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Abstract

High density lipoproteins (HDL) represent a compositionally diverse population of particles in the
circulation, containing a wide variety of lipids and proteins. Gene ontology functional analysis of
the 96 commonly identified HDL binding proteins reveals that almost half of these proteins are
either proteases or have known roles in protease regulation. Here, we discuss the activities of some
of these proteins in regard to their roles in regulating proteases involved in inflammation,
coagulation, and complement activation, particularly in the context of atherosclerosis. The overall
goal of this review is to discuss potential functional roles of HDL in protease regulatory pathways
based on current literature and known functions of HDL binding proteins and to promote the
consideration of HDL as a global modulator of proteolytic equilibrium.
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1. Our current understanding of HDL function

High density lipoprotein (HDL) is most commonly referred to as the “good cholesterol”,
because of an established inverse relationship between the cholesterol content of HDL
particles and the risk for cardiovascular disease (CVD) (1). This relationship has withstood
repeated evaluation in large scale population studies; however, there is a great deal of
uncertainty about the nature of this relationship and whether HDL is “good” because it is
directly protective against CVD or if the cholesterol content of HDL (HDL-C) is simply a
biomarker of some other protective process, and in fact, has no direct causal relationship
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with CVD (2). While there is a great deal of functional data and some clinical data to
support the hypothesis that HDL is playing a direct protective role against CVD, several
recent studies indicate that pharmacological manipulation (3) or naturally occurring genetic
mutations (4), which result in increased HDL-C, do not translate to a reduced risk of
cardiovascular events. Many view these studies as a significant blow to the HDL field,
suggesting a lack of importance of HDL in CVD; however, there is an alternative
interpretation of these results. What these studies do clearly support is the concept that the
cholesterol content of HDL is not necessarily directly linked to CVD and that the generic
raising of HDL-C regardless of the mechanism may not be not an effective approach for
reducing CVD. The lack of efficacy in these cholesterol centric approaches to modulating
HDL might be better understood by an examination of the compositional diversity of HDL.
HDL is a highly heterogeneous and dynamic set of lipoprotein particles, containing a wide
variety of lipids and proteins (5, 6). The measurement of HDL-C is largely an indication of
the cholesteryl ester content in the core of these particles and is not necessarily indicative of
any functional capacity of HDL (7). Recent findings showing that the cholesterol efflux
capacity of HDL is better than HDL-C in predicting CVD risk support the hypothesis that
measurements of HDL function can outperform HDL-C (8, 9). The use of HDL function
assays as a surrogate for HDL-C is complicated by several issues, including inherent
difficulties in standardizing assays among multiple centers and the existence of multiple
experimental models intended to measure the same function, for example in reverse
cholesterol transport (10). As an alternative to functional activity measurements, the direct
measurement of HDL bound components may be useful and would likely be easier to
standardize and implement as a routine diagnostic test. The components of HDL that are
likely responsible for its functionality are the surface exposed proteins and bioactive lipids
and thus they may be likely to be stronger biomarkers of HDL-modifiable CVD risk.

The effects of current HDL-C manipulating therapies on the HDL proteome and lipidome
have not been thoroughly studied. Perhaps there is a lack of interest in the effects of these
compounds on the HDL proteome due to their general lack of clinical efficacy. Despite this,
such studies may provide valuable information about the mechanism of efficacy, or lack
thereof, for HDL targeting therapies. Despite recent failures of several CETP inhibitors, one
compound in this class is still under evaluation in phase Il1 trials, anacetrapib.
Immunochemical composition analysis of HDL from patients taking anacetrapib has
revealed some changes in the HDL protein cargo, including increased apoA-I and apoC-IlI
with no change in apoA-11 or gpo£ (11). The application of a shotgun proteomics approach
to these samples may likely reveal more information about possible function or dysfunction
in the HDL generated by anacetrapib. Niacin is another HDL-C raising agent that has
undergone a lot of recent studies. The Coronary Drug Project first demonstrated a long-term
cardiovascular benefit associated with high-dose (3 grams/day) niacin therapy (12).
However, as demonstrated by the more recent AIM-High (13) and HSP2-THRIVE (14)
studies, there appears to be no benefit from niacin when added to a statin regimen. Because
most patients who would be considered for HDL raising are likely already taking a statin,
there is currently diminished interest in pursuing niacin therapy for cardiovascular disease.
But again, there may be lessons to be learned by studying the effect of niacin monotherapy
on the HDL proteome. The effect of combination niacin/statin therapy on the HDL proteome
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has been reported and results in a shift of the HDL proteome in CAD patients toward that of
healthy individuals (15). A comparison of the niacin only versus niacin/statin effects on the
HDL proteome may provide insight into the lack of efficacy with combination therapy.

The importance of understanding the effect of HDL modifying therapies on the HDL
proteome is further supported by the recent studies suggesting the existence of dysfunctional
HDL. Under systemic inflammatory conditions, the HDL proteome can shift to a
proinflammatory phenotype characterized by replacement of much of the apoA-1 and many
other minor HDL proteins with the acute phase proteins serum amyloid A 1/2 (SAA1/2)
(16). The mechanism of action for this displacement is currently debated, however, binding
of SAA1/2 to HDL has been demonstrated to affect HDL metabolism (17) and impair the
activity of several cardioprotective functions of HDL (18, 19). The relationship between
dysfunctional HDL and the protease regulator functions of HDL has not been reported but
may yield interesting findings based on the high level of involvement of proteases/inhibitors
in inflammatory pathways.

One reason why the protein and surface-lipid components of HDL have not already been
developed into an effective metric for CVD risk is because the roles of these components in
HDL function are not well understood. New analytical approaches for measuring the HDL
proteome and lipidome are rapidly leading to a greater understanding of the potential role of
these components of HDL. At this time, HDL is proposed to transport at least 96 different
proteins (20) and over 200 different lipid species (6). Because of the relatively small size of
HDL, 7-12 nm in diameter, not all of these different components can reside on every single
HDL particle. In fact, it has been suggested that, based on the size and protein content of
HDL, each individual HDL particle may only be able to accommodate 1-2 proteins in
addition to its major structural components, apoA-I and apoA-I11. Therefore, HDL exists as a
diverse population of particles composed of many different possible combinations of
proteins and lipids. It is unknown, however, whether these components assemble on HDL
randomly or if somehow, protein-protein or protein-lipid interactions may orchestrate
specific particle assemblies. The compositional and functional categorization of HDL
subspecies is, therefore, an active and promising area of investigation, rich with potential for
uncovering novel functions for HDL and for better understanding the relationship between
HDL and CVD.

Many different functions for HDL have already been described, including the most well
understood reverse cholesterol transport (RCT) pathway, the process by which HDL can
remove cholesterol from peripheral cells and transport it to the liver where it can be
converted to bile acids and excreted from the body. The initiating step in the RCT pathway is
the efflux of cholesterol from cells, most notably macrophage foam cells within
atherosclerotic lesions, via the interaction of HDL with cell membrane transporters, such as
ABCAL, ABCG1, and SRB1 (21). In humans, the efflux capacity of HDL is negatively
correlated with atherosclerotic CVVD (9) and is the only function of HDL which has been
evaluated for its relationship with CVD outcomes. A multitude of other functional properties
of HDL have also been described and could potentially play equally important roles in the
pathogenesis of CVVD and other diseases. Some of these alternative HDL functions include
effects on endothelial function, regulation of inflammation, glucose metabolism, and innate
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immune defense and have been previously reviewed (22). In this review, we propose a
functional role of HDL as a broad-spectrum modulator of protease activity based on
evidence from the HDL proteome and from recent HDL functional studies. This concept is
supported by the early HDL proteome work of Vaisar et al., who initially noted the presence
of numerous protease inhibitors on HDL (23). As we will discuss in more detail, the
protease regulating role of HDL may have important implications in various physiological
pathways related to atherogenesis, such as inflammation, coagulation, and complement
activation.

2. The HDL proteome is enriched with proteases and protease inhibitors

Over the last decade, modern mass spectrometry instruments have been employed to
characterize the HDL proteome in healthy individuals and in those with various disease
states (5). These early studies have provided overwhelming support for the compositional
heterogeneity and dynamics of the HDL proteome. The W.S. Davidson laboratory maintains
a database of HDL proteome studies, cataloging the identities of all the HDL associating
proteins, with the current count up to 96 different proteins detected on HDL by at least 3
independent laboratories (Note: Actual HDL proteome database indicates 95 proteins on
HDL but counts SAAL and SAA2 as a single protein due to difficulty in distinction by mass
spectrometry) (20). We used this database of commonly detected HDL associated proteins to
perform a gene ontology (GO) molecular function enrichment test (24) to identify classes of
proteins that are enriched on HDL compared to its surrounding milieu, the plasma (25). The
enrichment of specific classes of proteins on HDL indicates that the HDL proteome is not
simply a random sampling of plasma proteins, but rather a platform for the assembly of
specific combinations of proteins with functional importance. A summary of the results of
this analysis are presented in Fig. 1 and many of the known molecular functions associated
with HDL are represented. While lipid binding and transporter activity make the top of the
list as expected, one surprising finding of this analysis is that there is an equal number of
proteins with molecular functions associated with protease regulator activity. Additionally, a
large number of HDL bound proteins are known to have protease activity. The presence of
significant numbers of both protease and protease regulator proteins on HDL suggests that
HDL may be acting as a platform for the interaction of these classes of proteins.

Many of the physiologic pathways and processes that HDL is known to modulate involve
protease activity, such as inflammation, coagulation, and complement activation. A close
examination of the HDL proteins involved in these pathways reveals that very few proteins
with roles in lipid transport also have protease regulator function; however, a larger portion
of the proteins with roles in inflammation, coagulation, and complement activation do have
protease regulator function (Fig. 2). This suggests that HDL’s role in modulating these
processes may involve protease regulation as a significant component. Fig. 3 highlights
some of the potential pathways where HDL mediated protease regulation may play a role in
atherosclerosis. It may be helpful to follow this figure as you read the next sections of this
review.

All of the proteases on HDL were classified as serine proteases (17 of 17) and the majority
of protease inhibitors on HDL (15 of 23) are serine protease inhibitors (SERPINS). This
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unexpected enrichment of SERPINs on HDL was first pointed out by Vaisar et al. (23). The
SERPINs are a superfamily of proteins with conserved structural elements, including a
metastable reactive center loop, which acts as bait for the target protease. The interaction of
a protease with its corresponding SERPIN results in irreversible inhibition of protease
activity due to a dramatic conformational change in the protease/inhibitor complex (26). The
SERPIN superfamily consists of 36 proteins, 27 of which are functional protease inhibitors,
and they target a wide variety of proteases with established roles in inflammation,
coagulation, and complement regulation (26). All of these processes have been implicated in
CVD and, therefore, the existence of such an abundance of SERPINs on HDL is strongly
suggestive of a mechanistic role for HDL in modulating protease activity.

3. Potential roles for protease regulation by HDL

3.1. Inflammation

3.1.1. Protease regulation in atherosclerosis—Atherosclerotic lesions are well
known to be inflammatory environments, occurring in the subendothelial space of arteries.
Within these lesions, activated neutrophils and macrophages secrete an array of cytokines,
reactive oxygen species, and proteases, all of which promote atherosclerosis (27). Cytokines
trigger proinflammatory signaling cascades in nearby cells, leading to the recruitment of
circulating monocytes to the lesion. Reactive oxygen species generated in plaque oxidize
low density lipoproteins (LDL), driving scavenger receptor mediated uptake by
macrophages and leading to the formation of macrophage foam cells (28). Finally, proteases,
which include serine proteases, matrix metalloproteases, and cathepsins, cause physical
destruction of both soluble proteins and components of the extracellular matrix (ECM) and
propagate proinflammatory signaling by generation of EMC fragments (16). They also
promote the activation of protease activated receptors (PARs) found on almost all cells (29),
which further amplifies inflammation. Protease inhibitors play an important role in
counteracting the destructive activities of proteases, particularly during the resolution phase
of inflammation and may play a protective role against atherosclerosis. For example, the
myxoma virus protein Serp-1 is a serine protease inhibitor (SERPIN) with potent inhibitory
activity against plasmin, urokinase-type plasminogen activator (UPA), and tissue-type
plasminogen activator (tPA). In a mouse model of atherosclerosis (gp0£ ), administration
of Serp-1 reduced atherosclerotic lesion progression and promoted a more stable plaque
morphology (30).

Neutrophil elastase (NE) is an interesting example of a potential HDL-modifiable protease
involved in atherosclerosis. It is an abundant serine protease produced by both neutrophils
and macrophages within atherosclerotic lesions (31). The primary target of NE is, as its
name implies, elastin, a major structural component of the vessel wall and nearly all other
elastic tissues of the body. Mutations that disrupt elastin structure result in an unstable
plaque morphology and increased propensity for rupture (32). Breakdown of elastin results
in the formation of desmosine, crosslinked fragments of elastin, and circulating levels of this
fragment correlate with arterial stiffness and have been associated with cardiovascular risk
and mortality in patients with chronic obstructive pulmonary disease (33). /7 vivo studies in
mice have also demonstrated that chronic administration of elastin breakdown fragments
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results in increased atherosclerosis severity, likely involving the elastin receptor complex and
PI13K signaling (34). While neutrophils are thought to be the primary source of NE in
atherosclerotic lesions, cholesterol loading by incubation with acetylated LDL increases
elastolytic activity associated with macrophages (35). In addition to physical damage to the
extracellular matrix, NE can also propagate inflammation by activation of PARs. Cleavage
of PAR-1 and PAR-2 by NE can stimulate secretion of an array of cytokines including

IL-1pB, IL-6, IL-8, and prostaglandin E2 (36, 37). Endothelial integrity can also be
compromised by NE activation of endothelial PAR-2, resulting in increased permeability and
inflammatory cell migration (38).

The body’s natural counter measure for excessive NE production in sites of inflammation is
a SERPIN called alpha-1-antitrypsin (A1AT). This protein is produced primarily by the liver,
but is secreted into the plasma, and is acute phase reactive, with plasma levels increasing up
to 6-fold over its usual plasma concentration of 1-2 mg/mL. In the lung, bidirectional
transport of ALAT across pulmonary capillary endothelial cells has been described (39),
however, this process has not been studied in endothelial cells relevant to atherosclerosis.
Although it is a relatively abundant plasma protein, ALAT might not readily cross the
vascular endothelium of large arteries on its own because of reduced bulk phase transport
and tissue specific effects on endothelial receptor expression (40). Hence the association of
A1AT with HDL may provide a mechanism for transcytosis because HDL has been
demonstrated to be actively transcytosed across vascular endothelial cells via mechanisms
involving ABCAL and SRB1 (41, 42). ALAT has been shown to bind to HDL in healthy
humans (43), with the amount of HDL bound A1AT increasing significantly during
treatment with the LDL lowering drug rosuvastatin (44). Isolated human HDL has potent
anti-elastase activity (43) and HDL enriched with A1AT have been shown to reduce
inflammatory cytokine production in elastase treated macrophages (44). Additionally, in
vitro and ex vivo experiments show that HDL bound AL1AT inhibits ECM degradation,
detachment, and apoptosis of smooth muscle cells (43). The elevation of HDL bound ALAT
during rosuvastatin treatment may provide some explanation for the pleiotropic effects of
statins (i.e. lowering of CVD risk through mechanisms not related to lowering of LDL-C).
Mechanistic studies of A1AT in atherosclerotic mouse models have not yet been reported,
likely due to the lack of ALAT KO mouse models. Mouse models have proven difficult to
generate due to gene duplication in mice resulting in the mouse having 3—-6 copies of A1AT,
depending on the strain. In the future, modern gene editing technologies such as the
CRISPR/Cas9 system may simplify generation of these mice. In one previous report, an
attempt to knockout one of these A1AT homologues resulted in embryonic lethality (45), an
unexpected effect considering the survival of ALAT null humans (46). In addition, patients
with ALAT deficiency are reported to have increased arterial stiffness, indicative of
decreased vessel elasticity and an increased risk for CVD (47). Elevations in plasma A1AT
were noted in patients following myocardial infarction and, in these patients, greater
elevations were correlated with reduced mortality, further supporting a role for this SERPIN
in protection against CVD (48).

Abdominal aortic aneurysm (AAA) is a vascular condition distinct from atherosclerosis but
consisting of many similar pathophysiological hallmarks, such as inflammation in the vessel
wall, oxidative stress, and proteolytic damage including degradation of vascular collagen
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and elastin (49). In fact, one of the most widely used models for /n vivo study of AAA
involves intraluminal injections of elastase in rodents (50). Interestingly, HDL has also been
proposed to be associated with AAA. Patients with AAA have reduced amounts of HDL
bound AL1AT compared to healthy controls (43). This finding supports a potential
mechanism whereby HDL bound A1AT may be involved in the preservation of vascular
integrity, similar to the atherosclerosis scenario discussed above. Additionally, HDL isolated
from these patients has impaired antioxidant activity (51). Total HDL and apoA-I levels have
been demonstrated have a negative association with AAA occurrence and progression (52,
53). As further evidence of the ability of HDL to protect against AAA, HDL raising
approaches have been used to mitigate AAA progression. Infusions of reconstituted HDL
(54) and treatment with fenofibrate (55) have both shown improvement in AAA mouse
models. Whether or not HDL mediated protection against AAA development involves HDL -
mediated regulation of destructive proteolytic activity has not been directly evaluated but
deserves investigation.

3.1.2. HDL regulates protease activity in the lung—A recent study in a mouse
model of emphysema provides additional support to our hypothesis of HDL mediated co-
transport of protease inhibitors to sites of inflammation. This study convincingly
demonstrates that intravenous administration of A1AT, when pre-complexed with HDL, was
more efficiently targeted and delivered to lung tissue than free ALAT or HDL administration
alone (56). Additionally, ALAT-HDL resulted in a reduction of inflammatory markers and
morphological damage and improved lung function in mice given intratracheal elastase (56).
These results demonstrate that HDL effectively transports functional ALAT from the
circulation across the lung endothelium. This targeting effect of HDL may have implications
in therapy for humans with A1AT deficiency. The current standard of care for these patients
is the infusion of free purified or recombinant A1AT; however, the efficacy of this approach,
in terms of preservation of lung function, is relatively modest (57).

3.2. Coagulation

3.2.1. Coagulation and atherothrombosis—Coagulation is the body’s primary
defense against blood loss and involves the aggregation of soluble factors at a site of injury
to physically impede the movement of blood out of the circulatory system. The coagulation
pathway begins with an initiating stimulus followed by a series of proteolytic events, which
results in an amplifying effect and ultimately activation of thrombin, which then converts
soluble fibrinogen to insoluble fibrin clots (58). This process is tightly regulated by protease
activators and inhibitors at almost every step, and many of these regulatory proteins are
known to bind to HDL or to be influenced by HDL bound proteins and lipids (58). Although
many different HDL binding proteins have known functions in coagulation, the relationships
between HDL and these proteins have only been investigated for a few.

Atherothrombosis occurs when an atherosclerotic lesion is disrupted, resulting in the
formation of a thrombus at the luminal endothelium. Unstable thrombus formation in this
manner greatly increases the risk of pathologic vascular events, such as myocardial
infarction and stroke. In fact, atherothrombosis is responsible for two thirds of acute
coronary syndromes (59). Risk factors for atherothrombosis include cigarette smoking,
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elevated LDL-C, and hyperglycemia (60). HDL participates in a variety of physiological
pathways related to endothelial function and atherothrombosis (61). An association between
HDL and thrombotic disease in humans has also been reported. Reduced HDL-C, HDL
particle number, and apoA-I have been associated with venous thrombosis in men (62).
Additional evidence indicates that HDL from patients with established cardiovascular
disease has dramatically reduced anti-thrombotic properties (63). Early studies of the
anticoagulant roles of HDL were primarily focused on the ability of HDL to prevent
endothelial cell apoptosis, which is still considered an important aspect of this function. This
function is, at least in part, related to the lipid cargo of HDL, namely sphingosine-1-
phosphate (S1P). In the plasma S1P is carried almost exclusively on HDL and possesses
potent anti-apoptotic activity (64, 65). Recent studies have emphasized additional
anticoagulant mechanisms for HDL. Furthermore, the recent characterization of the HDL
proteome suggests some novel potential mechanisms of action that have yet to be examined.
In the following section, we will discuss the existing data supporting a relationship between
HDL mediated protease regulation and coagulation and propose potential novel relationships
based on evidence from the HDL proteome.

3.2.2. Regulation of coagulation by HDL

Intrinsic and extrinsic pathways: Thrombin is attracted to negatively charged lipid
surfaces, such as those on lipoproteins. Therefore, this attraction can potentially facilitate the
interaction of thrombin with functional modulators present on the lipoprotein surface. This
may provide a way for the HDL associated proteins to modulate thrombin activation and
activity. Similar logic can be applied to any of the components of the coagulation cascade.
Intact isolated human lipoproteins can act as a suitable platform for the interaction of
components of the intrinsic and extrinsic coagulation pathway. Assembly of these
components (i.e. FXa, FVa, prothrombin) in the presence of human VLDL is known to result
in efficient thrombin production (66). In contrast, the same assembly on HDL yields much
slower rates of thrombin production, possibly due to the presence of endogenous inhibitory
factors (66). By separation of HDL’s lipid and protein components, it was shown that the
protein component of HDL can also directly inhibit tissue factor (TF) and FV1la mediated
activation of FX in the final step of the extrinsic pathway (67). The protein responsible for
this function was later named lipoprotein associated coagulation inhibitor (68) and then
renamed tissue factor pathway inhibitor (TFPI), a protein detected in recent MS based HDL
proteome studies (69). Another HDL binding protein with known involvement in inhibition
of FX activation is antithrombin-I11. The functional relationship between HDL and
antithrombin-111 has not been reported; however, one intriguing study suggests that the
consumption of antithrombin activity in serum is positively correlated with HDL-C (70).
This association may suggest that HDL can facilitate the activity of antithrombin-II1.

Apolipoprotein H (apoH) is an HDL binding protein with multiple anti-coagulant activities,
ranging from inhibition of platelet aggregation (71) to direct inhibitory effects on factors of
the intrinsic pathway (72). However, the role of apoH is complicated as it has also been
proposed to have procoagulant properties under certain conditions by preventing binding of
activated protein C (APC) to a lipid surface by competitive inhibition (73). Additionally,
some patients with antiphospholipid syndrome produce autoantibodies against apoH. These
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antibodies bind lipid bound apoH and further inhibit APC activity resulting in a
procoagulant effect (74).

In addition to carrying inhibitors of procoagulant proteases, HDL and apoA-I can inhibit
coagulation by sequestering procoagulant anionic phospholipids. Phosphatidylserine and
other anionic lipids can be actively transported from apoB containing lipoproteins to HDL
via the action of phospholipid transfer protein (PLTP) and, once incorporated into the HDL
particle, they no longer promote coagulation by activation of the prothrombinase complex
(75). The mechanism for this activity appears to be sequestration of PS into the smaller sized
HDL particles, which do not provide enough surface area for assembly of the
prothrombinase complex, specifically by excluding FVa (75). PLTP may also have direct
antithrombotic properties by interacting with and inhibiting the activation of FXlla in the
intrinsic pathway of coagulation (76).

Protein C pathway: A major regulator of coagulation, and one of the most studied in terms
of interaction with HDL, is the protein C pathway. Protein C, in the presence of its cofactor,
protein S, forms activated protein C (APC), a serine protease that inactivates Factors Va and
VIlla, thus acting as an anti-coagulant. Patients with deficiency in protein C are at increased
risk of thrombosis (77). An interaction between protein C and HDL has been described
whereby purified human HDL promotes the anti-coagulant activity of protein C (78). This
effect was greater in larger HDL2 subfractions than smaller, denser fractions of HDL,
namely HDL3 (58). Additionally, there was a positive correlation between plasma apoA-I
and the capacity for APC mediated inhibition of coagulation (78). The mechanism for this
activity may involve several components of the HDL particle, including negatively charged
lipids, apoA-I, and apoC-111 (58, 79). Further experimentation may reveal roles for
additional HDL bound proteins in modulation of the protein C pathway.

Von Willebrand factor (VWF): Another major player in coagulation pathways is VWF. This
large glycoprotein is secreted from activated endothelial cells and self-associates to form
long sticky strands which bind to platelets and promote the formation of thrombi. Studies in
hypercholesterolemic rabbits support a role for VWF in platelet binding and thrombosis on
atherosclerotic lesions (80). Several stimuli have been implicated in VWF release from
endothelial cells such as inflammatory cytokines (81) and proteases, including thrombin (82)
and elastase (83). Recently, HDL has been implicated in the function of VWF. /n vitro
studies demonstrate the ability of HDL to block self-association of vVWF and prevent platelet
adhesion to stimulated endothelial cells (84). Additionally, lipid-free apoA-I can block the
binding of circulating soluble vVWF multimers to adherent vVWF fibers (84). These
observations were consistent with /7 vivo experiments in a mouse model of thrombotic
microangiopathy where HDL was able to reduce thrombocytopenia when co-injected with
VWEF (84). Human data provides additional support for a role of HDL in vVWF adhesion.
Patients with two conditions that cause systemic endothelial activation (i.e. sepsis and
thrombotic thrombocytopenic purpura) display reduced plasma apoA-I and increased active
VWEF (84). The results of several prospective cardiovascular outcome studies indicate that
although vWF generally demonstrates an association with CVD events, this association is
often lost after correction for other known risk factors (85-88). This supports the hypothesis
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that VWF is a modifiable risk factor whose ultimate association with atherosclerotic disease
is dependent on its interaction with other components, possibly HDL.

Fibrinolysis: Even after a clot has formed, HDL may still be able provide protection from
thrombosis. The physical structure of fibrin clots on atherosclerotic plaque is related to risk
of atherothrombaotic events (89). Increased clot density, reduced permeability, and
susceptibility to lysis are associated with increased risk (89). In a study of 136 individuals,
plasma apoA-I and HDL-C showed a positive correlation with clot permeability and a
negative correlation with clot lysis time, indicating a more favorable clot phenotype in
individuals with higher HDL (90). This study reports that individuals with HDL-C > 55
mg/dL had about 20% improvement in both of these parameters compared to the rest of the
study population (90). The mechanism behind this relationship has not been reported but
may involve HDL carried proteins. For example, plasminogen is commonly detected on
HDL. Plasminogen is a major player in the fibrinolysis pathway. Proteolytic cleavage of
plasminogen by various proteases, some of which are also detected on HDL (e.g. kallikrein)
results in the active form, plasmin, capable of dissolving fibrin clots. This connection might
support a hypothesis where HDL is acting as a platform for activation of plasmin by
facilitating the interaction of plasminogen and kallikrein. To add another level of complexity,
HDL also carries several plasmin inhibitors (e.g. alpha-2-antiplasmin and alpha-2-
macroglobulin). This may suggest some level of dynamic regulation of plasmin activity by
HDL.

3.3. Complement

3.3.1. Complement in innate immunity and atherosclerosis—Another potential
role for protease inhibitors on HDL may be in the regulation of the complement system. The
traditional role of the complement system in human physiology is in innate immunity, by
promoting antibody binding and opsonization or by direct killing of invading pathogens
(91). Similar to the coagulation pathway, the complement pathway involves a highly
regulated series of proteolytic activities. Activation of complement by the classical,
alternative, or lectin pathways initiates a cascade of proteolytic events that result in the
generation of numerous proinflammatory cytokines and the formation of the membrane
attack complex (91). Over 30 different proteins have been implicated in the complement
pathway and at least 17 of these proteins have been found to bind to HDL, supporting the
concept of HDL involvement in complement regulation.

In addition to the well-studied innate immune functions of complement, there is evidence
that complement proteins may also be involved in the pathogenesis of CVD. C3 is one of the
most abundant proteins of the complement system (1.3 mg/mL in plasma) and has been
associated with previous myocardial infarction (92) and as a risk factor for coronary heart
disease, independent of other risk factors and acute phase proteins (93). The C5 cleavage
fragment, C5a, has also been associated with increased cardiovascular risk (94).
Additionally, complement protein concentrations are increased within and along the luminal
endothelium of atherosclerotic lesions, including C3, C4, C5a, and the terminal C5b-9
complex (95-97). It has been proposed that these components are involved in disruption of
the vascular endothelium (98, 99) and activation of intra-lesion phagocytosis (95). The
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complicated role of the complement system in atherosclerosis has been reviewed previously
(100).

3.3.2. Regulation of complement activity by HDL—HDL carries many proteins that
are known inhibitors of complement. Clusterin, commonly known as apoJ in the lipoprotein
field (alternative names include: complement lysis inhibitor and SP-40, 40), forms a
complex with apoA-I in circulation and can inhibit the cytolytic activity of the C5b-9
complex (101, 102). Factor H is a complement regulatory protein with binds to apoE on
HDL particles and regulates activation of the alternative pathway (103). All of these
complexes represent minor fractions of the total HDL population, yet may be contributing in
major ways to suppress inflammation in the body. Even the most abundant HDL proteins
apoA-1 and apoA-11 have been shown to have increased binding affinity to endothelial cells
treated with C5b-9 (104). This binding is specifically dependent on the presence of
polymeric C9 and both apoA-I and apoA-I1 have been shown to interfere with the formation
large C9 polymers and their insertion into cell membranes (105), thus protecting endothelial
cells from complement directed cell death. Preservation of endothelial integrity in this
manner may also contribute to the antithrombotic effects of HDL discussed above, since
endothelial disruption is trigger for atherothrombosis.

Patients with familial hypoalphalipoproteinaemia, a condition marked by low plasma levels
of apoA-I and HDL-C and associated with increased risk for atherosclerosis, have elevated
plasma concentrations of complement proteins C3 and C4, as well as, C reactive protein and
the soluble cell adhesion molecule ICAM-1 (106). Similarly, Tangier disease patients, who
have a mutation in ATP binding cassette transporter A1 (ABCA1) and, therefore, also have
low HDL (107), have increase complement activity (108). High cholesterol concentrations in
atherosclerotic plaque result in the formation cholesterol crystals, which have been shown to
trigger inflammasome activation via a complement dependent mechanism (109).
Reconstituted HDL (rHDL) binds to cholesterol crystals and inhibits crystal induced
activation of complement and also prevents crystal induced production of inflammatory
cytokines in whole blood (110, 111). These studies provide convincing evidence that a lack
of HDL can result in excessive complement activation, and highlight the importance of HDL
in suppressing complement induced inflammatory activities. Other specific mechanisms for
how HDL may modulate complement activity have not been systematically examined.
Perhaps HDL can act by sequestering proinflammatory cleavage fragments (e.g. C3a and
C5a) or by preventing proteolytic generation of these fragments.

4. Conclusion

HDL is a well-documented carrier of a variety of proteases and protease inhibitors, with
known functions related to anti-inflammation, coagulation, and complement activation.
Currently, there is limited /n vivo evidence supporting a physiological role for protease
regulation in HDL biology or atherosclerosis prevention. The relatively large proportion of
HDL bound proteins with protease regulator function, especially SERPINS, is surprising and
strongly suggests a new paradigm whereby HDL plays an important role in protease
regulation. Although this has not been a central focus of HDL research, numerous studies
provide support for this type of role for HDL in various processes related to atherosclerosis.
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It seems likely that the interaction of HDL with the various proteases and protease inhibitors
is important for two reasons: 1. Transport, movement of these proteins from the plasma
compartment to tissues where they perform their activity or 2. Facilitation, HDL is acting as
a platform for the assembly and activation of functionally related proteins, involved in
various proteolytic processes. Further work is needed in this promising area of research to
gain a more thorough understanding how the HDL proteome modulates proteases involved
in CVD and to demonstrate the biological relevance of such activities. Targeted /in vitro
studies utilizing reconstituted HDL, with incorporation of various proteins of interest, should
be performed to evaluate the effect of HDL binding on the known activities these proteins
and /n vivo studies will be necessary to confirm biological relevance to atherosclerotic
disease. We encourage investigators from all fields to browse the HDL proteome (20) and to
develop new hypotheses to explain how these proteins may be interacting on the surface of
HDL to drive specific functions.
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Highlights

. The high density lipoprotein (HDL) proteome is significantly enriched in
proteins with protease regulator function.

. HDL may act as a regulator of protease activity in biological process,
including inflammation, coagulation, and complement activation.

. Protease regulator activities may contribute to HDL mediated protection
against atherosclerosis.
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High-density lipoprotein particle p H Tahin hindi

Lipoprotein lipase activator activity

Phosphatidylcholine-sterol O-acyltransferase Protease regulator activity

activator activity
Antioxidant activity

Cholesterol transporter activity

Lipid transporter activity Lipid binding

Heparin binding

Transporter activity

Protease activity
GO molecular function Plasma.Fr HDL Pr HDL Prot HDL Froy value
(of 10,492) (of 96) (exp d) | (fold enrich P

Protease regulator activity 164 23 2 14.29 1.0E-16
Lipid binding 469 23 5 5 3.2E-07
Transporter activity 822 23 8 2385 8.5E-03
Protease activity 466 17 5 372 6.5E-03
Heparin binding 124 15 1 12.33 4.1E-09
Lipid transporter activity 76 12 0.75 16.09 3.7E-08
Cholesterol transporter activity 13 7 [] 54.88 1.7E-07
Antioxidant activity 59 7 1 12.09 4.7E-03
F i i terol O- activator activity 6 6 [] >100 1.0E-07
Lipoprotein lipase activator activity 3 3 [] >100 8.7E-03
High-density lipoprotein particle receptor binding 3 3 0 >100 8.7E-03
Hemoglobin binding 5 3 0.05 61.15 4.0E-02

Results from PANTHER Overrepresentation Test (Version 11.0; release 20160715)
Doughnut graph displays count of proteins in each biological process.

Fig. 1. Gene ontology analysis of HDL proteome molecular function
The HDL proteome was compared to the plasma proteome and a functional enrichment

analysis for GO molecular functions was performed using Panther Overrepresentation Test
(version 11.0). Selected molecular functions are displayed to reduce redundancy. The
doughnut graph represents the counts of proteins from the HDL proteome in each molecular
function category. The table below displays the numerical results of the enrichment test.
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Fig. 2. Analysis of protease regulating proteins associated with known HDL functions
Proteins from the HDL proteome were assigned to the following GO biological processes:

lipid transport, regulation of inflammatory response, coagulation, or complement activation.
These protein groups were analyzed further for concurrent GO assignments in regulation of
proteolysis. Within each of the four HDL functions presented the count of proteins which
were identified as having protease regulator activity are represented in blue and all others are
in orange.
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Fig. 3. Roles for HDL mediated protease regulation in protection against atherosclerosis
Complement activation, coagulation, and subendothelial inflammation all contribute to the

progression of atherosclerosis through the action of proteolytic cascades (bold red arrows).
HDL, by way of its protein cargo, may help to modulate these pathways at various steps
(bold green arrows). Complement (112) and coagulation (113) pathway representations were
adapted from original versions.
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