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ABSTRACT:The past several decades have brought sigmit advances in
the application of clinical and preclinical nanoparticulate drugs in tld of
cancer, but nanodrug development in cardiovascular disease has lagg
comparison. Improved understanding of the spatiotemporal kinetics
nanoparticle delivery to atherosclerotic plaques is required to opti
preclinical nanodrug delivery and tdrive their clinical translation. 5
Mechanistic studies using super-resolution and correlative light microscq ves

electron microscopy permit a broad, ultra-high-resolution picture of h ecrotic core
endothelial barrier integrity impacts the enhanced permeation and reten
(EPR) e ect for nanoparticles as a function of both atherosclero
progression and metabolic therapy. Studies by Beldehahin the December
issue of ACS Nanosuggest atherosclerotic plaque progression supp(q
endothelial junction stabilization, which can reduce nanoparticle entry into
plagues, and metabolic therapy may induce similacts. Herein, we examine
the potential for advanced dynamic intravital microscopy-based mechanistic studies of nanoparticle entry into atheros
plagues to shed light on the advantages of free extravasatisngmmune-mediated nanoparticle uptake foeetive clinical
translation. We further explore the potential combination of metabolic therapy with another emerging cardiovascular
treatment paradigm e erocytosis stimulation to enhance atherosclerotic plague regression.

the United States, together account for nearly 50% @bots in the role of immmation in their pathogenesis.
U.S. deaths. These diseases appear stakéndat
rst blush. Atherosclerosis, the prototypical cardiovascul Despite the apparent di erences in
disease,arﬂesults from lipid deposition arairimation in the pathogenesis and mechanism, new
vessel wallCancer, by contrast, most often involves somatic
gene mutations that result in dysregulated cellular proliferatic researph resu_lts have shown that
and may involve any organ in the Body. theraples d?SIQmed for cancer may _aISO
Intriguingly, despite the apparenedinces in pathogenesis  have roles in treating atherosclerosis.
and mechanism, new research results have shown tha

therapies designed for cancer can also have roles in treatinmthough medical treatments for atherosclerosis, inclu
ather030|el’05is. Recent examples include: (|) Restimulati0n|i9fd_|owering and antithrombotic drugs and invasive rev.
intratumoral macrophage phagocytosis enables tteaf to |arization strategies, have lowered cardiovascular com
cancer cells and thereby to control tumor griWthe same  tions, there remains a need for therapeutic tools and del
therapeutic process was also shown todotive in clearing systems to address atherosclerotic vascular disease.
dead and dying cells in atherosclerotic plaques, stabilizing thelasses of lipid-modulating drugs are currently approved b|
and reducing plaque siZ@) Antiglycolytic drugs have been U.S. Federal Drug Administration (FDA) to redu
used for several years to treat cancer, in part to induce vascular

renormalizatiohyhich can be exerted as a potent therapeuties, ished: January 27, 2020

tool. Recent work by Beldmetmal.in the December issue of

ACS Nanbsuggests that metabolic antiglycolytic therapy can

also induce vascular renormalization under atherosclerotic

conditions and reverse @ammatory processes in plaques.

Cardiovascular disease and cancer, the top two killerslimdeed, the parallels between the two diseases may hav
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cardiovascular events, including statbrates, proprotein  assess and to treat atherosclerosis preclinically for'decades

convertase subtilisin/kexin type 9 (PCSK9) inhibitors, an@nd clinically for several yéarBhese nanoparticles typically

ezetimibé&.In addition to their eects on lipids, statins have enter plaquevia the enhanced permeation and retention

pleiotropic vasculo-protectiveeds, independent of their (EPR) eect, by which nanomaterials traverse openings

e ect on lipoproteinsThe JUPITER trial corroborated these between or within endothelial cells lining the blood vessels

data in a large, randomized controlled trial of statinand extravasate into the interstitial spaugch like the EPR

administered to patients with normal lipid levels, whicte ect in cancer: 2*

demonstrated reduced cardiovascular events without lowering'he EPR eect, rst discovered as a feature in canters

lipid levels? In spite of such vasculo-protectivects, statins  also shown promise in cardiovascular diSdzseause of

are incompletely ective in protecting some high-risk patient similarities in pathogenesis between the two diseases, including

populations™ Current treatment protocols for atheroscler-rampant neoangiogenésigntry of nanomaterials into the

otic vascular disease include multiple agents wéfterdi  blood vessel/plaque sites was thought to correspond roughly

vascular targets to improve outcomes. Interestingly, sodiuto-a plaque stagéHowever, recent work from Beldragal’

glucose cotransporter-2 (SGLT2) inhibitors traditionally usedsing super-resolution and correlative light microscopy and

to treat diabetes also provide st protection from  electron microscopy (also previously applied to explore the

cardiovascular evefimd SGLT2 inhibitors may also be used EPR eect of nanoparticles in the context of ca)arggests

to treat cancer. Clinical trials of statins and SGLT2 inhibitors that endothelial junctions stabilize in advanced plaque,

suggest closer overlap betweeamimation, metabolism, and decreasing extravasation of nanoparticles. fitiigy casts

cardiovascular disease than previously appreciated and pregenbt on the utility of the EPRet to deliver therapeutics in

new systemic and targeted therapeutic opportunities. Receuiterosclerosis reliably. Almost mockingly, drug-bearing nano-

discoveries in cancer biology have lent further insight intgarticle entry is most restricted when plaques most require

immune and metabolic checkpoints with parallels imreatment. Moreover, for imaging diagnostics, miiisig

cardiovascular disease. Treatments to derepress immuuggests that the extent of atherosclerosis cannot be measured

activation in cancer are proving to reduce atherosclerotiss a function of extravasation-dominant plagque nanoparticle

plague size in preclinical studies: uptake because the imaging signal may decrease with plague
progression.

In the December issue o ACS Nanp Another recent discovery in the context of cancer showed
Beldmanet al. showed that both that some nanomaterials, such as single-walled carbon
. nanotubes (SWNTs), may enter immune cells in the
adV_anced a_-therOSderOt'C plaques and circulatory system and be taken up into tumors as a Trojan
antiglycolytic therapy apparently in- HorseX This delivery mechanism could help overcome key
duce vascular renormalization and issues that continue to plague EPR-based delivery, including

Re=] A ; qH ; _ heterogeneous uptake within a lesion, acre@ssrdilesions,
endothelial junction stabilization, lead across derent people, and now, as described by Bektman

ing to decreased vascular leakiness and g, across stages of atherosclerosis. These SWNTSs selectively
reduced uptake of hyaluronan nano- enter inammatory monocytéswhich, due to the immma-
materials in the case of advanced tory nature of cancer, natively home to turfidgy. again
: exploiting a discovery made in cancer for atherosclerosis due to

atherosclerosis. the in ammatory similarity of the disease, SWNT-loaded
immune cells might be used as delivery vehicles in

Although nanoparticle drug formulations entered the cliniatherosclerosis for treating and imaging diseasaramaz
in other disciplines as early as 1990, only one cardiovascttily monocytes are well-established to home to atherosclerotic
drug, a nanoparticulate formulation of ferate, is FDA-  plagques®®* Given the key role of iammatory monocytes
approved for clinical uSeThe successes and promise of and their descendant macrophages in plaque pathogenesis, use
nanotherapeutics in medicine have fueled interest iof SWNTs as an immunotherapeutic tool to treat athero-
developing new approaches to cardiovascular treatmentsstderosis shows high potential that cdutdajor gaps in the
improve drug ecacy, precise targeting, stability, and limitincclinical cardiovascular treatment paratfigm. addition,
o -target eects.” SWNTs can be loaded with many types of therapeutic small

In this Perspective, we outline the role of delivery irmoleculesiaa noncovalent chemistry termed stacking,
atherosclerosis nanotherapy, highlight the potential favhile restricting intracellular delivery spally to mono-
antiglycolytic combination therapy with nanomaterials, exploegtes/macrophages, thereby potentially amplifying therapeutic
the potential to examine mechanistic insights using advangeects while minimizing darget eects. These strengths
imaging, and evaluate the future clinical potential of thessiggest the potential for SWNTs to become a platform
treatments. In the December issuel$ NandBeldmaret al. immunotherapeutic tool in atherosclerosis and also in cancer,
showed that both advanced atherosclerotic plaques andurodegenerative and gastrointestinal diseases, and other
antiglycolytic therapy apparently induce vascular renormaliza-ammatory disorders involving these monocytes.
tion and endothelial junction stabilization, leading to decreased\otably, if the injected nanoparticlesg( hyaluronan
vascular leakiness and reduced uptake of hyaluronan nanonsoparticlés are not targeted to circulating immune cells,
terials in the case of advanced atherosclerosis, biley tend to be primarily taken up within the plagae
antiglycolytics can also reduce the burden afmimatory  extravasation,a relatively inecient and heterogeneous
plaqué. homing mechanism to target sit€S>* Nanoparticle delivery

Nanoparticle Treatment of Atherosclerosis. Nanoma- using immune-cell-mediated uptake may thus be considerably
terials have been used as imaging and therapeutic agentsntire robust than freely circulating nanopatrticles for entry into
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atherosclerotic plaques for imaging and treatment. However,
standardized assessments of this hypothesis remain to be
performed.

Glycolysis Inhibition Therapy. Lipid-lowering agents,
anti-in ammatory drugs, and drug-eluting stents have shown
clinical promise in treating atherosclerosis over the past several
decade$>® However, atherosclerosis remains the leading killer
in the United States, and improved treatments alone and in
combination with standard therapeutics are energetically
sought because the high rate of recurrent cardiovascular events
in patients treated for atherosclerosis suggests that these
standard treatments are incompfef@ecent clinical trials
suggest metabolic targets in diabetes and canmer o
therapeutic promise to reduce cardiovascular disease fur-
ther'*3"38 |n a parallel preclinical approach, Beldman and
colleagues followed intriguing data on antiglycolgtitseon
macrophaggsto test the eects of glycolysis inhibitors as an
atherosclerosis therapy.

Antiglycolytic therapies normalize vasculature in cancer,
which improves treatment by enhancing chemotherapeutic
e cacy and reducing metastasis.contrast, antiglycolytics
given to atherosclerotic mice stabilized plagues based Bigure 1. Intravital microscopy schematic: investigating the
measures of collagen and smooth muscle cobespite its mechanisms of atherosclerosis progression and thetapyivo
apparent stabilizing impact on plaque, thects of uorescent image of arterial blood vessels in a mouse using
antiglycolytic therapy on enhancing cell death with postdtravital microscopy (IVM). Single-walled carbon nanotubes
apoptotic necrosis are not WeII-under§t?)smbking concerns (SWNTs) were injected and circulating monocytes within the
of pro-atherogenic apoptotic cell debris accumilafion. ~ Vasculature took up SWNTs (grayscale, blue arrows). An

. . . atherosclerotic plague schematic drawn in yellow (white arrow)

recent develqpment of preeencytic therapies that St'mmf'ﬂe illustrates a blockage in the artery with a necrotic core containing
D'aqua-gwe"'ng macrophages to consume apoptotic Cﬁﬁoptotic cellular debris and macrophages (white arrow). New
debris”® may oer resolution. A combination therapy of antiglycolytic therapy used to treat plaques can increase cellular
antiglycolytics and proearocytics might act synergistically debris but if combined with novel pro-erocytic therapy might be
upon plaques to reduce plague size more globally and teed to enhance therapy synergistically by inducing macrophages
stabilize the remainder of the plagB®gure ) 40 Mice to clear excess debris. Thus, IVM may be valuable to track, to
showed no sigréant change in plaque nanoparticle uptakejuantify, and to optimize these therapeutic processes, in addition
following antiglycolytic therapy, a surprising result consideriffg °ther mechanistic questions troubling theld, by visualizing
that the therapy resulted in vascular normalization and tffe microscopic dynamics in real-time in living subjects.
consequent dissipation of vascular poFes. investigators
attributed this nding to vascular heterogeneity, but why theirlesions, and their work also suggests both microvascular
observation is in contrast to those made in cancer remaifiginor uptake) and luminal vessels (major) as extravasation
unknown. It is plausible thalycolytic silencing of contributors across lesion stages. The emergence of deeper
atherosclerotic endothelium may modulate other endotheliBfM strategies using multiphoton, optical coherence tomog-
functions, such as immune cell recruitment, which remains taphy, and near-infrared (NIR) reporter (potentially including
be investigated. Advanced tools and approaches, suchti@sNIR-II (second window of the NIR), with excellent tissue
intravital microscopy (IVM), which enables quantitativepenetration) techniques may help resolve such questions on
microscopic examination at the subcellular scale in livinghmune cell and nanoparticle access points, distributions, and
animals in real-time, typicallia uorescence approaches behaviorvia dynamic, real-timap vivoimaging of the
(Figure ),°*** “> may shed critical light on mechanisms interactions between immune éélisetween immune cells
underlying these observations, described below. and nanomaterials, and between both nanomaterials and

Studying the Mechanisms of In ammatory Patho- immune cells and the migescular and large vessel
genesis and Therapyvia Imaging. Intravital microscopy endothelium.
has become a widely utilized tool to study pathogenesis andMulticolor imaging of several immune cell subsets (up to at
therapeutic impact across many normal and diseaséghst 5) deeply within plague tissues sets the stage to peel back
physiologies, including in atherosclerosis, despieltidis the mechanisms of initiation and maintenance of the
in tissue acce$s.Studies leveraging IVM suggest thatdysregulated immune state, leading to atherosclerosis.
leukocytes are recruited into plaques through microvesselafortunately, however, much of the mechanism of nano-
and venules, corroborating some histological*wouk particle delivery to plaques has not been studied; itttieed,
contrasting with other histological studies that suggest that cking of systemically administered nanoparticles to
in ammatory monocytes fimate from the luminal side of the atherosclerotic regions is poorly undersfoadlike in
plaqué? It is likely that both microvascular and luminal cancer, which has been well studied for multiple deca-
extravasation occur but depend upon plaque model, stage, tides>"“>***> Use of nanoparticles to interrogate plaque
point of visualization, and other factors. Indeed, Beddimlan behavior has at least two potential consequences, with the
show that more advanced lesions generally permit leability to provide evidence of (1) the location, magnitude,
extravasation of injected nanoparticles compared with nascdphamics, and persistence of plaque vessel leakiness and

1238 https://dx.doi.org/10.1021/acsnano.0c00245
ACS Nan®020, 14, 12361242


https://pubs.acs.org/doi/10.1021/acsnano.0c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00245?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00245?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c00245?ref=pdf

ACS Nano WWW.acsnano.org

molecular retention (as has been done in cancerfiijlies permeability is not sigoantly changed in response to therapy
and (2) the dynamic spatiotemporal patterns of nanoparticlesing hyaluronan nanoparticles. Indeed, the evidence support-
localization within plaques. Such data will bear strongly upamg the endothelium as a target is limited. antiglycolytic

the diagnostic power of nanomaterials by supporting aherapy showed selectivity for endothelialiceifisq despite
understanding of what reporter signal in the plaque actuallye fact that metabolic imaging suggestedivo uptake
representse(g. nanoparticles within cells, within the necroticlocalized primarily in macrophages and smooth muscle cells).
core, within cellular interstitium, or on the endothelium; theserhaps there is a dose-dependent antiglycolgtt ie
nanoparticles may ultimately report their presence and locatiatherosclerosis similar to thea in cancer, wherein high-
clinicallyvia magnetic resonance imaging, positron emissiodlose antiglycolytics induce tumor endothelial cell death,
tomography, computed tomography, photoacoustic imaginghereas low doses stimulate vascular normafizathars,

and many other imaging modalitjeand their therapeutic ~ such dose-dependent responses would need to be dynamically
potential. Given that many emerging nanotherapies amharacterized under atherastie conditions. Intravital
designed to function by modulating speciell type(s),  microscopy constitutes an ideal centerpiece for a strategy to
such as macrophages or T cells, over time, it follows thatmzonitor endothelial cell health in real-time to assess the cell
dynamic analysis of threvivosubcellular localization of the death/doseresponse time course and uncover whether other
nanomaterials would provide a wealth of information that cdactors (such as other cell types) may also be involved.

inform selection of appropriate drugs and dosage regimen</

frequency and, just as importantly, may hint at the drugs t |ntravital microscopy can be exp|oited

avoid based on the specicompartmentalization of the drug to answer key questions about the
carriers. We envision that IVM of injected nanomaterials coul

resolve questions such as (1) above, stimulated by Betdmar € €ClS of antiglycolytic th_erapy on
al’s study, as well as (i) clarify the dynamics of plaque tissues such as endothelium.
progressios negative ect on nanoparticle extravasation and
how it relates to the increased collagen production across timeClinical Translation of Plaque-Targeted Nanopar-
and spacee(g.by analyzing collagen formation using secongicles: Conclusions and Future PerspectivesUltimately,
harmonic generation (SHG) strategies in connection Wwitjespite their derences, atherosclerosis and cancer display
multiphoton IVM®>); (ii) o er insights to explain why certain striking similarities that support use of similar
endothelial junctional architecture improves as the plagyRerapeutic strategies aadalogous methods to reveal
advancese(g based on visualizing key immune cells anghechanistic insights. First, for example, the heterogeneity
molecules near the endothelium); (iii) inform thevivo between and within plaques may favéirajan Horsé
mechanisms of antiglycolytic therapy, including when anghproach of using nanoparticle-loaded immune cells mediating
where the increased collagen (a marKstatfilizetiplaque)  uptake into plaques for therapeutics and diagnostics, rather
is deposited and the relationship between metabolism afishn freely circulating nanoparticles or drug molecules. Such
in ammationin vivo (e.g. via use of uorescent sugar strategies may enable more reliable delivery of therapeutic/
analogues,” macrophage and activation markers, and othefiiagnostic agents to plaques. Second, glycolysis inhibition
in ammatory markers); (iv) report the eect of glycolytic  therapy may help normalize atherosclerotic endothelial barriers
inhibition therapy on immune cell recruitment to theand increase collagen production to help stabilize athero-
endothelium; and (v) reveal potential synergies of antiglyceclerotic plaques. Based on the mechanism of action of
lytic and pro-eerocytic therapies as areetive combination  glycolysis inhibition, novel approaches for combination therapy
antiatherosclerotic treatment reginfégufe L with pro-eerocytic treatments should be tested in the future.
Fortunately, despite the lack of many dynamic IVM studiefoward that end, the ects of antiglycolytic therapy on
of atherosclerosis to date, enhancements in surgical techniquescrophage and endothelial function and viability require
access sites, and murine anesthesia indicate that nofgther study. Third, IVM can be used to tease out answers to a
observations highly relevant to atherosclerotic pathogenesismber of key preclinical questions mechanistically: (i) How
and therapeutic dissolution will emerge in the coming yeartoes nanoparticle delivery to atherosclerotic plagees di
These insights, integrated with advanaed cytometry, between immune-mediated and free nanoparticle strategies?
transcriptomic, and metabolomic metfiédeill help Can immune-mediated strategies help reduce ahts ®f
researchers develop new ways to image/diagnose and hieterogeneous endothelial barrier function? (ii) What are the
treat atherosclerotic plagues. mechanisms underlying advanced plaques and glycolysis
Intravital microscopy can be exploited to answer keinhibition therapy driving enthelial junction stability?
questions about theexts of antiglycolytic therapy on tissuesWhat bearing does endothelial continuity have on freely
such as endothelium. For example, it is likely that theirculating and immune cell-mediated nanoparticle uptake into
endothelial cell surface protein landscape is modulated fiaques, both in the microvasculature and in large vessels? (iii)
response to antiglycolytic therapy. To study ted &irther, How does combined antiglycolytic and peseeytic therapy
instead of using freely circulating nanoparticles, which suppfwhction, and what are the appropriate frequency and time
examination of pores in the vasculature, one could obseneints for optimal treatment? Insights gleaned from IVM data
immune cell-mediated nanoparticle uptake andkirg to are thus expected to accelerate and, perhaps, to help identify
monitor antiglycolytic therapeutic response of the plaque. Tainically actionable, new, nanoparticle-based diagnostics and
uncover mechanistic features of immune cell interaction witherapeutic strategfés®>’
endothelium, blocking antibodies could also be used toThe overlapping molecular pathways in cancer and
implicate or to rule out specireceptors. Beldman and cardiovascular disease have important regulatory implica-
colleagues suggest that the endothelium is the target of ttiens although the cost of moving a new nanodrug from
glycolytic inhibitor, despite the fact that the vasculadevelopmentinto human studies is substantial, the potential to
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