNA levels of pro-inflamma-
tory molecules at 1 week had subsided (Figure 3B). We
have recently reported that predominant pathways of the
vein grafts change over time during lesion development.
In the same study, pathways with immune responses
represent the early responsive proteins in proteomics
analysis.® These results indicate that PCSK9 can induce
pro-inflammatory responses in macrophages initially and
later impair resolution of inflammation in vivo.

Endotoxin-Free Recombinant PCSK9
Induced Macrophage Activation in Peritoneal
Macrophages of LdIr’- Mice In Vitro

To support our in vivo evidence, we examined in vitro the
effects of physiologically relevant levels of recombinant
mouse PCSK9 (0.1-2.5 pg/mL)* on the mRNA levels
of the same pro-inflammatory and antiinflammatory mol-
ecules examined in Ldlr’” mouse macrophages. First, we
conducted a time-course study of recombinant PCSK9-
induced TNFa and Arginase-1 mRNA expression levels
to determine an optimal time point for harvesting Ldir
~ 'mouse macrophages. The increase of TNFa mRNA
levels peaked 3 hours after stimulation, whereas the
decrease of Arginase-1 mRNA levels plateaued 12 hours
after stimulation with recombinant PCSK9 (Figure 4A).
For all experiments, Ldlr”~ mouse macrophages were
therefore harvested 3 and 12 hours after stimulation to
measure pro- and antiinflammatory molecules, respec-
tively. Peritoneal macrophages treated with recombinant
PCSK9 exhibited increased mRNA levels of IL-1p, IL-6,
TNFa, and MCP-1 in a concentration-dependent man-
ner (Figure 4B). In contrast, recombinant PCSK9 did
not decrease the mRNA levels of antiinflammatory mol-
ecules (Figure 4C). These results support the in vivo evi-
dence of macrophage activation by circulating PCSK9 in
an LDLR-independent fashion.

Endotoxin contamination in recombinant proteins
can induce pro-inflammatory responses. Therefore, we
chose a recombinant protein derived from a mammalian
system, mouse myeloma cell line (NSO). The endotoxin
level of recombinant mouse PCSK9 used in this study
was 0.00441 EU/ug or less, well below the threshold of
0.1 EU/ug required for accurate cell-based assays.'® To
exclude further endotoxin contamination in the recom-
binant PCSK9 protein affecting any measurements, we
performed the chromogenic Limulus amebocyte lysate
endotoxin assay. The final endotoxin level of the maxi-
mum dose of the recombinant protein (2.5 pg/mL) was
0.005 EU/mL or less, which coincides with the endo-
toxin levels of the commercially available endotoxin-
free medium. In addition, mass spectrometry conducted
on the solvent derived from reconstituted recombinant
mouse PCSK9 protein solution did not produce signals,
suggesting that there were no small molecule impurities
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present (Supplemental Figure 4A). Furthermore, stimu-
lation with heat-inactivated recombinant mouse PCSK9
protein (2.5 ug/mL) caused no changes in the mRNA
levels of IL-18, TNF-a, and MCP-1, demonstrating
that endotoxin contamination did not drive the effects
observed (Supplemental Figure 4B).

A combination of Unbiased Global
Transcriptomics and Network-Based Hyperedge
Entanglement Prediction Analysis Revealed
Potential Targets of PCSK9 in Macrophages

We explored further LDLR-independent pro-inflamma-
tory signaling pathways in an unbiased manner, using
RNA-sequencing of Ldlr’~ mouse macrophages stimu-
lated with recombinant PCSK9. When analyzing the dif-
ferentially expressed transcripts (FC>2.0, g<0.001), we
observed 46 transcripts significantly increased by PCSK9
stimulation in Ldlr~ macrophages compared with controls
(Figure BA). A hierarchical heat map of Ldlr”~ mouse mac-
rophages filtered by differentially expressed transcripts
showed a clear separation between control (no stimulus)
and PCSK9 group (Figure 5B). We provided statistically
significantly overrepresented transcripts ranked accord-
ing to their fold change abundance (Supplemental Table
3A) to further examine these differentially expressed
transcripts. PCSK9 treatment increased many tran-
scripts implicated in pro-inflammatory responses in Ldir
~ macrophages (eg, IL-1b, TNF, CXCL2, NF-«B [nuclear
factor-kappa B]-related genes).'®

To provide additional mechanistic links, we attempted
to identify PCSK9-regulated proteins other than LDLR
that mediate the aforementioned pro-inflammatory down-
stream responses. Many cascading effects in the transcrip-
tional regulatory machinery could control the differentially
expressed mRNAs. This set of differentially expressed
transcripts were identified as the result of a genome-wide
transcriptional profiling method, which might not neces-
sarily interact directly with PCSKO. To estimate the likeli-
hood of PCSK9 directly interacting with those differentially
expressed transcripts, we tested this hypothesis verifica-
tion through network computational analysis. In brief,
PCSK9 can be seen as a node in a protein-protein inter-
action network,% and the set of differentially expressed
transcripts can be seen as a hyperedge projected on the
protein-protein interaction network (a group of nodes that
are associated by a common feature of biological func-
tions). Muscoloni et al recently introduced a novel algo-
rithm for HEP that exploits an ensemble of link predictors
and that provides a level of statistical significance for the
entanglement between each node and hyperedge that
does not have a direct interaction in the network.2® We then
performed the HEP analysis to quantify the significance
of the entanglement between PCSK9 and the hyper-
edge of 24 differentially expressed transcripts (FC>2.0,
g<0.05) in the dataset (Supplemental Figure BA and 5B,
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Figure 4. Recombinant PCSK9 (proprotein convertase subtilisin/kexin 9) induced macrophage activation in LDL receptor
(LDLR)-independent mechanisms in vitro.

A Time course of TNFa and Arginase-1 mRNA levels in peritoneal macrophages of wild-type mice after stimulation with recombinant mouse PCSK9
(MmPCSKS9; 2.6 ug/mL) (n=5 per group). Pvalue was calculated by Kruskal-Wallis test, followed by Dunn multiple comparison test. B, mRNA levels
of pro-inflammatory molecules (IL-1B, IL-6, TNFa, MCP-1) and (C) antiinflammatory molecules (Arginase-1, Ym1, MRC1, TGF-B1, IL-10) were
measured in murine peritoneal macrophages from Ldlr”- mice 3 and 12 hours after stimulation with recombinant mouse PCSK for pro-inflammatory
and antiinflammatory molecules, respectively (n=9 per group). Pvalue was calculated by 1-way ANOVA, followed by Dunnett multiple comparison
test (IL-6, TNFa, MCP-1, MRC1) or Kruskal-Wallis test, followed by Dunn multiple comparison test. Data are reported as mean = SEM.

Supplemental Table 3B). The resulting P values of 7/12  association between PCSK9 and the hyperedge of the
node-node link prediction methods (RA, CH2-L2, CH3- 24 differentially expressed transcripts (Figure 5C; Supple-
L2, and all 4 L3-based methods) established a significant ~ mental Table 2). These data suggest that any of the 24
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Figure 5. Transcriptomics, network analysis, and hyperedge entanglement prediction (HEP) of mouse macrophages stimulated
with recombinant PCSK9 (proprotein convertase subtilisin/kexin 9).

A, Volcano plot for Ldlr’”~ mouse macrophages stimulated with recombinant PCSK9. Red markers indicate significantly expressed transcripts with
a fold change cutoff of 2.0 and adjusted P value cutoff of 0.001. The enriched transcripts that were previously reported were denoted with their
names. B, Heat map of the transcriptomics of Ldlr’”~ mouse macrophages (FC>2, q<0.001-filtered data for the difference between macrophages
stimulated with and without recombinant PCSK9, n=4 per group). C, The schematic network visualization by HEP prediction. The significantly
predicted association of PCSK9 to the 24 mapped inflammation-related transcripts derived from the list of transcripts (FC>2.0, q<0.05)

indicates every unknown pairs of interaction (dashed line) that have to be proven yet experimentally. One of them was validated by silencing Sdc4
(syndecan-4) mRNA (blue dashed line). All other links represent known physical interactions (solid gray lines). The node size illustrates the degree
of the proteins in the protein-protein interaction network. D, Network analysis of the 24 overrepresented transcripts in Ldlr’~ mouse macrophages

using STRING database. Nodes are colored according to k-means clustering (number of clusters=3). Only connected nodes are shown here.

differentially expressed transcripts have a high likelihood
of directly interacting with PCSK9, enabling us to validate
a direct interaction between PCSK9 and one of these 24
differentially expressed transcripts. To understand the bio-
logical relevance of these transcripts, we explored the net-
work connectivity of these transcripts identified by HEP
analysis using the STRING database (confidence interac-
tion score >0.7).3" The network analysis showed a highly

882  November 11,2022

clustered network (average local clustering coefficient:
0.547) containing 24 nodes with 52 edges (expected
number of edges=3), providing significantly more interac-
tions than expected for a random set of genes of similar
size (Pvalue <1.0e—16). The k-means clustering (number
of clusters=3) showed that one of these 3 clusters mainly
consisted of the NF-xB signaling pathway based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
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database (IL-1b, CXCL1 [chemokine (C-X-C motif) ligand
1], CXCL2 [chemokine (C-X-C motif) ligand 2], ICAM1,
VCAM1 [vascular cell adhesion molecule 1], RELB [RELB
Proto-Oncogene, NF-kB subunit], NFKB2 [nuclear fac-
tor kappa B subunit 2]), and the other 2 clusters included
OLR1 (LOX-1) and SDC4, respectively (Figure 5D).

It is already reported that NF-kB signaling pathway
is involved in PCSK9-induced atherosclerotic inflam-
mation.® In the present study, AAV-PCSK9 promoted
NF-xB p65 mRNA level in the peritoneal F4/80" macro-
phages of Ldlr’~ mice (Supplemental Figure 6A). Inhibi-
tion of NF-xB signaling pathway with kB kinase inhibitor,
2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thio-
phenecarboxamide (TPCA1), decreased pro-inflamma-
tory responses to recombinant PCSK9 in Ldlr”~ mouse
macrophages (Supplemental Figure 6B). These data
indicate that NF-xB may mediate PCSK9-induced pro-
inflammatory responses in vein graft lesions.

PCSKO stimulates the expression of LOX-1, which in
turn takes up ox-LDL in macrophages.?® AAV-PCSK9
increased foam cell formation determined by Oil red O
positive area in vein grafts (Supplemental Figure 7A).
We further found that recombinant PCSK9 increased
ox-LDL uptake in bone marrow-derived macrophages
from Ldlr” mice (Supplemental Figure 7B). These results
indicate that PCSK9 also induces foam cell formation by
increased ox-LDL uptake, contributing not only to ath-
erosclerotic but also to vein graft lesion development.

Among the members of this differentially expressed
transcript hyperedge, we found that SDC4 included in
the last cluster could be a novel target of PCSK9 (Fig-
ure BD). While SDC4 was not a high-ranking molecule in
the transcript ranking lists (30th in Supplemental Table 3A
and 67th in Supplemental Table 3B), its fold change after
stimulation with recombinant PCSK9 in Ldlr” mice mac-
rophages was statistically significant (2.65, log2FC>1).
AAV-PCSKO also increased SDC4 mRNA level in the peri-
toneal F4/80* macrophages of Ldlr~ mice (Figure 6A).
SDC4 is a heparan sulfate proteoglycan*® expressed on
the surface of human macrophages.*' In addition, SDC4
mRNA is increased in M(LPS) but not M(IL-4/1L.-13) or
M(IL-10) in bone marrow-derived macrophages.*? A recent
study reported that heparan sulfate proteoglycans physi-
cally bind to PCSK9 on the hepatocyte surface*® However,
the investigators did not address the interaction between
PCSK9 and any specific individual syndecans. Our in silico
protein-protein docking analysis using HPEPDOCK a web
server for protein-protein docking based on a hierarchical
algorithm, predicted binding between PCSK9 and SDC4
(Supplemental Figure 8A).** We entered the pdb files of
PCSK9 (PDB ID: 2PMW), LDLR (PDB ID: 1N7D), and
SDC4 (PDB ID: 1EJP) into HPEPDOCK server, which
in tun presented the top 100 docking models based on
docking energy minimized scores. Protein-protein docking
analysis showed that the binding efficiency of SDC4 and
PCSK9 (—212.23 to —235.6 kd/mol) was comparable to
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that of LDLR and PCSK9 (—259.85 to —303.21 kJ/mol)
based on the docking score of the top b binding predic-
tions (Supplemental Figure 8A). Besides, the ligand root
mean square deviation, often used to evaluate the correct-
ness of the docking geometry and optimal superimposition
of the receptor-ligand binding, was lower in the binding of
SDC4 and PCSK9 (39.12-85.16) compared with that
of LDLR and PCSK9 (43.76-156.25) for the top b bind-
ing predictions, suggesting better binding between SDC4
and PCSK9 than in LDLR and PCSK®9. Furthermore, co-
immunoprecipitation analysis of mouse liver tissue lysates
validated the occurrence of the predicted PCSK9-SDC4
binding in vivo (Supplemental Figure 8B).

SDC4 Silencing Suppresses PCSK9-Induced
Pro-Inflammatory Responses in Macrophages

We further validated our prediction that SDC4 is a poten-
tial target of PCSK9 using siRNA silencing of mouse
Sdc4 in mouse peritoneal macrophages. Silencing Sdc4
with siSDC4 treatment achieved 93% reduction of SDC4
mRNA expression (Figure 6B). siSDC4 was then used
to determine whether it could suppress PCSK9-induced
pro-inflammatory molecules, including those predicted
to be linked with PCSK9 by the HEP prediction (Fig-
ure 5C). siSDC4 suppressed mRNAs of the pro-inflam-
matory molecules IL-18, NLRP3, CD40, and ICAM1, but
not TNFa, MCP-1, TLR2, CXCL1, CXCL2, or CXCL10
after stimulation with recombinant PCSK9 (Figure 6B,
Supplemental Figure 9). These data suggest that SDC4
partially regulates a PCSK9-induced pro-inflammatory
response. Furthermore, these mRNA silencing results
substantiate the validity of the prediction, yielding the
integration of PCSK9 in our hyperedge of 24 discon-
nected differentially expressed transcripts.

Local Production of PCSK9 in the Liver Was
Greater Than in Vein Graft Lesions

Our study demonstrated that circulating PCSK9 produced
various changes in Ldlr”~ mice. We, however, attempted to
examine the potential impact of local PCSK9 production
in vein grafts. Immunohistochemical analysis using an anti-
PCSKQ antibody in previous studies showed that vascular
smooth muscle cells in human atherosclerotic plaque and
collar-induced neointima of murine carotid artery express
PCSK9.%46 Based on these results, we examined whether
locally produced PCSKQ in vein grafts may also contrib-
ute to vein graft lesion development. The local expression
of PCSK9, as determined by in situ hybridization in the
intima of vein grafts, was minimal compared with that in
the liver (Figure 1B; Supplemental Figure 10A). RT-gPCR
analysis further confirmed numerically significantly less
PCSK9 mRNA expression in vein grafts than in the liver,
the primary source of circulating PCSK9 (Supplemental
Figure 10B). Moreover, we examined which cells within
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Figure 6. RNA silencing validated SDC4 (syndecan-4) as a potential target of PCSK9 (proprotein convertase subtilisin/kexin

9)-induced pro-inflammatory response in macrophages, ident

ified via hyperedge entanglement prediction (HEP) prediction.

A, SDC4 mRNA level was measured in murine peritoneal macrophages of Ldlr”~ mice 1 week after intravenous injection with AAV-LacZ or AAV-

PCSK9 (n=7 per group). B, mRNA levels of SDC4, IL-1b, NLRP3, CD

40, and ICAM1 were measured by RT-gPCR in mouse Ldlr’ peritoneal

macrophages after pretreatment with siSDC4 or siControl (Ctrl) for 48 hours and stimulation with 2.6 ug/mL recombinant mouse PCSK9
(MmPCSK9) for 3 hours (n=4-5). Pvalue was calculated by 1-way ANOVA, followed by Bonferroni multiple comparison test. Error bars indicate

+ SEM. Data are reported as mean + SEM.

vein grafts can produce PCSK9 in humans by comparing
PCSK9 mRNA levels in human saphenous vein endothe-
lial cells, smooth muscle cells, and human primary mac-
rophages derived from peripheral blood mononuclear
cells. While we detected substantial PCSK9 expression in
human saphenous vein smooth muscle cells, the level was
significantly lower than that in HepG2 (liver) cells (Supple-
mental Figure 10C). Human primary macrophages and
human saphenous vein endothelial cells contained mini-
mal PCSK9 mRNA (Supplemental Figure 10C). Recent
studies reported a modest increase of PCSKQ mRNA and
protein levels in macrophages exposed to pro-inflamma-
tory stimuli3®4” We, therefore, examined PCSK9 mRNA
expression in human primary macrophages treated with
pro-inflammatory stimuli. Although LPS and IFNy induced
884
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a pro-inflammatory response in the macrophages, as
determined by TNFa mRNA expression (Supplemen-
tal Figures 10D and 10E, right graphs), PCSK9 mRNA
expression did not increase after LPS or IFNy (Supple-
mental Figures 10D and 10E, left graphs). These results
indicate that smooth muscle cells (SMC), but not macro-
phages, may primarily produce PCSK9 in vein grafts, but
to a much lower extent than the liver.

Macrophages Rather Than Endothelial Cells
and SMCs May Mediate the Effects of PCSK9
on Vein Graft Lesion Development

Although our study focuses on macrophages, we exam-
ined the role of PCSK9 in the activation of endothelial cells
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and SMCs because other investigators reported potential
interactions between PCSK9 and these cell types.*®#®
Endothelial cell activation precedes vein graft lesion devel-
opment.*® Due to the scarcity of mRNA in CD31-positive
endothelial cells in vein grafts, we sorted them from the liver
and lungs of Ldlr” mice injected with AAV-PCSKS instead
to examine the effects of PCSK9 on endothelial cell acti-
vation in an LDLR-independent fashion. AAV-PCSK9 did
not increase mRNA levels of adhesion molecules, such as
VCAM-1, ICAM-1, and E-selectin, in EC from either organ
when compared with AAV-LacZ (Supplemental Figure
11A). We further found in vitro that recombinant PCSK9
did not increase mRNA levels of these adhesion molecules
in human saphenous vein endothelial cells (Supplemental
Figure 11B). These results indirectly indicate that PCSK9
may not induce endothelial activation in vein grafts.

SMC modulation, migration, and proliferation contrib-
ute to the development of vascular disorders, including
atherosclerosis® and vein graft®" A recent study showed
that PCSK9O may sustain SMC dedifferentiation, migration,
and proliferation in neointimal hyperplasia in response to
vascular injury,*® suggesting the involvement of SMCs in
PCSK9-induced vein graft lesion development. To explore
this possibility, we examined the effects of recombinant
PCSK9 on SMC dedifferentiation, migration, and prolif-
eration in human saphenous vein smooth muscle cells.
Recombinant PCSK9 slightly decreased SM220. mRNA
levels (0.74 and 0.68-fold for 1.0 and 5.0 pg/mL, respec-
tively), but did not affect differentiation molecules, such
as aSMA, calponin, SM1, or SM2 (Supplemental Figure
12A). In addition, recombinant PCSK9 did not affect
PDGF-induced migration activity of human saphenous
vein smooth muscle cells (Supplemental Figure 12B). A
BrdU assay using human saphenous vein smooth muscle
cells showed that recombinant PCSK9 did not enhance
10% fetal bovine serum-induced proliferation (Supple-
mental Figure 12C). AAV-PCSKO did not affect the SMC
content in vein grafts (Supplemental Figure 12D). Collec-
tively, in our experimental settings, our data did not provide
the mechanistic evidence in vitro and in vivo that activa-
tion of endothelial cells or SMCs contribute to PCSK9-
induced vein graft lesion formation. These results indicate
that circulating PCSK9 promotes vein graft lesion devel-
opment predominantly through macrophage activation.

DISCUSSION

This study investigated LDLR-independent mechanisms
by which PCSK9 induces pro-inflammatory activation of
macrophages and accelerates vein graft lesion develop-
ment. The key findings include: (1) AAV-PCSK9 did not
change lipid profile but promoted vein graft lesion devel-
opment in Ldlr’- mice, suggesting LDLR-independent
mechanisms; (2) AAV-PCSK9 increased macrophage
accumulation and decreased fibrillar collagen in vein
graft lesions; (3) PCSK9 induced macrophage activation
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in Ldlr”~ mice; (4) unbiased global transcriptomics of
Ldlr”- mouse macrophages stimulated with recombinant
PCSKO revealed activation of several pro-inflammatory
pathways; (5) a combination of the global transcriptomics
and novel network-based hyperedge entanglement pre-
diction analysis showed NF-xB signaling pathway and
OLR1(LOX-1) could play a key role in vein graft lesion
development; (6) SDC4, a heparan sulfate proteoglycan,
could be a novel target of PCSK9 that mediates pro-
inflammatory responses in macrophages.

Reversed autologous saphenous veins are widely
used for surgical bypass for treatment of lower extrem-
ity peripheral artery disease and coronary artery disease.
Peripheral artery disease affects approximately 8.5 mil-
lion people in the United States aged 240 years® and
a total of 202 million worldwide, as of 2010.%% The inci-
dence of peripheral artery disease has been rising by
23.5% globally from 2000 to 2010 largely due to aging
populations.”® Of note, 40% of vein grafts for peripheral
artery disease are failing or fail within a year." The volume
of CABG procedures for severe coronary artery disease
has declined since 1998; however, 371 000 bypass
procedures were still performed in the United States in
20142 and approximately 30% of these costly proce-
dures are failing or fail 12 to 18 months after surgery.?

Evidence suggests that pro-inflammatory responses to
PCSK9 in macrophages and arterial atherosclerotic lesions
may primarily depend on LDLR. Recombinant PCSK9
induced TNFoo mRNA in bone marrow-derived macro-
phages mainly in an LDLR-dependent fashion.” Further-
more, overexpression of human PCSK9 in macrophages
promoted atherosclerotic lesions.?® Deletion of the PCSK9
gene in the liver reduced atherosclerotic lesions, primarily
via mechanisms dependent on LDLR# To the best of our
knowledge, no in vivo studies have demonstrated LDLR-
independent pro-inflammatory effects of PCSK9 on vas-
cular lesion development. The present study demonstrated
that circulating PCSK9 induces macrophage activation and
vein graft lesion development in LDLR-independent mech-
anisms. The relative contributions of the LDLR-dependent
and independent mechanisms, however, remain unknown.

Clinical reports demonstrated that cholesterol-lower-
ing with PCSK9 inhibitors reverses the pro-inflammatory
profile of monocytes in patients with hypercholesterol-
emia,** indicating the lipid-dependent pro-inflammatory
effects of PCSK9 in humans. Clinical trials also demon-
strated that PCSK9 inhibitors lower not only serum lev-
els of LDL cholesterol but also lipoprotein (a) (Lp(a)).*®
Mice lack apolipoprotein (a) or Lp(a),%® which enabled us
to rule out the role of Lp(a) in the effects of PCSK9 in
our in vivo study. Although genetic evidence suggests
LDL-dependent effects of PCSK9 in gain-of-function
and loss-of-function carriers® and the clinical benefits
of antiPCSKO9 strategies derive largely from LDL lower-
ing, nonLDL-dependent effects might also contribute.®®
As serum total cholesterol and triglyceride levels did not
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differ in AAV-LacZ and AAV-PCSKO groups, our findings
in Ldlr’- mice do not seem to depend on PCSK9's effects
on the profile of circulating lipids.

High sensitivity C-reactive protein is the most estab-
lished marker of inflammation to predict cardiovascular
events independently in primary and secondary preven-
tion.?? Clinical trials with PCSK9 inhibitors did not show any
significant changes in high sensitivity C-reactive protein
levels in patients with coronary artery disease.®®¢" Antiin-
flammatory changes in monocyte phenotype with PCSK9
antibodies were not accompanied by a CRP (C-reactive
protein) reduction in patients with familial hypercholes-
terolemia, suggesting that CRP may not solely capture
changes in local inflammation produced by PCSK9 inhi-
bition.>* In addition, the ATHEROREMO-IVUS study (The
European Collaborative Project on Inflammation and Vas-
cular Wall Remodeling in Atherosclerosis - Intravascular
Ultrasound) demonstrated a linear relationship between
serum levels of PCSK9 and the fraction or amount of
the necrotic core in the nonculprit lesions of patients with
acute coronary syndrome, independently of serum levels
of LDL cholesterol. Our study provides support for the
notion that circulating PCSK9 may exert pro-inflammatory
effects on vascular lesions. Further studies are needed
to explore whether PCSK9 inhibition ameliorates local
inflammation in vascular lesions in patients.

In general, multi-omics technologies, such as pro-
teomics and transcriptomics, identify many differentially
expressed molecules. It is challenging to assess direct
interactions between these molecules or their causal roles
in a biological or disease context by examining each mole-
cule or interaction among many. This challenge has driven
efforts in computational network biomedicine to develop
unbiased prediction methods. By exploiting the mere
topology of a protein-protein interaction network, one can
quantify the likelihood of direct interactions between a
molecule of interest (eg, PCSK9 in the present study) and
a hyperedge of differentially expressed molecules (which
represents a network functional module). We used a novel
node2hyperedge entanglement method® and showed
any of the 24 differentially expressed transcripts, includ-
ing NF-kB signaling molecules, OLR1(LOX-1), and SDC4,
as a potential target of PCSK9 associated with inflam-
mation. In the present study, we identified SDC4 as a
potential novel target of PCSK9. Although Sdc4 was not
a high-ranking differential expressed transcript, its fold
change after stimulation with recombinant PCSK9 in the
RNA-sequencing was statistically significant. We further
performed in vitro experiments involving siRNA silenc-
ing in primary macrophages to substantiate our compu-
tational prediction platform and demonstrated that SDC4
indeed binds to PCSK9 in vivo and mediates PCSK9-
induced pro-inflammatory responses. The contribution of
macrophage SDC4 to PCSK9-induced pro-inflammatory
responses in vivo remains to be elucidated. This novel pre-
diction method may offer a powerful and necessary tool
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for the completion of the human interactome and for gen-
erating new hypotheses.

SDC4 regulates several robust pro-inflammatory mol-
ecules, such as IL-1f, NLRP3 (NLR family pyrin domain
containing 3), CD40 (cluster of differentiation 40) and
ICAM1. Various endogenous signals abundantly present
in atherosclerotic lesions activates NLRP3, a key media-
tor of IL-18 maturation.®2®3 T cell-mediated macrophage
activation involves CD40 to produce interstitial collagens
and tissue-factor pro-coagulant®* The role of macrophage
ICAM1 in atherosclerosis remains obscure, but a recent
study reported that macrophage ICAM1 suppresses
“M2-like” macrophages during tumor progression. SDC4
silencing inhibited these pro-inflammatory molecules. The
magnitude of inhibition, however, was modest, suggesting
that while we propose SDC4 is a novel target of PCSKS,
but PCSK9 may also target other molecules (eg, NF-xB
signaling molecules). The mechanisms mediated via
SDC4 we report here appears to be one of multiple path-
ways affected by PCSK9. Heparan sulfate proteoglycans
modulate macrophage activation by maintaining cells in a
quiescent state through the capture and sequestration of
IFNP.%5%¢ We speculate that SDC4 serves as a mediator
of PCSK9-induced pro-inflammatory responses through
the capture of PCSK9 on the surface of macrophages
as seen in the hepatocyte.*® Our data demonstrated that
NF-kB may mediate pro-inflammatory responses down-
stream of the PCSK9 and SDC4 binding. Understanding
more detailed mechanisms by which SDC4 mediates the
pro-inflammatory responses and their downstream sig-
naling induced by PCSK9 requires future investigations.

Our study does not demonstrate definitively that local
PCSKO plays an important role in vein graft lesion develop-
ment. In situ hybridization and gPCR data suggest that SMCs
may be the primary source of PCSK9 in these lesions. The
expression level of PCSK9 in SMCs was much lower than
in the liver, although the relative gene expression level may
not be a valid determinant of its biological role or impor-
tance. Whether and how circulating PCSK9 affects lesional
macrophages through the contact with endothelial cells
(which in turn affects macrophage phenotype or the entry
into the subendothelial space, which results in direct con-
tact with macrophages) remains to be elucidated®” Future
work needs to define detailed molecular mechanisms.

Our data do not demonstrate that human primary
macrophages can express PCSK9, even when stimu-
lated with pro-inflammatory stimuli, which was consistent
with previous studies.*®®® Evidence suggests, however,
the participation of endogenous PCSK9 in macrophages
during pro-inflammatory responses. In vitro experi-
ments showed that overexpression of PCSK9 in macro-
phage-like THP-1 cells enhanced the pro-inflammatory
response induced by oxidized LDL via NF-«xB activa-
tion.?® In contrast, PCSK9 gene silencing inhibited the
response.®47 |n vivo evidence also showed that overex-
pression of human PCSK9 in macrophages increased
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atherosclerotic lesion formation in Apoe”" mice.?® These
results suggest that not only circulating PCSK9 pro-
duced from the liver but also local PCSK9 produced from
SMCs and macrophages may induce a pro-inflammatory
response in macrophages and contribute to vascular
lesion development. What cell types other than SMCs
contribute to monocyte/macrophage infiltration, and
activation remains to be elucidated.

The present study demonstrates several lines of
novel evidence that circulating PCSK9 promotes mac-
rophage activation and vein graft lesion development via
mechanisms independent of blood cholesterol and LDLR
degradation. Despite current therapeutics and research
advancements, effective medical solutions are limited to
prevent vein graft failure. Our study provides molecular
bases that circulating PCSK9 deserves investigations as
a potential therapeutic target for vein graft failure.
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