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Abstract

Despite an improved understanding of its pathophysiology and a wide range of new treatments, cardiovascular disease (CVD)
remains a serious public health issue and the number one cause of mortality in the United States. Conditions that promote
chronic systemic inflammation, such as obesity, cancer, and autoimmune and infectious diseases, are now known to play an
important role in promoting CVD by inducing the expression of endothelial adhesion molecules and chemokines; these in turn
promote leukocyte adherence and infiltration, which initiates and spurs the progression of CVD. In response to this new under-
standing, researchers are evaluating the potential cardiovascular benefits of new-generation therapies based on endogenous
molecules with anti-inflammatory properties. Similarly, targeted approaches that leverage the phenotypic differences between
non-inflamed and inflamed endothelia have the potential to selectively deliver therapeutics and decrease the morbidity and mor-
tality of CVD patients. In this review, we discuss the role of inflammation in CVD and explore the therapeutic potential of targeting
inflamed vasculature through conventional and biomimetic approaches.

The Epidemiology and Pathophysiology of
Cardiovascular Disease

Cardiovascular disease (CVD) is the major cause of hospital
emergency admissions and continues to be the leading cause
of death in the United States. Acute vascular events such as
myocardial infarction and stroke are typically associated with
vascular inflammation, endothelial erosion, and plaque rupture
in the coronary or carotid arteries.! The economic impact of these
diseases—including direct and indirect costs—surpasses $500
billion annually, higher than that of cancer and Alzheimer’s
combined.?

CVD is a multifactorial condition typically associated with
hypercholesterolemia, diabetes, smoking, hypertension, and
aging. Each of these conditions is known to promote endothe-
lial activation and vascular inflammation.? In addition, the in-
creasing prevalence of obesity is a public health concern since it
contributes to metabolic syndrome, vascular inflammation, and
the progression of atherosclerosis. Almost one-third of American
children are overweight or obese,> promoting the initiation of
vascular lesions during childhood.* In obese patients, the num-
ber of macrophages, free fatty acids (FFA), and proinflammatory
mediators (e.g., tumor necrosis factor-o. [TNFa], interleukin-6
[IL-6], C-reactive protein [CRP], and leptin) proportionally in-
crease with the amount of visceral fat, while anti-inflammatory
factors (e.g. adiponectin) have an inverse relationship.® Free fatty
acids induce the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B) pathway, triggering the production of
TNFa. In turn, TNFo activates lipolysis, increases macrophage
recruitment, and induces the synthesis of IL-6, which stimulates
the production and secretion of CRP.® The interaction between
macrophages and adipocytes augments hepatic CRP produc-
tion and may increase CRP levels, which is a key risk factor for
CvVD.”8

The Role of Inflammation in Cardiovascular Disease
Inflammation is the cornerstone of CVD.? Chronic inflamma-
tion in remote sites may promote coronary atherosclerosis.’*! The
relationship between systemic inflammation and coronary events
is likely due to the aggravation of local inflammation in coronary
plaque. Systemic inflammation may cause endothelial activation, a
state characterized by increased expression of endothelial adhesion
molecules and chemokines (e.g., vascular cell adhesion molecules
[VCAM] and monocyte chemotactic protein [MCP-1]) and reduced
expression of antiatherogenic molecules (e.g., nitric oxide and
prostacyclin). This state of endothelial activation facilitates leu-
kocyte adherence and infiltration into the vessel wall.'*? Systemic
inflammation also alters the coagulation pathway and increases
platelet activation, creating a procoagulant state prone to the for-
mation of thrombi."'* Endothelial activation due to systemic in-
flammation may also be a feature of end-stage cardiovascular dis-
eases such as congestive heart failure, in which there are increased
circulating levels of inflammatory cytokines (TNFa, IL-6, CRP)."
Previous work has suggested that the risk of CVD is influ-
enced by the balance between low-density lipoprotein (LDL-C)
cholesterol particles, which are believed to be more atherogenic,
and high-density lipoprotein (HDL-C) cholesterol particles, which
are believed to be protective.”® (Note that this conventional para-
digm may need to be revisited based upon disappointing clinical
trials in which agents increasing HDL-C did not protect against
major cardiovascular events.'®) Inflammatory cytokines generally
reduce the concentration of HDL-C and increase triglyceride con-
centrations, which is an unfavorable lipid profile associated with
cardiovascular events.'”!® Furthermore, LDL-C is believed to be
more atherogenic when oxidized (oxLDL), as when it is trapped
in the subendothelial space. In an inflamed vessel wall, there is
increased generation of reactive oxygen species (ROS) by infiltrat-
ing immune cells and activated vascular cells.” The accumulating
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oxLDL is imbibed by resident macrophages, inducing the immune
cells to generate more inflammatory cytokines and chemokines.?
A positive feedback loop is established, increasing the expression
of endothelial adhesion molecules to facilitate monocyte adhesion
and diapedesis.! The endothelium is particularly vulnerable to this
process at sites of low shear stress, such as bends or bifurcations,
or downstream of a stenotic lesion.! In summary, the initiation and
propagation of atherosclerosis is heavily influenced by endothelial
activation and vascular inflammation, both of which lead to the
initiation of atherogenesis, the progression of plaque formation,
plaque rupture, and thrombosis.*

The benefit of antilipid therapy is clearly proportional to the
extent of LDL-C reduction, but there are data indicating that the
benefits may also be due to anti-inflammatory effects.” Statins
are the most effective therapeutic option for reducing LDL-C and
remain the gold standard for treating CVD. Numerous clinical
trials—including 4S, WOSCOP, CARE, LIPID, AFCAPS/TexCAPS,
ASCOT-LLA, and HPS—have proven the benefits of statins and
their effects on LDL-C. Statins also have substantial anti-inflam-
matory effects that may contribute to the inhibition of NF-xB
activity, reducing the downstream activation of genes that regu-
late endothelial adhesiveness, permeability, and prothrombotic
response. Statins also reduce blood levels of CRP," another risk
factor for CVD.2!

Other classes of drugs used to treat CVD—such as fibrates,
angiotensin-converting enzyme inhibitors (ACEI), angiotensin
receptor blockers (ARBs), and aspirin—may have beneficial effects
through anti-inflammatory pathways. Fibrates facilitate reverse
cholesterol transport® but may also repress TNFo. expression®
and inhibit NF-xB activation. The antiplatelet effects of aspirin
largely mediate its cardiovascular benefits, but they also inhibit the
production of proinflammatory and vasoconstrictor products of
the cyclooxygenase I (COX-1) pathway.?* The beneficial effects of
ACEIs are due to inhibition of angiotensin II formation and preser-
vation of bradykinin, which enhance vasodilation and reduce af-
terload. However, anti-inflammatory effects may also contribute.”
For example, angiotensin II stimulates monocyte infiltration and
proliferation and is a powerful activator of NADPH oxidase in the
vessel wall. This enzyme system is a major contributor to the gen-
eration of ROS, which will oxidize LDL-C and degrade nitric ox-
ide, reversing the vasodilatory effect of this endothelium-derived
factor. Thus, inhibition of angiotensin synthesis (ACEISs) or action
(ARBs) will be vasoprotective.

As this brief discussion suggests, there may be major cardiovas-
cular benefits to exploring anti-inflammatory therapies for CVD
treatment. It is also possible that these benefits may be greater if
the anti-inflammatory therapies can be targeted toward the vessel
wall to avoid systemic side effects.

Novel Targeting Strategies: The Beginning of a New Era
While there is an abundance of small drug molecules on the
market that are effective for CVD treatment, the use of novel bio-
logical therapeutics (i.e., genetic materials, proteins, and peptides)
remains challenging due to their poor stability upon systemic
injection® and the lack of efficient delivery methods. Efforts have
been made to develop specialized carriers that facilitate delivery
of biologics and identify the most effective molecular targets in
desired tissues. As a result, several drug delivery platforms of
varying size, shape, and material have been formulated. These
platforms rely primarily on two fundamental aspects: (1) versatile
formulation that permits the encapsulation of therapeutic agents,
and (2) surface functionalization with targeting agents (i.e., anti-

bodies, aptamers, and small molecules) to deliver therapeutics or
diagnostics to pathological sites of inflammation within the endo-
thelium.”

For most drug delivery platforms, the vascular system rep-
resents a natural route to reach diseased tissues.”® However, the
vasculature can also be problematic® since therapeutics cannot
be delivered to a localized site when systemically administered.®
Recently, the endothelial layer has been identified as a potential
target for pharmaceutical intervention due to its active involve-
ment in the pathogenesis of CVD. Vascular inflammation and/
or increased endothelial permeability are common mechanisms
involved in atherosclerosis, heart failure, diabetic vascular disease,
and ischemia-reperfusion injury (Figure 1).* These endothelial
alterations can facilitate delivery to the tissues subserved by these
abnormal vessels. For example, nanostructured mesoporous silicon
vectors (MSV) loaded with 10-nm polymeric micelles were used
as a theranostic tool in chronic heart failure.’® The authors demon-
strated that MSVs accumulated in failing myocardium after intra-
venous injection, suggesting a cardiac enhanced permeation and
retention (CEPR) effect. Contrast agents, nanosensors, or therapeu-
tics might thus be selectively delivered into failing myocardium
for preventive, diagnostic, or therapeutic purposes.

Another approach is to design carriers functionalized with
analogs of natural CAMs or selectin-ligands (i.e., anti-VCAM,*
anti-ICAM1, sialyl-Lewis X, PSGL-1)* as well as lymphocyte
function-associated antigen 1 (LFA-1) mimetics or antioxidized
low-density lipoprotein receptor (LOX-1).** This approach has
prompted the development of bio-inspired carriers that target
these moieties (Figure 1). In particular, CAMs are markers of in-
flammation, and their overexpression promotes the adhesion of
immune cells. As leukocytes naturally target inflamed endotheli-
um regardless of the injury, biomimetic carriers follow leukocyte
tropism and selectively deliver cargo to the diseased tissue. Yanh
et al. found that multifunctional core-shell VCAM-1-targeted
Fe,0,S5i0, nanoparticles are preferentially internalized by in-
flamed endothelial cells compared to non-targeted nanoparti-
cles.” Liposomes targeting VCAM-1 were used in atherosclerotic
mouse models and exhibited the ability to deliver a therapeutic
effect.®

Nanoparticle-Based Imaging Strategies in
Cardiovascular Disease

Biological targeting of inflamed endothelium has also been
used to develop theranostic strategies that both image and treat
the complex pathology of CVDs. For example, researchers have
designed D-phe-pro-arg-chloromethyl ketone (PPACK) and mi-
celle-based nanoparticles (NPs) with a high affinity for thrombi.?¢?”
The PPACK was conjugated with perfluorocarbon NPs while the
micelle was loaded with an anticoagulant. Both of these approach-
es showed a significant antithrombotic effect when compared to
anticoagulants delivered systemically without targeting vectors.*®
Nanoparticles conjugated with Indium (*'In) and surfaces func-
tionalized with antibodies that bind to low-density LOX-1 recep-
tors have been used to image atherosclerotic plaques in ApoE~-
knockout mice.* Micelles loaded with gadolinium conjugated
with anti-CD36 antibodies targeted the macrophages found in
atherosclerotic human aortas. Through different imaging options,
it is possible to follow NP biodistribution in the circulatory system,
demonstrate extravasation, and track accumulation within the in-
flamed tissue and removal by the lymphatic system. Such studies
provide information on biodistribution of NPs that complements
studies of their therapeutic efficacy.
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Features of inflammation microenvironment

* Localized inflammation

* Endothelial dysfunction

* Impaired lymphatic drainage

* Hypoxia

* Overexpression of cell adhesion markers (CAM)
and selectins

Biomimicry Inspires the Design of Drug Delivery
Carriers

The decoration of carrier surfaces with moieties mimicking
natural ligands can provide selective targeting and precise de-
livery of therapeutics to a diseased tissue. Even so, the seques-
tration of NPs by the mononuclear phagocyte system and the
inability to adequately negotiate other biological barriers has hin-
dered their clinical translation. New biomimetic developments
are mainly based on two strategies: (1) top-down approaches,
including the bioengineering of pathogens (bacteria and viruses)
or cells (leukocytes, erythrocytes, platelets, and stem cells*), or
(2) bottom-up approaches, such as conjugating NP surfaces with
analogs of bioactive molecules that bind CAMs and selectins®*°
or coating synthetic particles with cell membranes as reported by
Parodi et al.*! Additional approaches include poly(lactic-co-gly-
colic acid) (PLGA) NPs cloaked with platelet cell membrane that
preferentially bind the denuded artery in a rat model of coronary
restenosis.*

Other biomimetic NPs based on endogenous carriers such
as LDL and HDL have been engineered to incorporate nucleic
material and deliver therapeutic and diagnostic molecules.*
Low-density lipoproteins also have been used as imaging contrast
agents in combination with gold NPs.* The ability to modify these
endogenous proteins to encapsulate and deliver lipophilic drugs

Figure 1. Schematic of (a) passive
and (b) active targeting approaches.

continues to expand and indicates their potential effectiveness in
selectively targeting drugs for CVD.*

In addition to the aforementioned platforms and strategies,
Molinaro et al. recently published a novel method that combines
the top-down and bottom-up approaches to assemble hybrid bio-
mimetic nanovesicles.*® The platform is an evolution of the coating
process previously employed for functionalization of lipid vesicles.
In this iteration, membrane proteins are isolated from infiltrating
immune cells and reconstituted with biocompatible choline-based
phospholipids in a liposome-like nanovesicle called Leukosome.*
This method was derived from techniques commonly used to
prepare liposomes. Leukocyte-like properties were conferred to
Leukosomes by integrating more than 300 membrane proteins into
their post-transcriptional status in the lipid bilayer. Among these
properties, proteomic analysis revealed the presence of receptors
that enabled adhesion of Leukosomes to activated vasculature
and also revealed their self-tolerance and ability to evade immune
clearance.®

Despite the authors’ use of this biomimetic platform in a mouse
model of localized inflammation, their description of the conserva-
tion of molecular pathways, the receptors involved, and the dynam-
ic interactions between key cell types during the inflammatory pro-
cess opens the possibility of employing Leukosomes in CVD, where
inflammation plays a fundamental role in endothelial activation.
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Inhibits leukocyte infiltration

lective for the o receptors (PPAR) has shown to inhibit
leukocyte infiltration

Increases expression of apoA-| and Il genes, thus in-
creasing HDL and reverse transport

Statins Inhibits cholesterol synthesis Improves endothelial function by inducing cNOS gene | (Jain & Ridker, 2005)*
Anti-inflammatory transcription (Anker, 2004)""
Antioxidant Prenylated proteins’ (Ras and Rho) inhibition account
for the non-lipid-lowering effect of statins
-Inhibits the translocation of NF-xB
Fibrates Reduces triglyceride levels Agonist of the peroxisome proliferator receptors se- (Li, 2005)*

ACE inhibitors | Lowers blood pressure

ACE leads to increased levels of bradykinin that,
through nitric oxide signaling, down-regulates NADPH
oxide, inhibiting the production of ROS

Inhibits the degradation of bradykinin and increases
nitric oxide levels, improving vascular function

(Miinzel, 2001)%

Aspirin Antiplatelet/ antithrombotic activity

Improves vascular function by in-

constriction

Irreversible inhibition of cyclooxygenase (COX-I), pre-
venting the formation and release of prostaglandin
hibiting molecules that cause vaso- | H, (a precursor of thromboxane A))

Modulates acetylcholine-induced peripheral vaso-
dilation in patients with atherosclerosis, possibly via
inhibition of one or more cyclooxygenase-dependent
vasoconstrictors

(Husain, 2015)%

cNOS: e nitric oxidesynthase; NF-xB: nuclear factor kappa B; apoA-I: apolipoprotein A-I; HDL: high-density lipoprotein; ACE: angioten-
sin converting enzyme; NADPH: nicotinamide adenine dinucleotide phosphate; ROS: Reactive oxygen species

Table 1. Summary of mechanisms of action for drugs treating/controlling cardiovascular disease.

Overall, these bio-inspired approaches represent the next genera-
tion of nanomedical therapeutics since they provide an alternative
solution for evading the mononuclear phagocytic system and for
transport across the endothelial vessel wall.

Conclusion

Novel drug delivery platforms have the potential to encap-
sulate a plethora of molecules (both small drugs and biologics)
and selectively deliver them to sites of endothelial inflammation.
Altered endothelium can be targeted through classical approaches
based on antibodies and other ligands or through a new genera-
tion of biomimetic delivery systems. These systems are based on
the unique biology of certain cell phenotypes that have the ability
to recognize inflammation and overcome the endothelial barrier.
In particular, it is possible to engineer nanodelivery systems that
maintain some of the properties of immune system cells such as
macrophages, leukocytes, and T cells. By leveraging the exclusive
ability of these cells to locate, recognize, and infiltrate sites of
tissue inflammation, we and others have created alternative plat-
forms that can selectively deliver therapeutic and diagnostic pay-
loads to the areas of interest in a variety of pathological conditions
associated with local vascular inflammation. Taken together, these
discoveries illuminate three potential areas for further research: (1)
understanding CVD pathophysiology as a result of inflammation
pathways, (2) designing therapeutics that exploit inflamed endo-
thelium in order to passively (CEPR effect) or actively (surface
functionalized with targeting agents) target the diseased tissue,
and (3) overcoming the current limitations of available therapies
characterized by severe side effects and unwanted toxicity to
healthy tissue. New developments in nanoparticle fabrication cou-
pled with our understanding of endothelial-leukocyte interaction

in CVD may soon allow the targeted delivery of novel cardiovas-
cular therapies to sites of vascular inflammation, leading to greater
efficacy and reduced systemic adverse effects.

Key Points:

¢ Local vascular inflammation plays a key role in the initiation
and progression of atherosclerosis.

e Systemic inflammation may heighten local vascular
inflammation and accelerate the progression of
atherosclerosis.

¢ Agents that are effective at controlling local vascular
inflammation may reduce cardiovascular morbidity and
mortality.

¢ Inflamed endothelium represents a viable target for targeted
strategies due to the altered phenotype of adhesive surface
markers and increased vascular permeability.

* Novel nanotherapeutic approaches can exploit inflamed
endothelium in order to passively (CEPR effect) or actively
(surface functionalized with binding moieties) target
diseased tissue.
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