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This review focuses on new and emerging large-molecule bioactive agents delivered from stent surfaces in drug-
eluting stents (DESS) to inhibit vascular restenosis in the context of interventional cardiology. New therapeutic
agents representing proteins, nucleic acids (small interfering RNAs and large DNA plasmids), viral delivery vectors,
and even engineered cell therapies require specific delivery designs distinct from traditional smaller-molecule
approaches on DESs. While small molecules are currently the clinical standard for coronary stenting, extension
of the DESs to other lesion types, peripheral vasculature, and nonvasculature therapies will seek to deliver an
increasingly sophisticated armada of drug types. This review describes many of the larger-molecule and
biopharmaceutical approaches reported recently for stent-based delivery with the challenges associated with
formulating and delivering these drug classes compared to the current small-molecule drugs. It also includes
perspectives on possible future applications that may improve safety and efficacy and facilitate diversification of
the DESs to other clinical applications.

1. Introduction delivered to the tissue of interest. Catheter-based delivery
devices have been developed to locally deliver drugs to vascular

Stenting—the surgical placement of an intravascular hollow sites as well to perform PTCA? However, beyond simple drug

cylindrical device into vascular lesion sites following percuta- . ) -
neous transluminal coronary angioplasty (PTE#)a common delivery, c_ontrplled _release O.f therapeutic agents_to S.peC'f'C
procedure to inhibit vessel restenosis, particularly in the coronary targgts, primarily a_nu-restenotlc agents a}t stent_ed sites, IS often
vasculature. However, in-stent restenosis is observed at therquired. Drug-elutlng stents (DESs) _prowde anti-restenotic drug
stented site in 1520% of PTCA patients following bare metal ~ therapy with low-dose local drug delivery from the coated stent
stent implantatiod=# Clinical trials using systemic drug ad- Surface to the vessel tissue bed has rapidly become a clinically
ministration (i.e., parenterally administered anti-restenotic agents)routine therapeutic approach to inhibit in-stent restenosis to less
have failed. This is attributed to insufficient drug doses actually than 5% in millions of cases annuaflyrhe DES comprises a
reaching the vascular target site and adverse systemic sidedose of drug typically embedded within a carrier coating
effectst>7 This emphasizes the importance of local delivery (generally polymer but also inorganic phases) applied to the
directly from the stent surface to influence local cell populations Wire mesh comprising the steht.
in the vascular wall. To reduce doses required and the incidence Implantation of bare metal stents, while common, in principle
of systemic complications and ensure appropriate drug dosingpresents a highly reactive metal surface known to activate
directly at the target site, drugs can be directly and continuously coagulation cascades, produce thrombosis and inflammatory
reactions, and release toxic metal ions (i.e., chromium, nickel,
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body responses. Carbon coating is used without drug loadingTable 1. Small-Molecular-Weight Anti-restenotic DES-Based
to produce a passivating surface with claims to improved Drugs

biocompatibility in vitro and in preclinical testing-1* However, drug MW references
as these carbon coatings have been extended to human stent g ,imus 914.1 9,21
trials, performance in vivo has been nondistinguishing, reducing  ,tarolimus 966.2 28, 29
the enthusiasm for carbon-coated stents in human implarifs. everolimus 958.2 27
Synthetic polymers, hydrogels, and polysaccharide coatings tacrolimus 822.0 57, 58
provide a reasonable coating matrix with reduced procoagulant  paciitaxel 853.9 2225
activity compared to bare metal stents. Bioactive agents (drug  actinomycin D 1255.4 45
dose of approximately micrograms/stent) loaded into these cytochalasin D 507.6 56
coatings are intended for local release to affect specific cell types  dexamethasone 392.4 44,59
in the vascular wall following stent intravascular deployment.  17-8-estradiol 272.3 60, 61
To produce desired pharmacological effects while avoiding side  mycophenolic acid 320.3 20
effects, the DESs must be designed to limit drug release prior angiopeptin 1096.3 54

to deployment and release the proper dosing at the desired cyclic RGD-containing peptide 948.0 55

kinetics after deployment. Additional important DES design
criteria are (1) minimal thrombogenic DES procoagulant or
complement activation in the blood stream, (2) acceptable stent
and coating stability in the vascular wall upon placement, (3)

solubility compatibility between polymer, solvent, and drug . | ) q v aff local endotheli ich
during the coating formulation process, and (4) coating stability Implantation adversely affects local endothelium regeneration.
While the coronary arterial stent represents substantial clinical

and integrity during stent deployment where shape-memory or .

luminal expansion effects produce mechanical stress and strain!mpact, other more_dlfflcult stenting sites are current targets
. . . for new DES techniques, seeking to demonstrate efficacy in
Many previous reviews have extensively documented the

e challenging diabetic patierits3¢ and more complex disease
current U. S. Food and Drug Administration (FDA)-approved ites, for example, small ves3&¥ and bifurcated lesiof& 40

clinical methodologies and pharmacologies and expected relateol:mol peripheral vasculature including venous site® Thus,

i i i7i _ 20
innovations, all emphasizing smaller molecyle drug relgﬁé‘é.. new stent designs will likely be combined with new therapeutic
Nevertheless, newer emerging DES designs are using increas-

ingly sophisticated bioactive agents, including new macromo- drug mixtures. For example, stent coatings releasing dexam-
gly sop ; gents, Ir 9 .. ethasone (STRIDE) and actinomycin D (ACTION) are shown
lecular drugs (e.g., proteins, nucleic acids, or viral vectors) with

unique pharmacologies but also specific delivery requirements o inhibit SMC proliferatiort:* Nitric oxide (NO) with its

De\(jice If)ase d deIivgery approachgs that haveysh(?wn clinicai potent modulation of several significant vascular events includ-
- i i in6—48 i i i i

efficacy to date with small drugs do not necessarily translate to ing SMC proliferatio and select bioactive peptides with

i o . L specific binding activities (cyclic Arg-Gly-Asp (RGD)-contain-
efficacy with biopharmaceuticals. It is likely therefore that many . . . - ’ . .
aspects of controlled release DES formulations used in coronaryIng peptides, angiotensin, and angiopefitif) might also be

stenting will require redesign to both accommodate dosing and candidates for DES-released anti-restenotic agents. Recently,

delivery issues for large-molecule druas and distinct patholo anti-restenotic effects of NO donor-loaded stents have been
Y arg Y pe ogy investigated?53 Angiopeptin blockade of growth-factor-induced
and pharmacology in many other cardiovascular stenting sites.

SMC proliferatio* and of platelet receptors that inhibit platelet
aggregation by RGD-containing peptidésielevant peptide-
eluting stents, might demonstrate efficacy in reducing neointimal
hyperplasi@*°°Recently, the delivery of microfilament inhibi-
Several clinical trials have already shown that rapamycin (e.g., tor, cytochalasin D, produced significant inhibition of platelet
CYPHER, RAVEL, SIRUS) and paclitaxel (e.g., ASPECT, aggregation and SMC proliferation in pig coronary arteries
ELUTES, or TAXUS) eluted from polymer-coated stents exhibit compared with that of paclitaxéf.in summary, many different
superior performance in preventing vessel restenosis comparedioactive agents have been or are being screened to address
to bare metal stenfs'819.2+26 \\/ithin cells, sirolimus inactivates  in-stent restenosis, targeting many different cellular mechanisms
the mammalian target of rapamycin (mTOR) by forming a in the vascular bed.
complex with FK506-binding protein 12 (FKBP12). As a result, Drug therapeutic efficacy in stent-based delivery depends
the down-regulation of kinase p27 is prohibited, inhibiting upon many factors, including:
passage of the cell cycle from the G1 to the S phase and elocal physiology (i.e., venous vs arterial sites or vessel lesion
preventing cell proliferatiof.In contrast, paclitaxel binds to  pathology)
B-tubulin, resulting in inhibition of microtubule depolymeriza- «drug pharmacology (specificity or potency) and toxicity
tion in a dose-dependent fashion. At high concentrations, this  estent-based drug formulation (dose, release rate, bioavail-
inhibits smooth muscle cell (SMC) proliferation and migration ability, or duration)
by disturbing the cell's M phas€.As shown in this review, Effective drug dosing and dose release from stent coatings
there may be many other strategies now evolving to produce depends on many factors including potency, local pharmacology
the same targeting of proliferating, mobilized cell types in the and toxicity, clearance, formulating constraints on-stent, and
vascular bed more specifically, with improved efficacy and drug physicochemical properties (molecular weight, stability,
safety for DES deployment. chemistry, and solubility). To date, most drugs loaded onto and
Since the approval of the sirolimus-eluting stent by the FDA, released from stents are relatively low-molecular-weight com-
various sirolimus analogues including zotarolimus (ABT-578), pounds (e.g., 406900 Da). Current small-molecule therapeutics
biolimus-A9, and everolimus have also been shown to be inthiscontexthave beenwell-documented and often revietWéd®
effective against restenosis (e.g., ENDEAVOR, FUTURE, and and are summarized in Table 1. Small-molecule drugs provide
other trials) in DES format¥220.2729 Sjrolimus-eluting DESs  several strategic advantages in dosing and formulation: SnElBg;

may also elicit adverse effects as rapamycin pharmacology is
not specific to cell type but more generally toward all proliferat-
ing phenotypes. In particular, recent studies suggested that DES

2. Overview of Small-Molecule Therapeutics in DES
Designs
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drugs tend to be more robust than large biological drugs (i.e.,

proteins or nucleic acids), and amounts of drug (i.e., moles) W 3
are larger per unit mass formulated. Nevertheless, at present, a S Lerh
diverse array of candidate drugs is required to address various N 3"{
targets against restenosis (i.e., inhibition of neointimal hyper- R w ¢
plasia), thrombosis, blockade of inflammatory responses, and ‘; _§<
promotion of re-endothelializatiot:> Use of new, relatively 3 y
high-molecular-weight molecules expands therapeutic possibili- PR &
ties of drugs and their targets for stent-based delivery systems. ,';" !

Currently, innovative new biopolymer-based therapeutics (RNAI,
DNA transgenes, proteins, and polysaccharide drugs) are being
investigated for stent-based delivery against numerous targetsFigure 1. Balloon-expanded arterial stents without (left) and with
While primarily focused on anti-restenotic effects, these drug DNA—PLGA coating (right) (with Nile Red dye for visualization).
candidates could provide appropriate treatments and diverseRePrinted with permission from ref 73. Copyright 2000 Macmillan
bioactive actions beyond this treatment regimen in the future, Publishers Ltd.

depending the respective lesions and stent formulations.

3. Nucleotide-Based Drugs for Stent-Based Delivery

3.1. DNA-Based Drugs.Gene therapythe deliberate ex-
ogenous delivery of a therapeutic transgénés currently being
evaluated in hundreds of clinical trials for various conditions.

It also offers the potential for new treatments for specific
cardiovascular diseases, both systemically and from the surfaces
of cardiovascular devicé$:6” DNA plasmids encoding an anti-
restenotic transgene can be directly perfused or injected at an
injury site using catheters. While naked DNA plasmids are
commonly used, transgene vectessarious viral or nonviral
polymers or lipid carriers of the DNA therapeutic gerean
be exploited to facilitate necessary gene penetration into cellsFigure 2. Cell transfection with GFP plasmid DNA into A10 cells
and into the nucleus. However, in all cases, control of the “E”‘g atthoAr'_:;?g;;?;idofStfhrg (‘;V;;éc'i-iztee;?drfgtseidbye a;trot"ri

- . P TS : .. shows igi i
pOSS.IbIe systemic bIO-dIStrlputlon of the .therap(_autlc gene.ls perimeter ofthg GFP-positive cells (200x). Reprinted with pgrmission
required. Transgene gptake !nto.vascular tissue sites takes timeg o ref 73. Copyright 2000 Macmillan Publishers Ltd.
so to prevent systemic distribution of the catheter-based gene
therapy d_ose from vascular ﬂow, direct perfusion methoqls often crown stent, Figure 1), producing a coatifighs shown in
temporgrlly halt blood fIc_)w in the va;sculature surrounding the Figure 2, plasmid DNA releases from the stent coating and
lesion, infuse the dose via catheter, incubate the transgene dos?ransfects cells locally within the vascular wall. Additionally,

uggsrlr;?'ffllgw c_?gdltrlgng,r]{w;]se ;V'Fg 306:“225222 re_i;c?;ear;%rngl non-degradable polymer coatings might better be used to deliver
vascuiar Tiow. prev ypoxi IECrosIS, Intravascuic plasmid DNA release from steritsvhile also limiting associated
perfusion times cannot exceed minutes, limiting dose penetration - : - . .

. . . . .~ thrombosis issues after stent implantation using polymer coatings
to the desired site and increasing prospects for systemized omprising biomedical polyurethanes, heparin sulfates, and other
exposure. In contrast, stent-based gene delivery puts a smallelgI P m?n vean r'? )I/ coni iij pnd ther h ’dr hili
transgene dose on the stent surface, places the delivery surfacd'Yc0saminogiycans, nyaiuronic acias, and other nydrophiic

polymers (e.g., hydrogels). To date, polymer coatings have been

directly into contact with the vascular bed to better deliver a L .
reliable and local dose without systemic issues or kinetic used to demonstrate the possibility for local gene delivery from

delivery limitations. Tissue penetration from locally delivered 9€ne-eluting stents. However, stent-based gene delivery would
doses is conceivably a much more attractive method to control likely require a transfection system (e.g., vector) for efficacious

adverse systemic side effects while attempting to inhibit 9€N€ expression. Vectors are either viral (e.g., gene-loaded
restenosis. adenovirus or adeno-associated virus (AAV)) or nonviral

(cationic synthetic polymeric or colloidal electrostatically com-
plexed transgene8}.’27>"8Muhs et al. performed gene delivery
by catheter injection of plasmid lipoplexes with cationic lipids

Biodegradable polymer coatings with a strong medical device
track record, FDA approval in a number of therapeutic contexts
with accepted biocompatibility and drug reservoir capacities, . . LA .
degradable FDA-approved polymer coatings comprising poly- into pig coronary artgnes in vivo, d(lamon'st'ratlngI that these
L-lactic acid (PLLA), polys,.-lactic acid (PDLA), poly- complexes (.)f' plasmid DNA encoding nitric QX|de syn'thase
(caprolactones) (PCL), and polyglycolic acid (PGA) have been (NOS) and lipids could produce gene expression sufficient to
often used for stent coatings as well as completely degradable'”h'b't SMC pro.llferanon and migration, attributed to the anti-
stents39 Bioresorbable polymers show high tensile strength, 'estenotic activity of expressed NOS as an NO prodtfeér.
controlled degradation rates, and reliable fatigue propefties. However, while claims to efficacy are often made for such
Importantly, these biodegradable polymers also have been usedransgene systems in vitro (e.g., in serum-free media), further
as nonviral gene vectors for over a dec&H€.For example, improvements in transfection efficiency and duration of expres-
plasmid DNA is loaded into polylactiepolyglycolic acid sion are needed to achieve significant inhibition of restenosis
(PLGA) on a bare metal stent by stent immersion into a PLGA in vivo from nonviral vectors. Thus, while polymer-based (e.g.,
emulsified organie-aqueous solution containing plasmid DNA  nonviral) gene delivery agents might effectively produce local
(e.g., model green fluorescent protein (GFP) plasmids:-0.9 arterial gene transféf, their use in gene delivery from stents
1.1 mg of DNA loaded into 89 mg of PLGA emulsion on a  has been quite limited to few studi&s?! CDV
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Because of their higher intrinsic transfection efficiency, viral
vectors have realized significant reduction in neointimal forma-
tion using therapeutic gen&&83Adenoviral vectors in particular
have been studied for therapeutic effects on hyperplasia and
restenosi§3.6479.84.8%For example, adenovirus encoding PTEN,
an intracellular protein regulator inhibiting neointimal hyper-
plasia, was injected into ligated rat carotid artery under no-
flow conditions, reducing neointimal hyperpladfaYe et al.
reported stent-based delivery of adenovirus encofligglac-
tosidase using bioresorbable microporous stents comprising a

polylactide/polycaprolactone blend for the stent coatfng. ! . : . N
Figure 3. Schematic illustration of adenoviral vector conjugation to

At present, stent-based drug loading is realized primarily by a bisphosphonate-modified metal surface for direct gene delivery upon
direct application of polymer solutions containing the drug of deployment. Reprinted with permission from ref 105. Copyright 2006
choice to stent surfaces (dip coating or spray coating). Many National Academy of Sciences, U.S.A.
polymers of interest are not readily water-soluble, producing "
problems for the stability of many attractive biologically derived . _
drugs in organic media. As an alternative, collagen can be used - i s g
as a base coating capable of drug physical incorporation, direct 80
collagen bioconjugation, and drug surface coupling. Recently,
stent spray coating using collagen solutions mixed with drug
was investigated’ Collagen coating also provides significant
biocompatibility, biodegradability, and tensile strength to

adenovirus —a

s.\s
~*— binding agent
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polymer backbone

Y } coordination layer

—-«— melal

Fe Ni Cr Fe Cr Fe Ni |
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No Gene Transfer
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stenting?®°° Combined use of adenoviral vectors and collagen D.j d

using antiviral antibodies covalently conjugated to precoated pCMV-luc phVEGF,

collagen and subsequent gene-loaded viral binding to the B

antibody has been report@H.23 Stainless steel stents were 100+ %, p 39w, contralatesal
coated with bovine type | collagen by immersion into collagen 804 h: p= Ot cmtzaletenad

solutions. Anti-knob (Fat® antiviral antibodies were conjugated

with collagen activated with standard thiol coupling reagents

(SPDP), and then viral particles loaded with transgenes were

bound by simple association. Adenovirus encoding GFP loaded

on-stent produces GFP local expression in cultured SMCs 04

around this collagen-coated stent. A surface density of<2.5

10 viral particles per milligram of collagen was achieved by Figure 4. Effects of local phVEGF delivery on endothelialization (A)

this technique, and adenovirus was successfully delivered into@nd mural thrombus (B) at stented sites in iliac arteries at 7 days

coronary arteries upon deployment in vivo as shown by GFP after <_:atheter injection. Reprinted with permission from ref 116.
g . Copyright 1997 American College of Cardiology.

expression in a stented coronary art&renatured collagen

(gelatin) was used to deliver naked plasmid DNA encoding GFP

without adenoviral vector¥. Enhanced gene expression was

proposed to be enhanced by specific interaction of denatured

collagen with the SMGx,33 integrin?5% In this system, 500

ug of plasmid DNA produced 10.4% 1.23% neointimal cells

expressing GFP in a pig coronary artery.
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204 + |
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Large numbers of PC analogue polymer coatings have been
developed for DESs as well as biodegradable polymer coat-
ings28:29:44,54,60,61,111. 14 ¢clyding that currently commercialized
by Abbott Labs’ DES (ENDEAVOR trialf° Walter et al.
reported local delivery of plasmid DNA encoding vascular
endothelial growth factor 2 (VEGF-2) from PC-coated stékhts.
Recently, stent-based polymer coatings have been correlatedgecause of the acceleration of re-endothelializatibhjocal
with late thrombosis, inflammation, and restendsi$? prompt- delivery of VEGF is useful to reduce neointimal formafitfi1s
ing some approaches to deliver bio-active agents from stentas shown using catheters to deliver the VEGF gene at balloon-
surfaces without coatings. Sirolimus-eluting stents have beeninjured sites (Figure 4)16117In stent-based delivery, PC coating
reported without polymer coating®*%Rapamycin is loaded  enabled loading 0f-200 ug of VEGF-2 plasmid, achieving a
onto stainless steel microporous stents by spray coating withreduction of SMC proliferation in rabbit iliac arteries. Tissue
rapamycin solutions. This drug-loaded stent produced significant inhibitor of metalloproteinase (TIMP) is also a potentially
inhibition of neointimal formation in a coronary artery stent therapeutic gene against restenosis because it limits matrix
model. Fishbein et al. reported adenovirus loaded directly onto meta”oproteinase (MMP) activity and has direct effects on cell
metal stents without polymer coatif.Because bisalkylphos-  growth. In this regard, gene expression of TIMP in SMCs was
phonates exhibit high-affinity binding activity to certain metallic  reported to inhibit neointimal formatiod811°In particular, the
oxide surfaces though phosphonateetal coordination?¢107 study demonstrated that TIMP-3 was superior to TIMP-2 for
adenovirus vectors have been loaded on metal stents usingnhibition of neointimal formation in pig vein graff€®121 A
polyallylamine grafted with bisphosphonate and modified with  follow-on study demonstrated that local delivery of adenovirus
anti-adenovirus antibodies as shown in Figure 3. Local delivery encoding TIMP-3 from PC-coated stents successfully reduced
of adenovirus encoding inducible NOS from the stent showed neointimal formation in a pig coronary mod@é
significant therapeutic effects following rat carotid stent im-  \yhjle adenoviral vectors have produced high gene expression
plantation with inhibition of restenosis compared with bare metal i, many studies using gene-eluting stents, more recently AAV
stents. has become a next-generation focus because of its high safety
Phosphorylcholine (PC)-based copolymer coatings have beenprofile and preference in clinical trials to dise@8eéBecause
reported to enhance stent blood- and bio-compatibiffty10 AAV serotype 2 (AAV2) has been particularly investigat%jDV
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Figure 5. Difference in gene expression profiles between adenoviral
and adeno-associated viral (AAV) delivery from their respective gene-
eluting stents. Relative expression of the lacZ reporter gene released
from adenovirus (dashed line, 10° PFU) or AAV-eluting stents (solid
line, 10° drp) into the neointima of rabbit external iliac arteries at 14,
21, and 28 days following stent deployment. Adapted from ref 123.

Sharif et al. loaded AAV2 encoding modglgalactosidase onto
PC-coated steni23 Though no difference in transfection activity
between AVV2-eluting and adenovirus-eluting stents was

observed, release kinetics for up to 28 days distinguished the

former from the latter approach (Figure 5). Importantly, different
AVV serotypes are expected to show different transfection
activities depending on targeted cell and tissue typ&&Hence,
further study of AAV-eluting stents should better clarify specific
effects of AAV on the potential inhibition of restenosis and other
stent-associated issues.
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Figure 6. Schematic representations of three common oligonucle-
otide analogue chemistries used in therapeutics.

geni34 the ERK family of mitogen activated protein kinases
(AMK1),135 early growth response factor 1 (Egr##§,and other
targets. As noted for other antisense therapies, chemical
modifications of antisense ODN influence antisense strategies
for the treatment of restenosi® Gunn et al. reported that
because of their nuclease stability and relative ease of synthesis,
phosphorothioateODN (S-ODN) (shown in Figure 6) may
effectively reduce neointimal formation after PTCA, compared
to unmodified ODNS37 For example, S-ODN against Midkine
successfully inhibited neointimal formation following stent
implantation38 To obtain high transfection activity, the anti-
sense ODN was injected with LipofectAmine reagent (Invitro-
gen) directly to the injured area. However, it was concluded
that Midkine antisense ODN effects were not sufficient to
significantly suppress neointimal formation. That is, selection

Stent-based delivery allows lower doses of therapeutic genesyf the anti-restenosis therapeutic target is as important as ODN

compared with systematic gene delivery or even local catheter-de”very efficiency to the target site. A very recent study reported
based intravascular infusion. Control of the transgene dose andy 5t stent-based delivery of S-ODN targeted to platelet-derived
distribution is essential to improve and optimize the effect of 4rowth factor (PDGF) A-chain significantly decreased in-stent
gene delivery on restenosis. Local dose tissue processingyestenosis in porcine coronary arté?lmmersion of hydrogel-
pharmacokinetics, and expression duration of most delivered coated stents into a S-ODN solution containing polyethylenimine
genes are virtually unknown. Systemic fate and viral vector \yas ysed to produce antisense ODN-coated stents. Importantly,
distribution analysis is limited by method detection limits. AS jifferences in endothelialization between antisense ODN-
described above, stent coatings of biodegradable syntheticigrgeted PDGF A-chain and sirolimus-eluting stents were shown

polymers, collagen, and PC are primary techniques for gene-
eluting stents to date. The polyelectrolyte layer-by-layer (LBL)
technique is also becoming more useful for controlled local
release of DNA to tissues and celf§:126Polymer electrostati-
cally based multilayer coating formation enables control over
DNA loading and possibly transfection efficiency. Additionally,
it is expected to protect plasmid DNA loaded on-stent from
ubiquitous nuclease digestié#;128A recent study demonstrated
gene delivery from a stent coated with polyelectrolyte multi-
layers8! Plasmid DNA encoding GFP was delivered from a
multilayered film of the degradable cationic polymer, pgh/(
amino ester), and DNA to cultured COS-7 cells in vitro,

in vivo. In contrast to sirolimus that prevents not only SMC
proliferation but also vascular re-endothelialization, resulting
in late thrombosis, these data suggested that vascular delivery
of antisense ODN-targeted PDGF A-chain did not interfere with
endothelialization.

C-myc, a short-lived sequence-specific DNA-binding nuclear
phosphoprotein and regulatory transcription factor, is the most
effective target to date in antisense therapy for restenosis. Shi
et al. reported that local delivery of antisense S-ODN against
c-myc showed potential to reduce neointimal formation in a
coronary artery balloon injury mod&°To achieve stent-based
delivery of c-myc targeting S-ODN, the S-ODN (5zQ) was

producing GFP expression. In other studies, Nakayama et al.|5aded into gelatin-coated platinufiridium stents and released
developed a gelatin-based photocuring coating system triggeredn g g rabbit carotid artery mod&? While local delivery of

by visible lasei?® Brief laser irradiation on a stent immersed
in gelatin solution produced a hydrogel coating on the stent by
photopolymerization of styrene-grafted geld@f Adenoviral
vector encoding modgi-galactosidase was delivered from the
photocurable gelatin-coated stent to rabbit carotid arteries. Drug
release rate from the photocurable gelatin was controlled by
the cross-linking density and gel densi#.Thus, these stent
coating strategies could be useful to achieve significant loading
and controlled release of anti-restenotic genes from stents.

3.2. Antisense OligonucleotidesAntisense oligonucleotide
(ODN) delivery can effectively modulate gene expression within
cells, with therapeutic potenti&t?133Antisense ODN interfer-
ence in critical steps in the SMC growth cycle has been
investigated using cdc2 kinase, proliferating cell nuclear anti-

antisense S-ODNs against c-myc effectively inhibited SMC
proliferation, Kutryk et al. reported that injection of 10 mg of
S-ODN directly into the stented site did not significantly reduce
neointimal formatior#*2 one set of conclusions is that either
S-ODN is not the most effective chemically modified ODN for
inhibition of restenosis or that soluble S-ODN injection is not
as effective in producing a local effect versus coating-based
delivery of the ODN-based therapeutic.

Morpholino-backbone antisense ODN against c-myc is also
apotentalternative candidate therapeutic drug against resteidsfs.
As neutrally charged nucleic acid analogue oligomers, mor-
pholino nucleotides (MOs) represent an unusual DNA chemistry
with a nucleobase tethered to a six-membered morpholine ring
and an uncharged phosphorodiamidate linkage (compare %Blgl
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Figure 7. Molecular structure of synthetic cationic phosphorylcholine
(PC)-based copolymers used for stent-based release coatings.
Reprinted from ref 147. Copyright 2006 American Chemical Society.
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Figure 8. Controlled release of antisense S-ODN from different PC
copolymer films (choline methacrylate monomer content: 0%, ¢; 5%,
H; 10%, A; 20%, x) into PBS buffer at pH 7.4. Reprinted from ref
147. Copyright 2006 American Chemical Society.

tures in Figure 6}33146As MOs have high nuclease resistance
and antisense activity against mRNA, inhibiting translation,
Summerton reported that MO antisense activity often achieved
equal or better efficacy compared with S-ODN&Kipshidze

et al. used antisense MOs against c-myc for inhibition of
neointimal formation in the porcine coronary model, confirming
that catheter-based local delivery of antisense MOs significantly
reduced neointimal formatiokt3144Moreover, they performed
stent-based delivery of antisense MOs by immersing a polymer-
coated stent into 30 mg/mL MO solution for 5 min, yielding
81.5+ 14.4ug of antisense MOs on a PC-coated stéhMO
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Figure 9. Effects of NF-kB decoy-eluting stents on vascular wall
mRNA levels of various pro-inflammatory factors and tissue factor
(TF) at 10 days after stenting (MCP, monocyte chemoattractant
protein; IL, interleukin; TNF, tumor necrosis factor; PDGF, platelet-
derived growth factor; VCAM, vascular cell adhesion molecule).
Adapted from ref 157.

Kitamoto et al. reported that transfection of NF-kB decoy ODNs
into coronary arteries after coronary angioplasty inhibited SMC
proliferation!®? Clinical application of the NF-kB decoy in
reducing restenosis after PTCA was until now investigated in
only two patients>* In experimental studies, Kalinowski et al.
reported that NF-kB decoy delivery using a balloon catheter
did not significantly reduce neointimal formation in rabbit iliac
arteriest®® and Radke et al. loaded decoy NF-kB ODNs onto
stents coated with a cationic PC copolymer for better control
of loading and release demonstrated by successful ex vivo ODN
deposition in the vessel wa As for antisense ODNs against
c-myc 47148 ODN loading amount was controlled by cationic
charge density in the polymer coating and the ODN concentra-
tion. As a result, a PC copolymer coating containing 20%
cationic co-monomer was maximally loaded with#16 ug of
decoy ODNs (3x 102 ODN molecules) on-stent. This decoy
ODN-eluting stent provided significant antisense transfer into
vessel walls in ex vivo experiments. However, this did not result
in significant reduction of SMC proliferation after stent im-
plantation in vivo. These data suggest that rapid intravascular
release of ODNs prior to or concomitant with stent implantation
and penetration through other potential physiological barriers
to antisense transfer (e.g., lesions, thrombus, or cholesterol

charge neutrality protected these antisense ODNSs from interac-Plaques) must be improved to obtain a significant effect on

tions with charged biological species (proteins or lipids), perhaps
providing more efficient interactions with target mRNA to

restenosis. On the other hand, Ohtani et al. observed that stent-
based local delivery of NF-kB decoy reduced in-stent neointimal

enhance cellular uptake of c-myc antisense ODNSs. Recentformation in iliac arteries of hyperCh0|eSterO|emiC rabWS.
studies, in contrast, used conventional antisense S-ODNs with This study reported that rapid release’(days) of NF-kB decoy

a cationic PC copolymer to control ODN loading and re-
leasé*”148 using a previously reported PC copolymét150
Cationic charge density was controlled by copolymerizing
cationic co-monomers with choline methacrylate as shown in
Figure 7. The loading amount and the release kinetics of
S-ODNs were controllable by the combined use of S-ODN and
cationic PC coating as shown in Figure 8. In contrast to the
MO utility, considering that drug loading is a key factor for
drug-eluting stent efficacy, the-SODN anionic charge density
could be useful to optimize stent-based delivery.

3.3 Decoy ODNs.While several antisense strategies have

from polyurethane-coated stents inhibited in-stent neointimal
formation. Their results, shown in Figure 9, indicated that stent-
based delivery of NF-kB decoy reduced NF-kB-dependent gene
expression (e.g., monocyte chemoattractant protein 1 (MCP-
1), interleukin 1, or interleukin 6) but not for NF-kB-independent
genes (e.g., PDGF).

Currently, many potent new targets against restenosis have
been discovered and advocated. This means that various types
of therapeutic approaches and molecules now available must
be matched with specific drug-eluting techniques required to
produce optimal efficacy in vivo. DES therapeutic value will

been investigated to inhibit restenosis, therapy using decoy strongly depend on the balance of loaded drug pharmacology,

ODN:s also provides efficient cell cycle modulation for treating
certain cardiovascular diseasésNuclear factor kappa B (NF-

release kinetics, loading method (coating polymer), site of
deployment, basic stent platform, and patient variables. Stent-

kB) is a most popular target against restenosis in the ODN decoybased delivery of plasmid DNA encoding NOS, antisense ODN

strategyt52-154 NF-kB plays a critical role in coordinated gene
transactivation of cytokines and cell adhesion molecules.

against c-myc, and NF-kB decoys have been investigated in
preclinical trials but with mixed, equivocal results. Data to d&BV
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do not clearly suggest a rational route to improve these results,be very subtle for the success of anti-platelet agents: Binding
but progress with these biological drugs will allow extension activity to SMC vitronectin receptor may be clinically advanta-

of the techniques to other therapeutic agents. geous to inhibit both platelet aggregation and neointimal
hyperplasia in situ. Abciximab-loaded polymer-coated GRII
4. Protein Therapeutics stents (Cook, Inc.) produced slow antibody release from the

stent (approximate 50% stent release over 12 days) by simple
immersive loading®® Abciximab also has been covalently
attached to stent surfaces using plasma polymerizatfoii!

The loading produced 9@g/stent of slow antibody release,
likely by hydrolysis. In vivo antibody bioactivity remains
unknown. While antibody doses and optimal release kinetics
are virtually unknown, stent-based delivery allows much lower
antibody dosing locally /g) compared with systemic doses
(>>mg), but due to the fragility of these globular protein

For example, the inflammatory cytokine, tumor necrosis factor therapeutics, specific assays of antibody bioactivity postrelease

o (TNF-0), is expressed by SMCs in balloon-injured sites, must be carefully assess¥d. ) _
activating SMC migratiod® Blockade of TNFe with a soluble 4.2. Release of Vascular Endothelial Growth FactorRapid
TNF-a. receptor efficiently inhibited coronary neointimal forma-  Vessel re-endothelialization is an attractive strategy to inhibit
tion 159 A monoclonal anti-TNFe antibody exhibited high anti- ~ SMC proliferation®.” Both host endogenous circulating endot-
proliferative activity, resulting in significant reduction of SMCc ~ helial cells (ECs) and endothelial progenitor cells (EPCs) are
proliferation by neutralization of TNIE=16° Antibody loading actively recruited to the stented site for re-endothelializafidr’*
was achieved by immersion of a cellulose polymer-coated stent Chemotactic mitogenic cytokines such as basic fibroblast growth
in anti-TNF- antibody solutiort* About 0.25ug of antibody ~ factor (bFGF) and vascular endothelial growth factor (VEGF)
per milligram of stent achieved marked reduction of SMC Can actin this capacity as potent mitogenic agents of ECs and
proliferation in human saphenous vein organ cultures. Specific EPCs***7® Local delivery of VEGF**!>and plasmid DNA
neutralization of SMC TNFx by the antibody might avoid ~ encoding VEGF3817was shown to prevent restenosis by
unwanted side effects in other celfS. As expensive, large acceleration of neovascularization and re-endothelialization at
(~160kDa globular proteins) glycosylated therapeutics, antibod- the injured site. Stent-based VEGF delivery was also performed
ies require new delivery strategies for specialized local deliv- By immersion of polymer-coated stents into VEGF aqueous
ery162stent-based delivery of therapeutic antibodies has a largeProtein solutions loading 18-5 4.1ug of VEGF m a 3 mmx
unexplored potential against numerous targets. 20 mm stent afte2 h ofimmersiont’® Slow VEGF release from
Anti-platelet therapy potentially reduces intimal formation the stent increased growth of cultured human umbilical vein

induced by platelet aggregation. Platelet glycoprotein receptor €dothelial cells (HUVECs) in vitro.

GPlIb/llla has an important role in platelet activation and  In most stent-based delivery systems, drug loading (dose) is
remains a clinical target to inhibit thrombo3f8.Monoclonal a critical factor due to the limited on-stent drug loading capacity
antibodies against the human GPIIb/llla receptor provide (i.e., wire coating). Dosing relationships and kinetics of release
significant inhibition of platelet aggregation when systemically necessary to produce long-term efficacy are often thought to
infused in human therapies (abciximab, c7E3, ReoPro, Centocor,be dose-limited. In addition, most protein drugs are low stability,
Inc.). An anti-rabbit GPIIb/IIl a receptor antibody, AZ1, has large-molecular-weight, large-dosage-amount agents with dif-
been used to inhibit platelet function at vascular injury sitds.  ficult formulation requirements’’-1"8This has produced a shift
Aggarwal et al. reported local delivery of AZ1 from cellulose from direct delivery of the therapeutic protein to delivery of
polymer-coated stents loaded by direct immersion of cellulose- the transgene coding that protein, with an expected longer
coated stents into AZ1 coating in soluti##t. After 24 h of duration of the protein dose at the locally transfected site.
incubation in 1 mg/mL AZ1 coating solution, an antibody However, compared with delivery of plasmid DNA encoding
density of 104.3t 1.3 ng/10 mm stent wire segment with more VEGF, VEGF protein delivery has the advantage of asserting
than 14 days of continuous release was achieved. However, thighe effect of the known dose of delivered VEGF. In vitro
stent-based delivery system did not significantly inhibit neoin- efficacy of VEGF-eluting stents in promoting endothelial cell

4.1. Therapeutic Antibodies and Affinity Protein Ligands.
Over 20% of new drug applications are antibody-based thera-
peutics. It is likely that this highly successful drug class will
find application in DESs. Accumulation of activated inflam-
matory cells and release of chemotactic inflammatory mitogenic
cytokines upon acute injury from stent implantation are impor-
tant factors inducing SMC mobilization, proliferation, and
migration. Thus, blockade of local inflammatory responses is a
common technique to attempt to inhibit neointimal formatidn.

timal formation in vivo. growth does not correlate with insignificant effects of the VEGF-
Blockade of thex,3s integrin (vitronectin receptor) on SMCs eluting stent system in vivo using a rabbit iliac artery model.
efficiently inhibits SMC proliferation and migratiot3 Cyclic Recently, use of a thermo-responsive polymer as a VEGF release

RGD peptide binds toowBs integrin, reducing neointimal ~ Vehicle was reported to improve dosing and effica€yAd-
formation where deliveretf. Cyclic RGD-eluting stent implan- ditionally, use of truncated, lower-molecular-weight recombinant
tation effectively inhibits neointimal hyperplasiaThe human protein fragments with the dESIlrltg(ZJLsopotenc_y and improved
monoclonal antibody against human platelet GPIIb/llla, abcix- Stability (€.g., VEGI1 or VEGFRes)"*'*could improve stent-
imab (c7E3, ReoPro), also has the ability to bind cell vitronectin Pased delivery approaches.

receptors includinga,fs integrin because of its relatively 4.3. Protein C Delivery from Stent. Protein C and protein
nonspecific binding properfif3166 Thus, abciximab with in- S manifest important roles in anti-coagulation and normal
trinsic high anti-platelet activity administered by an intravenous hemostatic balanc€! Thus, their local delivery at vascular
dose has been used in stent implantatfdnHowever, the injury sites is attractive for the inhibition of thrombosis. Protein

delivery strategy must be considered to optimize significant C is activated by thrombiathrombomodulin complexes on
benefitsl®® Considering that the rabbit AZ1 anti-platelet antibody intact endothelial cell surfaces, prompting anti-thrombotic
has no measurable affinity against the cell vitronectin rec&tor  activity. Foo et al. performed stent-based delivery of protein C
and produced no anti-restenotic activity in vivo, selective in a balloon injury animal model using a stent coated with
receptor targeting abilities to produce effective therapy could cellulose polymer and then immersed in buffer solution cont&iB-V
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Figure 10. Schematic illustrations of multiple coated layers of
releasable heparin complexes on implantable stents. Adapted from
ref 195.

Figure 11. (A and B) Endothelial progenitor cell (EPC)-seeded stents
ing protein C for 60 mirté! Local delivery of protein C produced  attached to a balloon catheter. (C and D) Fluorescence images of

significant inhibition of thrombosis in a rabbit iliac artery model. an EPC-seeded stent observed by nuclear staining of EPCs with
Picogreen dye. Original magnification: (C) x40, (D) x20. Scale bar

5. Polysaccharide Agents iIEslst\Ten:. Reprinted with permission from ref 214. Copyright 2003

Due partly to its extensive history in coating blood-contacting
devices, the natural sulfated glycosaminoglycan anticoagulant,to prevent restenosis, avoiding known systemic LMWH prob-
heparin, has been especially attractive as a stent coatinglems (thrombocytopenia) with minimal, local doses.
attempting to exploit its intrinsically high anti-coagulant activity Other types of polysaccharide could also be used for stent
through neutralization of thrombin by interaction with anti- coating. Local delivery of hyaluronan (hyaluronic acid, HA)
thrombin 111:821%%ven in clinical trials with mixed result§>%° from a stent or coating on a stent inhibited platelet thrombus
In a great deal of such studies, heparin coating is achieved byyrmation200-202 Dextran is another polysaccharide that could
cqvalent cqupling of aldehyde groups create.d. on heparin bY act as an anti-platelet agé®2%* and also after chemical
mild oxidation (or under saccharide aldol equilibria) to amino - yqqjfication inhibit SMC proliferation as demonstrated by direct
groups attached on steri§193185.18%Such covalent coupling  intrajuminal injection at a stented site in rabbit iliac artefs.
produces a surface density and interaction between 'mmOb'|'ZedFucoidan, a sulfated polysaccharide extracted from brown
heparin and circulating anti'ghrombin IIl. Heparin ble.nding with seaweed, also shows promise as a potent therapeutic Agent.
other polymers as a coating produced a reduction of stentgome studies suggest differences in anti-proliferative activities
thrombosis’*#¥Recently, the combined use of heparin coating peween fucoidan and heparin (e.g., effects on mitogenesis
and injection of abciximab showed more effective activity jnquced by fetal calf serum and PDGF BB homodimer in human
against coagulation than a heparin-coated stent alone or abcixy,55cylar SMCs). Thus, fucoidan in various molecular weight

imab alonel.S? o ) ) forms might prove to be a more anti-proliferative agent than
However, it is likely that heparin delivery could have other peparin207-209 Deyx et al. reported inhibition of neointimal

cell-specific pharmacological effects. Heparin specifically in-  pyperplasia by intraluminal injection of LMW fucoidan to injury

hibits a protein-kinase-C-dependent cell cycle pathway in gjtes in jliac arteriedl This evidence supports the use of local

SMCs:%-1tMoreover, it interacts with cell receptors, growth qejivery of LMW fucoidan from stents as a useful strategy
factors, and adhesion molecules, resulting in prevention of SMC gqainst restenosis.

migration and proliferatiod?® As many of these activities

require soluble heparin to bind cell receptors or penetrate 6. Cell-Based Therapies
intracellularly, binding of heparin to stents is unfavorable to . ) .
exert any anti-proliferative activity. Thus, heparin’s anti-  Cell-based therapeutics represent a rapidly advancing tech-

proliferative activity was evaluated by local delivery to the injury nique to treat cardiovascular diseadésNonetheless, cell
site'92 and compared with that of rapamydi#$:1%4To achieve sourcing and functional reliability remain issues that could delay
stent-based delivery of heparin, Matsumoto et al. created the transition of cell therapy from an attractive experimental
multilayers of heparin and cationic molecules via layered tool to a comprehensive therapeutic application. Ex vivo gene
electrostatic interactions, as depicted in Figuré%@ollowing therapy is a common method to treat autologous cells with a
in vivo stent implantation, immobilized heparin successfully transgene and then implant the transfected cells back into the
released from the stent: Multilayer coating enabled not only host. This approach was used to produce a transfected SMC-
slow heparin release but also control of heparin loading. coated stent with stable gene expressi8im this study, plasmid
Because of its longer half-life, higher dosing possible, and DNA encoding GFP was transfected into SMCs, and the SMCs
extended bioavailability compared with unfractionated heparin Were then seeded onto a mesh stent. Using fibronectin for stent
(approximately 15 kDa), low-molecular-weight heparin (LMWH, ~coating, a more than 20-fold increase in cell seeding was realized
~2—9 kDa) is expected to provide more effective inhibition of 0N the stent, compared to an uncoated stent. No evidence of
restenosis than unfractionated hepaffi1%8 Koromila et al. SMC migration from the stent was detected, and stable gene
recently approached local LMWH delivery from a stent using €xpression was shown for 1 month after stent implantation.
liposomes to achieve significant LMWH delivery from a As EPCs have an important role in endothelial repair and
polyethylene terephthlate (PET)-coated stent by stent immersionenhance re-endothelialization after vessel trauma in PTEA
into liposome solution? LMWH release from the stent was EPCs were seeded onto a stent to accelerate re-endothelialization
controllable, depending on liposome lipid composition and at the stented site by their migration and prolifera@i&14An
liposome type (dehydratedehydrated vesicles versus multi- EPC-collagen hybrid material was formed by incubation of
lamellar vesicles). Combinations of LMWH and liposome EPCs with collagen gel for 1 week. By insertion of a metal
encapsulation could be useful as a stent-based delivery systenstent into this mixture, cell loading (68 2.5 x 1P cells on ZCDV
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cm of stent) was achieved® As shown in Figure 11, EPCs  peutic candidates with new, specific stent-based delivery
covered the stent surface. EPCs delivered from a gelatin-coatedequirements for DES applications. Many of these new drugs
stent migrated from these seeded stents, forming an endotheare substantially larger in size (molecular weight$0*—10°
lialized luminal surfacé!* While EPC seeding on a stent Da) than current drugs typically used on DES system$0¢
promotes re-endothelialization, Aoki et al. immobilized anti- Da). This means that large drug dosing within the DES coating
CD34 antibody specific to EPC cell surface markers onto a or on surfaces will be even more limited than for current drugs
stent?> Captured cells from host circulation covered more than because of these unusual drug sizes, physical chemistry, and
90% of the stent surfacl h after stent implantation, suggesting stent loading restrictions. DES delivery of these new molecules
that EPC capture provides significant clinical feasibility against will require new designs and extensive new stability and
restenosis. Recently, to exert maximal potential, new materials pharmacological analyses. Because of the unique targets and
were used to improve EC seeding on stent-based templtes. bioactivities of such biopharmaceuticals, improvements in
Cell-based approaches provide the benefits of autologous celldesired anti-proliferative, anti-coagulant, pro-endothelialization,
seeding or endogenous recruitment, combination therapies withbio- and blood compatibility, and/or biodegradability are
stent-based drug delivery systems to suppress side effects, anéxpected. Increased efficacy could also result from increased
possible alternative cell sourcing for stent coverage in the future. specificity and limited side effects, improving local pharmacol-
However, while EPCs comprise a significant fraction of ogy compared to current FDA-approved small-molecular-weight
circulating cells in animal models, EPCs represent a very small agents. However, it is likely that drugs alone will not solve all
fraction of circulating cells in humans (e.g., less than 0.39#L8 clinical stenting issues. Further DES developments will likely
and further development of this idea is required to demonstrate combine other emerging innovations in advanced therapeutics
clinical potential. involving related new drug classes and cell therapies relevant
to future DES delivery as well as implement new biomaterials,
surgical, and stent design improvements. To bring these agents
forward toward clinical use, creative approaches to formulating,
testing, and understanding the mechanisms of action of these
agents in the DES context is required. Randomized, blinded
trials that assess stent clinical efficacy without bias in study
eglesigns will be required to fully assess performance enhance-
ments?29:230

7. Nanotechnology Approaches

Biodegradable nano- and microspheres enable controlled
release of therapeutic drigg%22°and can be combined within
DES coatings with combinations of other drug forms. Potent
anti-restenotic agents, tyrphostin compounds (AG-1295 or AGL-
2043) encapsulated in PLA nanospheres were released in a siz

dependent mannét222|n this regard, stent-based controlled
release of anti-restenotic drugs such as angiodta@md NO
donor$§? formulated within PLGA microspheres was performed
from DESs. Intraluminal delivery of AGL-2043 in PLA nano-
spheres decreased neointimal formation in rat carotid arteries
in comparison to systemically administrated free AGL-28%3.
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Kolodgie et al. used nanospheres to stabilize the paclitaxel Raferences and Notes

bioactivity in systemic parenteral dosifgf. Stabilization of
protein drugs is particularly important in their controlled release
because proteins easily lose bioactivities when formulated.
Biodegradable nano- and microspheres are known to stabilize
encapsulated proteidg’178 Degradable polyfL-lactideco-
glycolide) (PDLGA) microspheres containing albumin (66 kDa)
as a model protein were loaded onto a PLLA stent by dipping

in microsphere powders, and release was shown to depend on

microsphere structur®® Thus, nano- and microspheres may
improve anti-restenotic effects of proteins and other biophar-
maceutical drugs delivered locally from stents.

Nanoparticle surfaces can also be modified with various
functional molecules, providing specific targeted, labeled, and
long-circulating nanoparticleéd® For instance, tissue factor (TF)-
targeted nanoparticles modified with anti-TF antibody specif-
ically bind to SMC membranes in vivo. TF-modified perfluo-
rocarbon nanoparticles containing paclitaxel delivered to cultured
SMCs decreased cell proliferation compared to nontargeted
nanoparticled?’ Iron oxide particles were used to magnetically
localize ECs to stent®® Endothelial outgrowth cells (EOCs)
labeled with magnetic particles within their cytoplasm interacted

with a magnetized stent and were captured on the stent surface.

Following the stent implantation in pig coronary arteries, the
EOCs labeled with the microspheres localized on the stented
site.

8. Conclusions

A wide array of new, complex drug forms, primarily
biopharmaceuticals comprising proteins, nucleic acids, and cell
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