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Abstract:

Increasingly, cell-based therapy with autologousypnitor populations, such as
endothelial progenitor cells (EPC), are being zgii for treatment of vascular diseases.
However, both the number and functional capacikkydaminished when cells are derived
from patients with established risk factors foramary artery disease (CAD). Herein, we
report that inhibition of glycogen synthase kin88dGSK) can improve both the number
and function of endothelial progenitor cells inipats with CADor diabetes mellitus
(DM) leading to greater therapeutic benefit. Speally, use of various small molecule
inhibitors of GSK (GSKi) results in a 4-fold incsead number of EPCs. Moreover, GSKi
treatment improves the functional profile of EP@®tigh reductions in apoptosis,
improvements in cell adhesion through up-regulatibvery-late antigen-4 (VLA-4), and
by increasing paracrine efficacy by increasing ulscendothelial growth factor (VEGF)
secretion. Therapeutic improvement was confirmmadvo by increased re-
endothelialization (RE) and reductions of neointifN§ formation achieved when
GSKi-treated cells were administered following vaac injury to CD-1 nude mice.
Because cell-based therapy is technically challengve also tested a strategy of local
delivery of GSKi at the site of arterial injury dugh GSKi-eluting stent$n vitro, GSKi
elution increased EPC attachment to stent stiitgvo, GSKi-eluting stents deployed in
rabbit carotid arteries resulted in systemic mahtion of EPCs, improved local RE, and
important reductions in in-stent NI formation. Higawe tested the ability of GSKi to
improve EPC-mediated arterial repair in patienthWM. As in patients with CAD,
GSKi treatment improved EPC yield and diminisheslitro apoptosis. Utilizing a

proteomics approach, we identified Cathepsin BBras a differentially regulated



protein necessary for reductions in apoptosis.dddantagonism of catB prevented
GSKi improvements in GSKi treated EPC mediatediaftespair in a xenotransplant
wire injury model. Thus, our data demonstrates @faKi treatment results in
improvements in EPC number and functinwitro andin vivo resulting in enhanced
arterial repair following mechanical injury. Accandly, GSK antagonism is an effective
cell enhancement strategy for autologous cell-bésecpy with EPCs from high risk

patients such as CAD or DM.
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Chapter 1: Introduction
1.1 Clinical Problem: In-stent restenosis
Coronary artery disease (CAD), the most commonecatisdeath and cardiovascular
morbidity in industrialized nations such as Can@d¥) results from blockages in
arteries that form due to atherosclerosis. The mmstmon method of revascularizing
patients with CAD is to open blockages with ballatavices. Gruentzig performed the
first percutaneous transluminal coronary angioglé@3TCA) in 1977, and since then
percutaneous interventions have rapidly becomenékerred method of
revascularization.(59) Early results with PTCA weneouraging, but long-term vessel
patency was hampered by restenosis at the sitgest/ention — a complication occurring
in approximately 40% of patients.(122) Major lintitens of PTCA were arterial
dissections and elastic recoil of the vessel — bbthhich played a significant role in
abrupt closure of the dilated vessel and in mastaimces subsequent restenosis. Thus, to
address this limitation, endoluminal metal scaffoldcalled coronary stentSigure 1.1)
— were developed as a means of preventing eadyiartecoil. Coronary stents act as
luminal scaffolds and resultantly decrease theahte-stent restenosis (ISR) —
renarrowing of the artery in the stent — by hal6,140,141) Nonetheless, despite the
marked reductions in need for revascularizatiorc@dares, neointima formation (NI)
causes flow limiting disease requiring a second iR@bout 10-30% of patients
receiving bare metal stents.(141) With over 1.2iamIPCls being performed annually in

the United States alone,(93) the clinical imporeaatpreventing ISR is evident.



Figure 1.1 — Progression of in-stent restenosi€ross-sectional and longitudinal views
of artery depicting chronological progression oktent restenosigA) Obstructive
atheromatous plaque causing flow-limiting stenosiarterial lumen with reduced
luminal diameter(B) Following percutaneous endoluminal stenting whigstores the
native vessel diameter by compressing the athemmatlaque into the vessel wall with
resultant denudation of the endothelial lay€). In-stent restenosis following
inappropriate neointimal hyperplasia in responsget@cutaneous stent insertion resulting

in recurrence of flow-limiting stenosis.



The mechanisms underlying ISR following PCI hawerely been reviewed and to this
day remain incompletely understood.(122) Bare-nstaits (BMS) were the first
devices employed for coronary stenting. Interegginghile these devices reduced the
rates of restenosis compared to balloon angiopl#SB/ continued to occur in 20-30% of
cases.(46,110) While stenting was able to addméssad recoil and abrupt vessel
closure, the residual cases of ISR were thougteléde primarily to NI formation
through medial smooth muscle cell (SMC) migratipmliferation and synthesis of
proteoglycan matrix.(55,122) In turn, compoundgééing cellular proliferation were

coated onto stents giving rise to modern day dtugrg stents (DES).

DESs are composed of a metallic stent, a polymsedbdrug delivery platform, and a
pharmacologic agent — typically an immunosuppressad/or antiproliferative
compound. The goal of DES technology is to minini?£&-related vascular
inflammation and cellular proliferation which aretight to lead to NI formation, and
ultimately, ISR. Indeed, early trials of DESs ass&s sirolimus (SES) and paclitaxel
eluting stents (PES) reduced the rate of ISR t&d&59,107,148) These randomized
trials were followed by a large meta-analysis répgroutcomes on over 18,000 patients
and demonstrated substantial reductions in taegéin revascularization with DESs

compared to BMSs.(147)



The advent of DESs improved outcomes in PCI; howdkiese incremental
advancements unfortunately came at the cost af@eased risk of stent thrombosis
(ST). While both ISR and ST are known complicatiohstent implantation, their
proposed pathophysiology remains diametrically ggpowith ST thought to result from
the pro-thrombotic state arising at the site oéaposed stent strut. DESs were designed
to mitigate ISR by inhibiting the normal healingpense at the site of stent insertion by
blocking cell infiltration, proliferation and matrformation. Nonetheless, one unintended
consequence is that normal re-endothelializatids) (R delayed resulting in a prolonged
period in which the stent struts are exposed taittvellation — acting as a nidus for
platelet adherence, activation, and ultimatelynvas propagation. In simplified terms,
ISR is related to an overzealous response of theeV¢o injury whereas ST arises as a
result of impaired or delayed healing resultingqaute thrombotic events. Consequently,
while DESs have improved outcomes from an ISR @etsge, they may also increase
the risk of abrupt vessel closure due to thromblesiding to myocardial

infarction.(3,78,96)

While initial studies comparing BMSs to DESs repdrsimilar rates of sub-acute ST (24
hours to 30 days post-PCI) and late ST (30 daysytear post-PClI), long-term follow-up
showed an increase in very late ST (>1yr post-PT2A9) Indeed, autopsy studies
confirmed that DESs delayed arterial healing, \BlMMSs demonstrating complete RE at
6-7 months while first generation DESs failed thyf&RE even beyond 40 months.(78) In
contrast, while the risk of ST was higher, rate3IoR were reduced from 23.6% with

BMSs to 7.8% with first generation DESs.(149) Thulsiicians continue to be



challenged with balancing the benefit of reductiomkSR with the risks associated with

delayed healing and potential ST.

Historically, ISR was believed to be a benign datientity, with patients experiencing
recurrence of their angina 3-12 months followingaseularization. However, recent
studies have reported ISR presenting as an acudeany syndrome (ACS) in 9.5-18% of
cases, of which 2-2.2% were ST-elevation MIs (ST&M18,124) In contrast, ST is
much rarer, occurring in 0.2-0.5% of cases per,Jaartypically presents as either a
STEMI or sudden cardiac death.(49,50) Hence, tigeiog challenge remains to develop
a device that minimizes ISR while not adverselgetihg arterial healing and the risk of
ST. These concerns are of particular importangedisations for PCI continue to

expand such that even low rates of ISR and STimplct large numbers of patients.

1.2 Cellular mechanisms and pathophysiology of ISR

The accepted pathogenesis of ISR remains in fltlx mimerous models proposed in an
attempt to explain the observed epiphenomenon ibesicduring development of a NI.
We recently reviewed these models and their imptiogor therapeutic intervention
(Appendix VII).(122) The most widely accepted model is an adiptaf the
“response-to-injury” model originally proposed bg$? and Glomset in 1976,(129)
whereby the mechanical disruption of the endothktiang by PCI serves as an initiating
factor.(128) Subsequent endothelial dysfunctiontaecensuing inflammatory response
is thought to stimulate the remodeling processigiting migration and proliferation of

SMCs from the medigHgure 1.2B). NI growth is then further exacerbated as SMCs



adopt a synthetic phenotype depositing excessaetluéar matrix proteins which
compromise lumen patency. Yet disparity in findifigen animal models and human

pathologic specimens has made reconciliation wvaighrnodel difficult.

Initial studies performed in murine and rat modetsused predominately on the origin of
cells involved in NI progression, suggesting thadml SMCs migrate and proliferate to
generate the NI.(13,23,24,115,116) For examplatsy SMC proliferation was abundant
after balloon angioplasty, peaking at 96 hours tieérning to basal rates following RE
of the artery.(23) Additionally, evidence from humstudies have suggested a role for
medial SMCs in generating NI. In sex-mismatchedlieartransplant recipients
examination of vessels using fluorescerditu hybridization techniques demonstrated
>90% of cells appeared to be derived from the deresel.(54) However, these analyses
are limited to transplanted specimens and the confer of transplant vasculopathy

makes drawing definitive conclusions difficult.

Interestingly, studies of human pathologic sampkege repeatedly failed to demonstrate
high levels of proliferation — a finding inconsistavith the media as a major contributor
to NI formation.(57,103,109) Furthermore, in modaisvire or balloon vascular injury,
NI formation is typically preceded by apoptosishwitthe medial layer.(119,131)
Accordingly, researchers have focused on othempiatesources of intimal cells and
accumulated evidence that circulating progenittis eeay play a role in generating NI

lesions.
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Figure 1.2.Models of neointima formation in coronary arteries Damage to vascular
endothelial cells (EC) leads to infiltration of lexihmatory cells and subsequent pro-
inflammatory cytokine release (blue rods), resglimneointima formation via three
postulated mechanism@) Circulating Progenitor Cells —Cytokine releasensiates

influx of circulating progenitor cells then differgate under the influence of cytokines
and growth factors (red stars) into a smooth muselliémyofibroblast phenotype with a
secretory phenotype. Production of extracelluldlutze matrix (ECM, grey stars)
contributes to NI volumgB). Medial Smooth Muscle Cells Inflammatory cell infland
cytokine release stimulates proliferation and ntigraof medial SMCs the internal

elastic lamina (IEL) towards the intima. Once ie subendothelial space SMCs acquire a
synthetic phenotype producing an abundant E@ Adventitial Cells — Cytokine
release stimulates migration of advential fibrobtasls across the external elastic lamina
(EEL), through the tunica media, and across thettFihe intima. These migratory
fibroblasts then differentiate into SMC-like cetisown as myofibroblasts with
subsequent ECM secretion under the influence ofirftammatory cytokines and

growth factors. Reproduced wit permission.(122)



Early experimental studies using dacron grafts anfdd in pigs, dogs and sheep
revealed the potential to develop endothelial aastular SMCs independent of input
from the native vessel.(43,47,79,113,151-153) Tlsasdies were the first to suggest that
cellular components of the vessel could organidependently of paracrine factors or
cells from mature vessels vivo. More recently, studies have confirmed that cating
populations of progenitor cells can populate thargimal space and transdifferentiate
into a mature SMC phenotype.(62,98,145) These esuthve also found support from
transplant studies in animals using tiaeZ reporter system,(130) fluorescennesitu
hybridization(69,70) and more recently by our grédppendix VII') using quantitative
polymerase chain reaction for donor/recipient dpemiarkers to track cells from sources
other than the artery itself.(98) Moreover, botlalgative and quantitative evidence now
suggests that cells comprising NI following vascitgury are at least in part derived

from circulatory sourced=(gure 1.2A).

Lastly, rather than the circulation, some auth@gehcontended that the vessel adventitia
may be a major contributor of NI cellBigure 1.2C). Fibroblasts comprise the majority
of cells within the adventitia and these cells hagen shown to react to the

inflammatory response that occurs following vascidpury.(142,143) Specifically, these
cells respond to changes in local paracrine factatgpting a synthetic phenotype as well
as expressing SM@-actin — a feature typical of NI cells.(32,142) fharmore, unlike

the media which shows increased levels of apoptoidow levels of proliferation, the

adventitia enters a state of hyper-proliferationggponse to injury with numerous reports



documenting transmigration of adventitial cellsitite NI. Thus, while Ross’ “response
to injury” hypothesis continues to dominate scienstudies of NI formation,
considerable evidence supports a potential roleifoulating progenitor cells and

adventitial cells in the generation of a NI follawgivascular injury.

1.3. Role of Endothelial Progenitor Cells in Arteral Repair Following Vascular

Injury.

We have previously reviewed the role of EPCs imhatscular lesion formation (122)
and vascular repaiAppendix Xl).(65,66) Indeed, while results from early studies
suggested the potential to derive endothelial ¢edi® blood alone(79,151-153), it
wasn’t until 1997 when Asahara and colleagues tisdlputative EPCs.(8) Since this
initial report the study of EPCs, their role in bhalisease pathogenesis and potential use

as therapeutics have been studied extensively.

Interestingly, while researchers continue to foonghe therapeutic potential of EPCs,
the very definition of what constitutes a “true etieelial progenitor cell” continues to
evolve.(40,71,164,165) Indeed, lack of a uniforrfirdigon has led to conflicting results

in both pre-clinical and clinical studies hampermg progress and understanding of
EPC biology. For the purpose of this thesis, theantEPC will be reserved for blood-
derived cells isolated through adherence to fibctneand cultured for four to seven days
in endothelial growth media (EGM) as recently rewad Figure 1.3).(30,40)

Alternatively, EPCs have been defined and enumgtagdlow cytometry based on the
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Figure 1.3: Phenotypic characterization of endothelial progenitr cells. (I) Culture.
Culture based methodology utilizing Ficoll-baseffedential centrifugation of whole
blood, extraction of buffy coat layer enriched witéripheral blood mononuclear cells
(PBMCs) and subsequent culture. When culturedlmoriectin, with non-adherent cells
removed, adherent cells develop into endothelad@nitor cells (EPCs). When initially
cultured on collagen-coated plates, adherent déflrentiate into endothelial colony
forming cells (ECFC). Alternatively, the colony-foing unit (CFU) assay entails re-
plating of non-adherent cells with subsequent dgraent of CFU’s. (Il) Flow
Cytometry. Analysis of whole blood samples follogri@ither red blood cell lysis or
isolation by differential centrifugation of PBMCSeveral gating strategies have been
employed using various combinations of surface mrarincluding: CD34+/KDR+,
CD34+/KDR+/CD133+, CD34+/KDR+/CD45dim. Used withrpession.(30)
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presence or absence of various surface markerde\&ture-derived EPCs are derived
primarily from early monocyte populations,(126) theculating EPCs (CEPC) defined by
flow cytometry represent a distinct population. Exgating strategies and the panel of
markers needed to ensure reproducibility and spégitontinues to be debateligure
1.3, (12,28,29,64,134,135) but cEPCs typically arfengd as CD45 dim or negative,

CD34 positive, and either CD133 or kinase domatep&r (KDR) positive.(15,117,175)

A number of studies have clearly established adezpiological link between EPC and
cEPC number in peripheral blood and future adveaseiovascular
events.(68,168,172,174) In patients with fewer EBGgith EPCs with lower functional
capacity, events such as myocardial infarction, #8R death are known to occur at a
higher frequency.(52) Indeed, this has led to fothesis that specific subsets of
progenitors can contribute to arterial homeostdssugh both direct incorporation into
the endothelium and through secretion of pro-hggbaracrine factord~(gure 1.4). This
has led our laboratory to study EPCs as both aenankd as a potential therapeutic agent
for the prevention of ISR following percutaneougascularization. Indeed, Padfiedd
al.(111) recently reviewed the data linking EPC mesdiadrterial repair and improved
clinical outcomes, such as reductions in ISR, lmti¢d that no targeted therapies

currently exploit this well-documented endogenasair mechanism.

Pre-clinical animal studies provided the first ende that circulating EPCs play an

integral role in arterial homeostasis. The earb#stlies examined the role of statin
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Figure 1.4. Role of EPCs in Arterial Homeostasis ftowing PCI. Arterial cross

section (upper panel) displaying vascular anatoomposed of outer adventitial layer
with fibroblasts and extracellular matrix (ECM), di& layer with smooth muscle cells,
and inner endothelial cell (EC) layer. ErythrocsiB8Cs), leukocytes (WBCs), and
endothelial progenitor cells (EPCs) circulate witthe vessel's lumetregion (A)

Normal arterial vessel with intact endotheliuRegion (B) Atherosclerotic lesion
containing a fibrous cap and cholesterol crysiaksd by endotheliunRegion (C)
Atherosclerotic lesion treated via insertion of adetent, compressing the plague while
denuding the endothelial layer in this region. Rdaghelialization then occurs via EPCs
adhering to the vessel wall where they differentiato endothelial cells (EPC---> EC) or
secrete paracrine factors which promote re-endatizgtion by local mature ECs.

Lower panels illustrate time lapse healing of stdneegion (C)I. Poor Healing due to
diminished EPC numbers and/or function result®aomplete re-endothelialization with
exposed stent struts and neointima formation. dlbiayed arterial homeostasis results in
in-stent restenosiél. Normal Healing displays completely re-endothelialized stented
segment with no exposed struts or neointima folwnadwing to EPC numbers and/or
function stimulating normal arterial homeostasispRduced with permission.(66)
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medications (HMG Co-A reductase inhibitors) on nhabtion of EPCs and RE.
Dimmeleret al. first demonstrated that statin therapy resulteshabilization of EPCs in
mice through the PI3-kinase (PI3K) pathway.(34) sagjuent studies in both mice(173)
and rats(170) confirmed that statin therapy couddbiize bone-marrow-derived EPCs
which homed to sites of vascular injury, incorpedhinto the vessel wall and accelerated
RE. Subsequently, Werner and colleagues confirtmaoBEPC administration alone could
yield therapeutic effects by injecting labeled splelerived EPCs into mice who had
undergone femoral artery injury.(171) In this moaells homed to the arterial site of
injury rapidly leading to RE and ultimately a retdon in NI formation — providing the
first evidence that EPCs could serve as a cellébdssrapeutic for reduction in NI
formation. Subsequently, numerous therapies whighilme EPCs, such as
estrogens,(150) granulocyte colony stimulatingda(®7) and leptin(137) have all been
demonstrated to increase EPC number and enhaeclarépair in models of vascular
injury. Thus, these studies have provided stronghaeistic evidence that EPCs, either
through increased number or improved function, erdyance arterial homeostasis

following injury.

In addition to animal studies, there are a numlbetioical studies that have supported
the link between EPCs and ISR. First, vascularynity PCI is known to mobilize EPCs
into the circulation Appendix VI1)(11,36,48,64) with numerous studies linking the
degree of mobilization to clinical ISR.(74,118,1F%&irthermore, in addition to absolute
EPC number, mobilization of EPCs with reduced anieesapacities has been shown to

be predictive of stent renarrowing.(52,62) Indaed study by our group, cultured EPCs
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were reduced by 50% in patients who developed I@Rpared to patients in whom
stents remained patent.(62) While there remaintudiess investigating the systemic
administration of EPCs on the incidence of ISRraéhonetheless remains both strong
pre-clinical and clinical evidence suggesting inya@ EPC-mediated arterial repair may
lead to less ISR. Hence, identifying therapies Wignhance either EPC mobilization

EPC function may lead to clinically relevant treatits for the prevention of ISR.

1.4. Glycogen Synthase Kinasef3 GSK3p) Inhibition and Progenitor Cells

GSK3 is a ubiquitously expressed serine/threonine prdi@ase which is negatively
regulated by Wnt signaling. Under basal conditiddSK3 phosphorylates the nuclear
transcription factop-catenin pcat) resulting in its proteosomal degradatibiggre 1.5).
While originally described and named for its ralanactivating glycogen synthase(26),
subsequent studies have identified GBI&8 an important regulator in a number of
pathological processes including cancer(95), Alxiegis disease(72), and diabetes
mellitus (DM).(38) More recently, GSK3has been garnering increasing attention as an
important regulator of stem and progenitor celfi-sehewal and mobilization — a finding

with broad implications for progenitor cell-baséeétapies.

Trowbridge and colleagues first demonstrated thigyabf GSK3p inhibition to regulate
bothin vivo andin vitro hematopoietic stem cell (HSC) repopulation.(16&)dwing
transplantation of either human or mouse HSC esprggreen-fluorescent protein

(GFP+) into nonobese diabetic-severe combined inoaedicient mice, GSK3
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Figure 1.5. Glycogen synthase kinase 3 Signaling thavay. Binding of WNT to

frizzled (FRZ) receptor activates disheveled (DW)ich inactivatess a complex
consisting of adenomatous polyposis coli (APC),mdnd glycogen synthase kinase 3-
beta (GSK). This complex results in activation &K53 which can be inactivated when
phosphorylated by AKT. The activated GSK complersesponsible for phosphorylating
beta-cateninf{cat) resulting in its ubiquitination and ultimategiadation by

proteasomes. Conversely, un-phosphoryl@itedtenin translocates to the nucleus where,
in combination with transcription factors (LEF af@F), it leads to the transcription of a
number of gene products.
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inhibition resulted in more rapid expansion andkeey of hematopoietic cell lines.
Moreover, inhibitor treatment resulted in regulataf multiple gene targets known to be
regulated by Wnt, Hedgehog, and Notch pathwayssé fiadings have been
corroborated in numerous types of stem and progeepdpulations with GSK3

inhibition promoting stem cell pluripotency(85,17f)oliferation and
differentiation.(106,182) Moreover, although a nembf downstream targets are
regulated by GSKB a number of recent studies have demonstratedettessity ofcat

in causing downstream effects.(88,176) Thus, ewddinking the importance of GSIR3
as a conserved regulator of progenitor cell fumctronumerous cell populations led to
the hypothesis that inhibition of this enzyme mead to improved function in EPC based

therapies.

Choi and colleagues performed the first studieG8K33 inhibition and it’s effects on
therapeutic angiogenesis achieved with EPC-basgd(ili.(22) In this study, EPCs were
transduced with a dominant negative G8K3utant which led to an expected increase in
nuclearpcat levels. Interestingly, transfected EPCs gerdrgteater vascular networks
invitro and when transplanted into ischemic hind limb€DfL nude mice led to greater
perfusion, capillary density, and ultimately gredimb salvage. While compelling, this
study had several limitations for cell-based thgraamely the use of cells from healthy
volunteersand the use of viral transfection of cells to achi€&®K33 inhibition which

may have negative safety implications for theraigeadministration of cells.(35)
Nonetheless, this study provided the first evidethe¢ GSK3$ may be a target for

improving therapeutic effect of cell based therapy EPCs.
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1.5 Statement of Objective and Hypotheses
Although PCI with stent implantation representsgaisicant advancement in
revascularizing patients with obstructive CAD, 18R] impaired RE at the site of stent
implantation remains a major limitation in treatipgtients. Thus, the current thesis starts
at the bedside with an important clinical problemwhich our current understanding
and treatment options remain limited. Accordinghge overallobjectiveof this thesis was
to determine mechanisms by which EPC-mediated repaid be enhanced in order to
improve arterial homeostasis after stent implaatatio achieve this objective we tested
the following hypotheses:
1) Inhibition of GSK3 by small molecules can enhance EPC yield
vitro and improve arterial repaiin vivo following mechanical injury.
2) Local delivery of small molecule GSKi using drugHahg stents can
improve arterial healing via augmented EPC-medi&Ed
3) GSK33 dysregulation contributes to decreased EPC nuanir
function in patients with DM.
Herein data from bot vitro studies using primary human cells andivo experiments
using validated pre-clinical models will demongtrttat GSKB antagonism is an
effective cell enhancement strategy for autologmllsbased therapy with EPCs from
high risk patients such as CAD or DM. Moreoveradatesented confirms that
mechanistically, increased paracrine activity tigtouascular endothelial growth factor
(VEGF) secretion, improved cell adhesion throughregulation of very late antigen 4
(VLA4) and reductions in apoptosis achieved by@ased cathepsin B (CatB) activity

contribute to improved EPC arterial repair achiewgth GSKi.
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2.1 Abstract

Aims: Endothelial progenitor cells (EPCs) are circulafohgripotent vascular cells
capable of enhancing re-endothelialization and mishing neointima formation
following arterial injury. Glycogen synthase kingfe(GSK) is a protein kinase that has
been implicated in regulation of progenitor cethlbgy. We hypothesized that EPC
abundance and function could be enhanced withgbefian inhibitor of GSK[3

(GSKi) thereby resulting in improved arterial rapai

Methods: EPCs were expanded @vo and treated with a specific GSKi then assessed for
both yield and functional characteristicsibyitro assays for adherence, apoptosis, and
survival.In vivo functionality of treated human EPCs was assessgdmune tolerant
mice subjected to femoral artery wire injury. Reletielialization was assessed at 72
hours and neointima formation at 7 and 14 daysvafig injury.

Results: GSKi treatment resulted in an improvement in tieédyof EPCs and a reduction
in apoptosis in cells derived from both healthytools and patients with coronary artery
disease. Treatment also increased vascular endtipelwth-factor secretion, up-
regulated expression of mMRNA for the! integrin subunit, and improved adhesion, an
effect which could be abrogated witlmat integrin blocking antibody. EPCs without or
with ex vivo GSKi treatment enhanced re-endothelialization gz following injury as
well as reduced neointima formation at 7 days (emgothelial coverage: 7.2 £ 1.7% vs.
70.7 £5.8% vs. 87.2 £ 4.1%; intima to media ratb®5 + 0.19 vs. 0.39 + 0.08 vs. 0.14
+0.02; p<0.05 for all comparisons) an effect peesisat 14 days.

Conclusions: GSKi improves the functional profile of EPCs asassociated with

improved re-endothelialization and reduced neoiatiormation following injury.
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2.2 Introduction

Injury to the vascular endothelium is thought taloe initiating process in development
of atherosclerotic disease(127) and has also Imegiicated in the pathogenesis of other
vascular disorders such as transplant vasculoattiyneointimal hyperplasia following
balloon angioplasty.(114) Data from observatioiaical studies have noted an
association between circulating numbers of end@thglogenitor cells (EPCs) and both
the presence of coronary artery disease(68) asasw¢lie likelihood of future
cardiovascular events.(172) These findings, as agedlvidence in both animal(171) and
clinical studies(133) of improved outcomes throdghivery of isolated populations of
progenitor cells have reinforced the importanceseéstablishing endothelial integrity

following injury as a key step in prevention of gakar disease.

Circulating progenitor cell populations - specifigdePCs - play a key role in arterial
repair following injury.(181) For example, statifi0) granulocyte colony stimulating
factor,(87) and direct transplantationeafvivo cultured EPCs(171) improve cell-
mediated repair and ultimately reduce neointimangtron in animal models of arterial
injury. Moreover, stents that effectively “captuiePCs by means of CD34 antibodies(4)
loaded on stent struts demonstrate enhanced rekmtidéization and safety in
preliminary human trials.(25) While transplantatmfma patient’s progenitor cells is a
conceptually attractive strategy for enhancing gess-endothelialization it is important
to note that EPCs from patients with coronary grtksease (CAD) are typically low in
abundance and show attenuated functional propexiepared to cells from healthy

controls.(61) Ultimately, pharmacologic regulatmithese endogenous cell populations
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represents the most likely manner in which EPCdggiwill be exploited for clinical

benefit.

Glycogen synthase kinasf 85GSK) is a serine/threonine protein kinase knoavn t
negatively regulate Wnt signaling through phosplatign of the nuclear transcription
factor-catenin and hence, direct its degradation.(18@gRiy, GSK inhibition has
been shown to stimulate progenitor and hematopasédim cell capacityn vivo through
modulation of Wnt, Hedgehog and Notch signaling2(1/nt signaling is also known to
play a key role in the mobilization of vascular geaitor cells and enhancement of
neovascularization, as Aicher and colleagues detraiad using the Wnt signaling
antagonist Dickkopf-1.(2) However, to date litdekinown about the effects of GSK
signaling on EPC function in CAD patients or intiskevelopment following arterial
injury. The purpose of the current study was tedeine if a specific inhibitor of GSK
(GSKi) could augment thia vitro yield and functions of human EPCs as well as img@ro

arterial repairn vivo.

2.3 Materials and Methods

2.3.1 EPC Culture and Cell Labeling

Human EPCs derived from normal controls and patienth established CAD were
cultured in the usual manner.(37,62,71) Patients @AD had to have established
disease as defined by previous MlI, flow-limitingrsbses requiring stent insertion or
surgical revascularization. All patients were ordinal therapy at time of EPC collection

including maximally titrated statin, aspirin, bdilcker and ace inhibitor or angiotensin
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receptor blocker therapy. Blood was collected hyimencture and anticoagulated with
EDTA. Peripheral blood mononuclear cells (5%1i6olated by ficoll centrifugation were
cultured in EGM-2 media (Cambrex) and plated orofifectin-coated plates. Inhibition
of GSK was achieved using a specific GSK inhibNef4-Methoxybenzyl)-N(5-nitro-
1,3-thiazol-2-yl) urea (referred to as GSKi, Catitiem) or LiCl (Sigma) at the indicated

doses. Confirmation of effective GSK inhibition washieved by western blot.

Adherent cells were maintained for 7 days pricenameration. For the task of
enumeration, EPCs were defined as cells duallytipedor AcLDL uptake andilex
europeus agglutinin | (UEAI) binding. Dil-AcLDL (2.5ug/ml, Molecular Probes) was
incubated with cultured EPCs for 1 hour in a aetiubator. Subsequently, cells were
washed and fixed with Cytofix Buffer (BD) and inaibd with FITC-UEAI (5ug/ml,
Sigma) for 30 minutes. Plates of cells were agaashed, and incubated with a DAPI
nuclear counterstain before a coverslip was apptig¢te well and double positive cells

were counted in 6 random high power fields (x20@mifecation).

2.3.2 Western Blots

[3—catenin nuclear levels were assayed by westerrobluiclear extracts from both
control and treated EPCs. Briefly, nuclei were safeal by differential centrifugation and
total nuclear protein was extracted. Protein was tlun on an acrylamide gel and
transferred onto a PVDF membrane overnight. Afmdfer, the membrane was blocked
for one hour in 5% skim milk powder in 0.1% Tweehi@ Tris buffered saline, and then

incubated for 48 hours with primary antibody of anaclonal ant{3-catenin (Cell
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Signaling Technologies) diluted 1:1000 in 5% skintkrpowder in TBS-T. After
incubation the membrane was washed 3 times fombites each with TBS-T. The
membrane was then incubated in secondary antibioggat anti-rabbit IgG (H+L)
conjugated with horseradish peroxidase (1:500088-T) for 24 hours before being

washed and quantitated using ECL Plus (Amersharscioces).

2.3.3 EPC survival, apoptosis, VEGF secretion, adherence.

Seven day old EPCs were used for all experimeressimtherwise indicated. For the
cell survival assay, six high power fields were reuated for each individual.
Subsequently, cells were washed and the media edangery four days after which cells
were again enumerated. Survival was expressegascantage of cells present on day 7.
For apoptosis studies, cells from patients andtiweabntrols were cultured then lifted
and recoated at a density of 2% b@ature EPCs per well. The cells were then alloteed
incubate for an additional four days prior to beliftgd with EDTA supplementation of
the media and gentle agitation. Cells were pellatetiresuspended in hank’s balanced
salt solution (HBSS). Prior to analysis by flowaytetry, 10uL of propidium iodide was
added to the cell suspension. EPCs were identifjeaptake of acLDL-alexa488
(Invitrogen) and UEA-1 FITC labeling in separatgerments. Inability to exclude
propidium iodide identified apoptotic cells. A tbtd ten thousand events were analyzed
and the data expressed as a percentage of total B#hQ@) apoptotic. All experiments

were conducted on a Beckman Coulter Cytomics FCcy@imeter.
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The secretion of vascular endothelial growth faCuEGF) by EPCs was measured using
a VEGF ELISA kit (R&D Systems) using the manufaetis provided protocol. Briefly,
EPCs were plated in equal numbers and incubate&®F-free EGM-2 for 24 hrs.
Subsequently, 20(4L of the culture supernatant was added to a 96 plalé coated with
anti-human VEGF antibody. After 2 hours of incubatithe conjugated secondary
antibody was added and allowed to incubate forterd hours. Substrate solution was
added and the wells interrogated for absorptictb@tnm using a Bio-Rad micro-plate

reader.

For adherence studies, EPCs were detached fronfitireinectin-coated plates by
incubation with 0.5 mmol EDTA. Cells were pelleteglsuspended in EGM-2 and
enumerated. Subsequently, 100,000 EPCs were pragBwell fibronectin-coated
plates and incubated for 30 minutes before beirghe three times with HBSS and
adherent cells enumerated in six random high pdwedels. Blocking experiments were
performed using a specific antibody to thid integrin subunit (MAB16983, Millipore) at

a concentration of 10 ug/mL and allowing cellsrtoubate for 2 hours with the antibody.

Quantitative PCR was performed on the Light CyQePCR System (Roche) and the
data were analyzed using the accompanying softpackage. Total RNA was isolated
from EPCs using Trizol (Invitrogen) and RT perfodnesing standard techniques.
Amplicons were cloned into the pGEM-T vector, sewesl, and isolated using the

PhasePrep BAC DNA kit (Sigma). The plasmids ween tinearized, purified, and
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diluted to generate standard curves for quantgad®R analysis. Primers and probes
were designed using the PrimerQuest software andsafollows:
GAPDHfwd: CGCCTGGAGAAAGCTGCTAAGTAT,
GAPDH rev: GCTTCACAAAGTGGTCATTGAGGG,
a-1fwd: ACAAGTGACAGCGAAGAACCTCCT
a-lrev: TGGGTACAGCACAGGGTAACCATT,
a-2fwd: ACTTTATCTCCAGCGGTACAAAGT,
a-2rev: TGGGCCTTATCCCAATCTGACCAA,
a-3fwd: CAAAGACAGGCAAACGGCAACGTA,
a-3rev: TTATTGGTCGCGGTGAGAAGCCTA,
a-4fwd: AGGGCAAGGAAGTTCCAGGTTACA,
a-4rev: ACATGAGGACCAAGGTGGTAAGCA,
a-4probe: AGCATTTATGCGGAAAGATGTGCGGG
a-5fwd: TGCCTGAGTCCTCCCAATTTCAGA,

a-5rev: ACATGAGGACCAAGGTGGTAAGCA.

PCR was performed with an annealing temperatub& afegrees for all primer
combinations. The QPCR reagents utilized were thanfTect SYBR PCR system and
the QuantiTect Probe PCR system (Qiagen). All pricaenbinations were confirmed to
have a single amplicon on agarose gel and SYBRdP&R was utilized for
guantification of alpha integrins 1-5 and GAPDH.n@onation ofa-4 integrin mRNA
upregulation was done using a probe-specific gteiive PCR technique. The4fwd

anda-4rev primers were used in conjunction with a AM labeled and 3' TAMRA
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modifieda-4probe. For these experiments, Qiagen QuantiTrettePPCR system was

utilized.

2.3.4 CD-1 Nude mouse femoral artery wire injury ol

CD-1 nude mice were acquired from Charles Riverdatories and acclimatized in our
facilities for 2-6 weeks prior to surgeries. Toesssthe ability oéx vivo-treated EPCs to
enhance arterial repair, the femoral artery ofnthee were injured by insertion of a 32
gauge blunt needle (Strategic Applications Indnttuce neointima formation as
previously described.(131) Following arterial inarsthe needle was introduced into the
lumen, advanced proximally and passed five timesder to denude endothelium and
mechanically stretch the vessel. Subsequently, 5afléontrol-EPCs (C-EPCs), GSKi-
treated EPCs (G-EPCs) or vehicle (n=6 per groupgwgected and the artery ligated
proximal to the incision site. Arterial injuries veeperformed proximal to major branches
and the femoral artery was ligated distal to tHes@ches. Hence, blood flow was
maintained in the main arterial segment due toaffivia the intact branch vessels. None
of the animals exhibited signs of ischemia to théund limbs and all animals had full use
of the limb immediately post surgery. General dmesii was achieved during surgery

using isoflurane.

For assessment of re-endothelialization, mice waceificed at 24 (n=2), 48 (n=2) and
72 hours (n=6) post injury. Mice sacrificed at 2dd &8 hours had enface preparation and
staining with DAPI and were examined by fluoresaantroscopy. To permit

guantification of re-endothelialization, mice wgerfused with 0.5% Evans blue, then
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perfusion-fixed with formaldehyde until clear ofadyror assessment of neointimal
formation, mice were sacrificed at 7 and 14 day$(per time point). Femoral arteries
were fixed in buffered formalin then dehydratednnethanol. Arteries were mounted in
paraffin blocks and sectioned irun sections. Sections were hematoxylin and eosin
(H&E)-stained and analysis performed using a coepassisted digital imaging system

(Image-Pro Plus, Media Cybernetics).

2.3.5 Ethics and Statistics

Animal procedures followed the University of Ottawaimal Care Committee and the
Canadian Council on Animal Care guidelines. Alltpowmls involving human donors
were approved by the Ottawa Heart Institute Reseaticics Committee. These studies
conform with the Declaration of Helsinki for theeusf human tissue and animal
experiments conformed with the Guide for the Cauek @se of Laboratory Animals. For
statistical procedures a p-value less than 0.05cemasidered significant. Analyses were
performed using the Sigmastat 3.5 package. Twoesayparisons were performed with
a student’s t-test and multiple comparisons usimgrway ANOVAs with Holm-Sidak

post-hoc test. Data are expressed as means + standarcdéthar mean.

2.4 Results

2.4.1 GSK-B Inhibition Improves EPC Yield

Given the paucity of EPCs found in patients with[Ave first tested the effects of
GSKi treatment on EPC yield vitro after seven days. Outgrowth of EPCs was

reproducibly achieved in all subjects and the phgreconfirmed using the commonly
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accepted parameters of acLDL uptake Bi#\-1 binding Figure 2.1A&B).(71) Media
was supplemented with either 104 nM (IC50, 1x)@8 8M (2x) GSKi. In order to
confirm the specificity of the GSKi, nuclegicatenin levels were assessed by western
blotting. Under control (untreated) conditions GSKphosphorylateB-catenin thereby
targeting it for degradation. However with GSKidn@ment the degradation pfcatenin is
interrupted thereby resulting in increased nudieagls of the proteinRigure 2.10).
Compared to control treatment media supplementéd @6Ki at both 1x and 2x
concentrations led to a progressive increase iyithd of EPCs derived from healthy
controls (48.5%4.6 vs. 68.6+6.6 vs. 75.7+6.8; refipely) and more than quadrupled the
yield of CAD EPCs (14.0£8.0 vs. 41.7£17.0 vs. 5858figure 2.1D). To confirm that
the observed effects on EPC yield were specifi@ $K-33 inhibition, EPCs were
cultured with varying doses of a second G3Kuthibitor, Lithium Chloride (LiCl;

Figure 2.2). Similar to GSKi, LiCl augmented the yield of E®Gerived from both
healthy controls and CAD patients in a dose-depetina@nner. Combination treatment
with GSKi and LiCl did not result in further imprement in EPC yieldRigure 2.1E),
thereby suggesting that the increase in EPC numiagmchieved through a specific
inhibitory effect on the GSK{Bisoform that was maximal with one or the other
treatment and not altered in a synergistic manoertd an off-target effect of one of the

drugs.
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Figure 2.1. GSK 3 inhibitor improves attenuated levels of EPCs fronpatients with
CAD. A,B - High and low power magnification of EPCs at 7 diajseled with DAPI
(blue), AcLDL-Dil (Red), UEA-1-FITC (green), and mged image used for
enumerationC - Western blot of nuclear fraction from EPCs cultuiredontrol (C)
media and media supplemented with GSKi (2x) showiogeased levels @-catenin.D

- Comparison of EPC yields in both healthy controld patients with CAD when treated
with control (C) media, the 104 nM (1x) and 208 @8Ki (2x), n=6.E - Dual treatment
of EPCs with both GSKi and LiCl does not synergaity improve EPC yields, n=6. * or
# denote statistical significance, p<0.05.

29



1251

CAD

T 1251 Healt?y

100 100

}_‘

(&3}
o
T

EPCs (dual label/HP
\l
o
I

N
(&)}
T

C 5 10 20 40 C 5 10 20 40

LiCl (mmolar) LiCl (mmolar)

Figure 2.2. GSK-3 inhibition with LiCl increases the yield of EPCs crived from
both healthy controls and CAD patients.n=6. * or # denote statistical significance,
p<0.05 or less.

30



Given the known role of GSK in the regulation obpfosis, we hypothesized that, in
part, the improved EPC yields with GSKi may be &dko lower levels of apoptosis.(68)
To test this hypothesis we cultured EPCs for 7 dagated them at equal densities then
treated them with either control EGM-2 media or rmetipplemented with 2x GSKi.
EPCs from CAD patients had a faster rate of attrithan EPCs from healthy control
subjects Figure 2.3A). GSKi treatment markedly improved EPC survivallioth cell
populations. In fact, EPCs from CAD patients sued\o the same extent as EPCs from
control subjects when treated with GSKi. At baseliBPCs from CAD patients
demonstrated a higher rate of apoptosis comparE&#@s from controlsHigure 2.3B).

In both groups, 2x GSKi caused a reduction in #regntage of apoptotic cells - a result

which may explain the improved survival observe®&iBKi-treated cells.

2.4.2 GSK-8 Inhibition Improves the Functional Profile of EPCs

Clinical studies suggest that not only the abundarf&PCs but also the functional
capacity determines the vivo biological effects transplanted cells.(139) Hence,

tested the ability of GSKi to affect the secretadra relevant endothelial growth factor,
VEGF. Equal numbers of EPCs were incubated ford#sin VEGF-free media before
VEGF levels were measured in the media by ELISAer&€twas a dose-dependent effect
of GSKi on VEGF secretion by EPCs, with the 2x dos&SKi resulting in a more than

6x increase over control conditio(lagure 2.3C).
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Figure 2.3. GSKi Enhances EPC Survival and Adhererec A -EPC survival is
impaired in patients with CAD. Treatment with GSKiboth healthy controls and
patients with CAD significantly improves long ternmability, n=6.B - GSKi decreases
apoptosis in both EPCs derived from healthy costaold patients with CABC — VEGF
secretion by EPCs is enhanced by GSKi in a doseraigmt manneb - GSKi improves
adhesive properties of EPCs derived from both hgalbntrols and CAD patients, n=12.
E - GSKi treatment upregulates mRNA of thel integrin isoform as measured by Q-
PCR, n=6F —Introduction of a specifia-4 integrin subunit blocking antibodg{4 Ab)
demonstrates the reversibility of improved EPC adireand implicatea-4 in EPC
adhesion, n=6. * or # represent significant diffexes p<0.05.
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Previously, our group and others reported that E#€sncorporated into healing arteries
post-injury (e.g., after stent implantation).(526%) As the steps that lead to progenitor
cell homing and adhesion into the vessel wall acerpletely understood we began by
characterizing the adhesive characteristics of BB@bronectin. Adherence to
fibronectin was similar for control and CAD EPC2wever, treatment with GSKi
resulted in an approximate 4-fold increase celleaéihce for both populations of cells
(Figure 2.3D). Next we determined if GSKi treatment upreguléatezlexpression of one
or more ofa-integrin subunits as this integrin family of cellrface receptors plays a key
role in vascular cell adhesion. We cloreethtegrin subunits 1 through 5 as well as the
GAPDH gene from human PBMCs and performed SYBRmygemntitative PCR on
MRNA from control, GSKi 1%, and GSKi 2x treated EB&nples. Levels of mRNA for
thea-1, a-2, a-3 ando-5 integrin subunits did not change with GSKi treaht (data not
shown). In contrast, the-4 integrin subunit was upregulated with both GSKi
concentrationsHigure 2.3E). To confirm that the observed increase in adimesias
mediated viai-4 regulation, we tested the ability of @4 integrin subunit blocking
antibody to impair EPC adhesion in a fibronectisagsfigure 2.3F. As observed in the
previous experiments, addition of GSKi resultedmincreased number of adherent
cells. However, this effect was completely abrodditg pretreatment of the cultured cells
with thea-4 integrin subunit blocking antibody — thereby gessting that the observed
increase in EPC adhesion with GSKi treatment isiated via upregulated expression of

thea-4 integrin subunit.
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2.4.3 GSK-8 Inhibition Enhances EPC Mediated Arterial Repair

Werneret al.(171) first described the ability ek vivo cultured EPCs to mediate arterial
repairin vivo. We hypothesized that the enhaneedivo function achieved by GSK
inhibition would translate into improvad vivo function. To test this hypothesis vehicle,
C-EPCs or G-EPCs were systemically injected intmime compromised mice subjected
to femoral artery injury. Notably, cells from CARients were used for these
experiments despite the fact that at baseline tbelteare less abundant and functionally
deficient compared to cells from healthy contrdbjsats. Re-endothelialization was
assessed by enface examination at 24, 48 and 72 post blunt needle injury. At 24
hours post injury there was near complete disraptifcthe endothelium with only few
cells overlying the medid={gure 2.4A). By 48 hours post-injury re-endothelialization
was evident, particularly in the cell treatmentups. Thus, a 72 hour time point was
selected for quantitative assessment of the rethatialization area of arteries perfused
with Evan’s blue solutionHigure 2.4B). Treatment with C-EPCs alone resulted in a ten-
fold increase of re-endothelialization area, aedfthat was further enhanced by EPCs
pretreated with GSKi (e.qg., vehicle: 7.2 £ 1.7%EBCs: 70.7 + 5.8% and G-EPCs: 87.2
+ 4.1%; p<0.05Figure 2.40). These findings suggest a marked enhancement of
endothelial regeneration by EPC transplantatiobergefit which was further augmented

through abrogation of GSKBA3—catenin signaling.

To assess neointima formation in these mice euffimmaas carried out seven and

fourteen days after blunt injurfFigure 2.5A). Compared to sham (uninjured) arteries, all

of the injured arteries in each groups was neatlyn8s larger due to the uniform
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Figure 2.4. Rapid re-endothelialization of injuredarteries is promoted by EPC
transfusion and further enhanced by GSKi pretreatmat. A - Wire injury results in
significant denudation of endothelium by 24 howpasing underlying smooth muscle
cells (red arrows). EPC infusion results in neadynplete re-endothelialization by 48
hours when compared to vehicle treated arteBedntact and enface isolated femoral
arteries. Mice were perfused with Evans blue poatissection. Intact endothelium
excludes the blue dyeC - Percentage of arterial re-endothelialization agssed by
Evans blue perfused arteries, n=5 for vehicle ar@@lfor C-EPC and G-EPC groups. * or
# denote statistical significance, p<0.05 or less.

35



A 7 day 14 day
Vehicle = i ‘

-

L X
’c§zl. - RN
e 2

H

%

Uninjured -

20
- i #
< 15
E 15 . # }
© ® o C-EPC
o 10 = 1.0 /} G-EPC
< © ~ Vehicle
£ s o5+ I 1
< D
00 L
O% o0 o0 & 7 14
RCats QS’/Q s DAY

Figure 2.5. Mouse femoral artery wire injury modelof neointima formation. A -

Wire injury results in significant intima formatiat both 7 and 14 days. Representative
7 day cross-sections at low magnification and 4tdgh power cross-sections are
shown with hematoxylin and eosin staining. Medi, (neointima (n), and lumen (I) are
labeled for reference. Arrows indicate the intemlaktic laminaB - Wire injury results

in significant increase in artery volume compam@aham. No significant differences
exist between the vehicle group, the control ERGEPC) and the GSKi treated EPC
(G-EPC) groups, n=& — Transplantation of C-EPCs reduces both 7 and 14ndmya

to media ratios (I:M) an effect further enhancedbstreatment of EPCs with GSKi. No
significant differences in intima/media ratios weeen between 7 and 14 days. * or #

denote statistical significance, p<0.05 or less.
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(mechanical) dilatation that resulted from theardtrminal passage of the blunt needle
(Figure 2.5B). Assessment of intimal area was adjusted for enatka, and expressed as
the intima to media ratio (I:M). At seven days th was attenuated by C-EPCs, and
reduced to less than one sixth of controls by iofusvith G-EPCs (e.g., vehicle:
1.05%0.19, C-EPCs: 0.39+0.08, G-EPCs: 0.14+0.0D;@5<for all comparisongigure
2.50). Intimal lesions showed a marked increase irutzeity in both groups of mice that
received EPC infusions, but the intima of the vightoeated mice consisted primarily of
extracellular matrix. The comparison of the I:Msdi&ys post-injury was similar to that
performed on the data recorded at 7 days postyirigug., vehicle: 1.20+£0.23, C-EPCs:

0.39£0.07 and G-EPCs: 0.13+0.03; p<0.05 for all pansons).

2.5 Discussion

Relative to healthy controls, patients with CAD &avpaucity of circulating EPCs — cells
that are now thought to be of central importancehe maintenance of vessel wall
homeostasis.(68,139) Hence, it is postulated timeasing EPC number and function
may facilitate arterial repair — particularly thestoration of the endothelium. However, it
is now evident that the functional properties ofdSRare of at least equal importance to
their abundance. In this study we describe a phewlogical strategy of inhibiting GSK
that results in an expansion and functional enhraeo¢ of EPCsn vitro as well as
amelioration of vascular healimg vivo. Originally, GSK was identified as a kinase that
phosphorylates glycogen synthase, however subsesjugtes identified a broader range

of substrates. Indeed, when GSKi8 inactivated-catenin levels risi-catenin is the
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principal mediator of Wnts, a family of secreteglagiproteins that regulate a multitude of

cell processes, including haematopoiesis and s&fuaction.

In the current study we begin by showingsitro that GSKi enhances survival and
reduces apoptosis of EPCs. As well, GSKi upregslagpression of the-4 integrin
subunit mMRNA and enhances EPC adhesion in a mémaiecan be inhibited by means
of ana-4 blocking antibodyln vivo, we note that GSKi-treated human EPCs attenuates
neointima formation and enhances re-endotheliadizaif injured femoral arteries in
immune tolerant mice. Although the reduction in ki may be due to a direct intimal
effect, it is more likely that enhanced re-enda#iizlation was instrumental in producing
this result. Nonetheless, this study is the fosi¢monstrate the importance of GSK
signaling in EPC mediated arterial repair whileodigghlighting functional capacity of

the cells as an important mediator of effect. Peshaf greater importance, is the fact that
GSKi-mediated augmentation of EPC number and fanas possible in feeble cells
harvested from patients with CAD — a hurdle thavpmusly had not been adequately

addressed or overcome.

Rapid restoration of the endothelium and its ral@ @rotective barrier and/or regulator
of the local milieu (e.g., fibrinolysis) is of dgal importance in vascular repair. While
the re-endothelialized area increased dramatieatly infusion of just the C-EPCs (e.qg.,
approximately 10-fold compared to vehicle treathémtre was an important additional
enhancement in re-endothelialization area with & &Rusion (e.g., from 70.7% to

87.2%). Indeed, in a remarkably short period (7@rbpthe arteries were almost
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completely re-endothelialized with GSKi-treated EPBerhaps if we had lowered the
number of cells infused to less than 5%aif the caliber of the arteries were larger (e.g
larger animal or human coronary artery) the degfege-endothelialization with the
control-EPCs would have been smaller - and theghtfiave been a higher incremental
difference in the re-endothelialized area with@&PCs. Clinically, those patients in
acute need of repaving their endothelium (e.g.teacaronary syndrome patients) are
also the same individuals with remarkably low ERQnds; hence, their need for even a
modest augmentation in potent EPC number and/atibmwill be dear — particularly in
the first 24-72 hours after an acute ischemic ev@nally, it is attractive to speculate as
to how GSKi may be modulating re-endothelializatiGertainly, GSKi-mediated
prevention of EPC apoptosis and/or increased VE€&Feson may play key roles in the
regrowth of the endothelium in these arteries. iresly, Kimet al. demonstrated that
transduction of a dominant negative GBKS protective against EC apoptosis and
enhances endothelial cell migration towards VEG3.£s well, Choi and colleagues
demonstrated an increase in VEGF secretion in BR@sfected with a GSK[33

dominant negative mutant.(22) Our data also sugdkat GSKi facilitates EPC adhesion
via an up-regulation of the-4 integrin subunit. It is important to point obat the
potentially important role of the-4 integrin in enhancing arterial repair seen m th
current study is somewhat at odds with our prevmudication that demonstrated a
reduction in stent neointimal formation when thé integrin subunit was blocked using
a systemically administered antibody.(99) Howettez,apparent difference in outcome
for these two studies may be the result of thes¢btt were targeted. In the current study

the effect is limited to EPCs treatexivivo before being infuseih vivo, whereas in our
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previous study all cells, including monocytes ardtrophils were affected by the

systemically delivered anti-4 blocking antibody.

Our study is not without potential limitations. gtirwhileex vivo GSKi treatment results
in robust and durable reductions in lesion formaftmlowing arterial injury, the clinical
feasibility of this strategy may be limited as sptantation oex vivo manipulated cells
can be labor intensive and impractical. Seconthencurrent study it is impossible to
definitively ascribe all of the beneficial vasculealing effects to the infusion of G-
EPCs as it is conceivable that the observed inergase-endothelialization might be due
to paracrine effects of GSKi-treated EPCs. For extantould these infused cells adhere
at or near the site of re-endothelialization whtey then secrete pro-endothelial
cytokines, such as VEGF, and thereby attract adjgdeadogenous) endothelial cells that
then repopulate the endothelium? In fact, whilaustlve-endothelialization is observed
with G-CSF treatments that mobilize EPCs, thel#tis evidence to support the direct
contribution of (tagged) bone marrow-derived EP€srtdothelial reconstitution.(179)
Finally, inhibition of GSK is becoming an attraaitarget for vascular healing with
evidence suggesting benefits in myocardial neovaszation following infarction in

rats, in addition to our data implicating GSK silymg in arterial repair following
injury.(177) However, given the known roles of GSignaling in both energy
metabolism and oncogenic transformation, carefithahstudies of any systemically

based therapies must be undertaken before clistiadies can be embarked upon.
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In summary, our studies demonstrate that GBIignaling is a key modulator of
progenitor cell mediated vessel wall homeostadisviing mechanical injury — a novel
observation with significant potential for therapewevelopment. Specifically,
inhibition of this enzyme enhances the yield of BRG/itro and promotes EPC-
mediated arterial healing vivo. Further studies with systemic and device-basédentg

systems targeting the GSK3-3ignaling pathway to reduce intima formation angang.
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3.1 Abstract

3.1.1 Aims

Drug eluting stents (DESSs) reduce neointima are¥) @hd in-stent restenosis but delay re-
endothelialization (RE). Recently, we demonstraked pharmacological expansion and
functional enhancement of endothelial progenittisd&PCs) can be achieved by
treatment with a glycogen synthase kinase 3-béiiaitor (GSKi) - even for feeble cells
derived from coronary artery disease (CAD) patie@iSKi treatment enhanced EPC
adhesion via upregulated expression of the alpimdegrin, ameliorated RE and reduced
neointima formation in denuded murine arteries. ddéemve hypothesized that GSKi-coated
stents will enhance EPC adhesion and attenuatgetkiascular healing associated with

rapamycin, a key DES agent.

3.1.2 Methods and Results

Invitro human EPCs adhered to stents coated with GSKiW&B Jaffinities that were

2%, 14x and 13x greater than vehicle (VS), rapam{RiS) and rapamycin plus GSKi
(RGS) coated stents, respectively. Stents weretetsen rabbit carotid arteries and at 14
days NA was 45% and 49% lower in GS stents comparbdre metal (BMS) and VS
stents. Moreover, RS stents had a 47% larger NA & stents, but RGS stents reduced
NA to a level comparable to GS stents. Seven digsstenting GS stents displayed RE
that was 40%, 33% and 42% greater than BMS, VSRhdespectively. Moreover, RGS

stents had 41% more RE than RS stents. At 14 tiay8-tlay RE patterns persisted.

3.1.3 Conclusions
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GSKi efficiently ameliorates the vascular respotasstent implantation and has an
important redeeming effect on the deleterious dmelatl effects of rapamycin coated

stents.

3.2 Introduction

Coronary artery stent implantation is annually usetteat >1 million patients with
obstructive coronary artery disease (CAD), howethar infrequent yet important
problems of in-stent restenosis (ISR) and stewtintimosis limit clinical efficacy. ISR is
believed to be due to dysfunctional arterial hepimvolving primarily hyperplastic
inflammatory pathways, and recently it has beemshithat circulating progenitor cells
may play a major role in stent neointima formati®65,171,181) With the advent of
drug-eluting stents (DESSs) neointima growth anchseularization rates are lower
compared to bare metal stents (BMSs).(141) Howeeegent clinical studies suggest that
DESs delay re-endothelialization (RE) and, in setuelies, appear to be accompanied by
a higher prevalence of stent thrombosis.(78) Caalrgrincreased RE after stent

implantation correlates with reduced neointima fation.(167,169)

Glycogen synthase kinas@-85SK-3) is a ubiquitously expressed constitutively active
serine/threonine kinase. While inhibition of GSKimains self-renewal and enhances
differentiating capacity of embryonic stem cell§K53 inhibition also increases
hematopoietic repopulation in recipients trans@dmwith mouse or human
hematopoietic stem cells and enhances survivaidbgenous stem cells after

irradiation.(132,162) Indeed, inhibition of GSK-By transduction of a catalytically
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inactive GSK-3 gene into endothelial progenitot@EPCs) enhances their survival,
proliferation, differentiation and angiogenic projgesin vitro.(22) In the context of
arterial repair, we recently demonstrated pharnoagchl expansion and functional
enhancement of feeble EPCs derived from patiertts @AD byex vivo treatment with a
pharmacological inhibitor of GSKB3(GSKi).(63) GSKi enhanced EPC adhesion via the
upregulation of the-4 integrin subunit as well as ameliorated RE amoimtima

formation in denuded murine arteries. In the curstmdy we hypothesize that local
delivery of GSKi using coated stents may improversl healing via augmented EPC-
mediated RE. Furthermore, we tested if the addiiio@ SKi rescues the delayed arterial

healing observed with rapamycin-coated stents.

3.3 Materials and Methods

3.3.1 Ethics

The investigatiortonforms with the Guide for the Care and Use ofdratory Animals
published by the US National Institutes of HeakhH Publication No. 85-23, revised
1996). All animal procedures were performed with dpproval of the University of
Ottawa Animal Care Committee (HI-283, Ontario, G#ajaand followed the guidelines
of the Canadian Council on Animal Care. All protiscmvolving human donors were
approved by the Ottawa Heart Institute Researclc&®ommitteeThe investigation
conforms with the principles outlined in the Deealawn of Helsinki for use of human

tissue or subjects.

3.3.2 Ex vivo EPC Attachment Assay
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Blood was collected from healthy young voluntegrénipuncture and anticoagulated
with EDTA. Peripheral blood mononuclear cells (PB8j@ere isolated and plated on
fibronectin-coated plates and cultured in EGM-2 rad€tonza) for 4 days. Adherent

cells were harvested and then cultured in wellf Bi¥ISs and various drug-coated stents
(described below) for 48 hours prior to examinati@ells attached to the surface of stent
struts were stained with DAPI and observed usingréscent microscopy. The number
of attached cells was counted in 6 random high pdwetels (HPFs; magnification x200)
per strut. The collection of blood samples anddbresent protocol for the volunteers
were approved according to institutional guidelirf®BCs were defined as cells dually
positive for Dil-acLDL uptake andlex europeus agglutinin | (UEAI) binding. While we
acknowledge that circulating EPCs are better ddflneCD34/KDR co-expression for
functional assays(51) we utilized cultured cellpeesviously described(20,65) which

meet the currently accepted definition of a culuwvascular progenitor cell.

3.3.3 Stent coating and stent implantation

Forty eight bare metal stents (BMSs; Driver 3.0r2%, Medtronic AVE, Inc., Santa
Rosa, CA) were manually coated with 45 pl of onéheffollowing coating materials to
make either vehicle-coated stents (VSs), GSKi-abatents (GSs), rapamycin-coated
stents (RSs), or a combination of rapamycin pluKiG8oated stents (RGSs). Twelve

BMSs were used as a control.

Drug-coated stents were made in our laboratorygusimethod previously described by

our laboratory.(20) Each balloon-mounted stent wdsvidually coated with 45L of
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lubricating jelly (Medline Industries, Inc., Mundgh, IL) with or without the active
treatment compound(s). The GSK-Bhibitor used in our study is GSK33nhibitor VI
(Calbiochem) also called AR-A014418. It is a highpecific inhibitor of GSK- and

has been shown to inhibit GSK-8vith high potency (IC50 = 104 nM). Moreover, GSK-
3B Inhibitor VIl does not inhibit CDC2 and CDKS5 - mGSK3-related kinases that are
inhibited by other published GSK3 inhibitors.(14rkSs, GSK-B Inhibitor VIII was
dissolved in DMSO and reconstituted in water (25 nifore being mixed with vehicle
jelly at a ratio of 1:9 in order to achieve a figalhcentration that was 20x the IC50 (2.08
uM).The dose of GSK inhibitor was determined usingravitro EPC attachment assay.
EPCs were cultured with GSKi (incremental dose lasica at 2%, 4%, 8%, 16%, 20%, 40X,
80x%, 160x IC50) and cell viability was examinedr Ehein vivo studies we selected the
maximum tolerated GSKi dose vitro (20x IC50). For RSs, rapamycin was
reconstituted at a concentration of 4 ug/ul — adgwosviously tested and found to be
efficacious in pre-clinical studies.(86) For RG8nds, GSKi and rapamycin were
formulated in the same manner as for stents cantpgach drug alone, but blended
together to achieve the same concentrations omaication drug stent. The control
vehicle-coated gel was made by mixing 0.01% DMS@ater with Lubricating Jelly at

ratio of 1:9. All stents underwent air drying fd@ fhours before being implanteavivo.

Thirty male New Zealand white rabbits (3.0 —3.5 €barles River Laboratories, Quebec,
Canada) were studied. Under general anesthesi&ketiéimine [25 mg/kg,
intramuscularly (i.m.)], midazolam (2—4 mg/kg, i)mand isoflurane (via an endotracheal

tube), one BMS, VS, GS, RS, or RGS stent was deplay six atmospheres in each

47



carotid artery via the iliac artery. All rabbitceved one stent in each carotid artery, and
the two stents inserted in each rabbit were ideht#&ll animals received Heparin (125
U/kg, Leo Pharma Inc., Ajax, Ontario, Canada) as\arbolus at the outset of the
procedure. To limit stent thrombosis all rabbitgevgiven acetylsalicylic acid (rectal gel,
10 mg/kg) every day, starting 3 days before stgraimd continuing until euthanasia. As
per usual clinical practice, the complementary@atelet agent clopidogrel bisulfate
(Sanofi-Synthelabo Canada, Montreal, Quebec) wasrastered transdermally,
beginning with a loading dose of 4 mg/kg on the befpre stenting and continued as 1

mg/kg/day thereafter until euthanasia.

3.3.4 Tissue Harvest and Quantitative Histomorphgio Analyses

Seven or fourteen days after stent implantatiomals were euthanized using
intravenous Euthanyl (Schering-Plough, Quebec) thadtented carotid arteries were
harvested. All animals received BrdU (50 mg/kg, igma, St. Louis, MO) one hour
before euthanasia to allow immunolabeling of pesiting cells. The stented arteries
were evenly divided into 4 segments. The first segimvas embedded in
methylmethacrylate after overnight fixation with%aMeutral-buffered formalin (NBF).
Cross-sections (5 pm-thick) were cut with a D-Redfiingsten carbide knife (Delaware
Diamond Knives Inc., Wilmington), and stained whiamatoxylin and eosin in order to
obtain the following quantitative histomorpholodiparameters. The lumen area (LA) as
well as the area circumscribed by the internaltieldsmina was measured using a
computer-assisted digital system (Image-Pro PliesjiMCybernetics, Silver Spring,

MD). Neointima area (NA) was defined as the intéatastic lamina area minus the LA.

48



The second segment was opened longitudinally befargually removing the stent and
immersion fixed in 10% NBF before embedding in flavaFor both methylmethacrylate
and paraffin blocks, serial 5 um cross-sectionewet at subsegment intervals of 350
pm. For morphometric analyses, nine cross-secfrons three subsegments (three cross-
sections per subsegment) were examined. The thgithent was opened longitudinally,
the stent was manually removed and the tissue magsfsozen in liquid nitrogen. The
fourth segment devoted to scanning electron mio@g¢SEM; XL 30 ESEM, Philips
Electronics Ltd., Markham, Ontario, Canada) washepdongitudinally, flattened and
fixed in 1.6% glutaraldehyde before being dehydtatiied with liquid CQ and coated
with gold. SEM photomicrographs of each specimerevexamined using a computer-
assisted digital assessment system to determirngeticentage area re-endothelialized
compared to the total luminal surface area. Fon specimen, 5 separate SEM
photomicrographs were taken at X400 magnificatimhthe RE area for each artery was

represented by the sum of the data for the 5 phapbgd sub-areas.

For each specimen, the extent of arterial wallrinjuas graded using the standardized
protocol developed by Schwastzal., which tabulates in a semi-quantitative manner the
degree of injury imparted to the vessel wall athestent strut.(138) For example, a score
of zero corresponds with an intact internal eldstigina and the maximum score (three)
is defined by medial laceration that extends thiotlng external elastic lamina. Similarly,
the extent and density of inflammatory cells sunding each stent strut were scored

using a system devised by Kornowskal.(89) For example, a score of zero is assigned
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if no inflammatory cells are present, and the maxmscore of three is used if there is a

dense, circumferential collection of lymphohistibcycells around a stent strut.

3.3.5 Immunohistochemistry

Immunohistochemistry was performed on paraffin-edaeel tissue. The following
primary antibodies were used: i) anti-smooth muacten @-SMA,; dilution 1:400;
Sigma-Aldrich) ii) RAM-11 for macrophages (dilutidn50; Dako) iii) an anti-BrdU
antibody for immunolabeling actively proliferatiglls (dilution 1:50; Dako) and iv)
biotinylated Griffonia (bandeiraea) simplicifoliaettin | - isolectin B4 (GSL I-B4,
dilution 1:100; Vector) was used for labeling erdsial cells.(5,98) After incubating
with the primary antibody, a species-specific bigkated secondary antibody was
applied (except for GSL I-B4) followed by incubatiwith an avidin-biotin peroxidase
complex (Elite ABC kit, Vector) and visualizationttv 3,3-diaminobenzidine (Sigma).
Slides were counterstained with hematoxylin. Immabeled SMCs, macrophages,
proliferating cells or GSL I-B4 positive cells ing neointima (NI) were counted and
expressed as a percentage of the total number oélNdIper HPF (magnification: x400).
NI cell density was expressed as the ratio of dked NI cell number to the NA per HPF.
For the quantitative analysis 3 HPFs were counezdpierial cross-section and 3 cross-

sections were examined per arterial sample.

3.3.6 In vivo EPC recruitment assay

On the same day of stent implantation blood wakdwitwn from rabbits and PBMCs

were isolated. These PBMCs wesevivo labeled with PKH26, a red fluorescent dye
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previously used for long term vivo cell tracking,(31,75) and then injected back ® th
same rabbit immediately after VS or GS stent imjaiaon. One week after stent
plantation, the stented arteries were harvestezhexpflat and the luminal surface was

visualized byen face confocal microscopy.

3.3.7 Circulating EPC Culture Assay

Peripheral blood was withdrawn from rabbits befamd 3 days after either GS or VS
stent implantation. PBMCs were isolated and catduith Clonetics EGM-2-MV-
SingleQuots (Lonza) supplemented with 5% FBS orofibctin-coated chamber slides
(Becton Dickinson).(73) At day seven after cultagherent cells were identified as
EPCs by Dil-acLDL / lectin double staining. Enddtakecolony forming cells were
identified as well-circumscribed monolayers of cleisbone-appearing cells(178) and the

colonies were counted in 8 randomly selected fiefdsach cultured slide.

3.3.8 Statistics

Comparison of two groups was performed by usintgudéhtt-test and multiple
comparisons were performed by using one-way ANOVithwa Fisher LSD comparison.
Values are expressed as means + standard erfog af¢an. As the re-endothelialization
data was not normally distributed (e.g., skewedatols 50% and higher), the percentage
re-endothelialization was arcsin transformed bebmiag subjected to ANOVA.

Statistical significance was defined as p<0.05.
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3.4 Results

3.4.1 GSKi enhanced EPC Attachment to Coated Stents

First, we assessed thevitro effects of different stent drug coatings on theeadnce of
human EPCs. GSs showed levels of EPC attachmdnéna 2%, 14x and 13x higher
than VSs, RSs and RGSs respectively (e.g., 21.542.70.2+1.6, 1.5£0.8 and 1.7+0.4,

respectively, p<0.0QTFigure 3.1).

3.4.2 Arterial Response to the Implantation of GSBbated Stents

The arterial response to stent-based delivery ii®&s compared to that observed with
vehicle control stents. There were no differencahe arterial injury and inflammatory
scores observed with either stent at 7 and 14 plagtsstent implantatiorm@ble 3.1). NI
cell density at 14 days was similar in arteriestaming GS and VS stents. The
abundance of NI SMCs and macrophages was simitarelea arteries with GS and VS
stents (e.g., SMCs: 44.1+1.56% 46.7+2.6%; macrophages: 2.5+0.3862.2+0.3%).
Macrophages were primarily located adjacent totstnts. There were more
proliferating cells in the NI of arteries with G8mpared to VS stents (3.9£0.2%
2.4+0.2%; p<0.05) and although the identity of eheslls is unclear, their location was
scattered throughout the NI and not confined tduh@nal surface where endothelial
cells were located. The percentage of NI cells wexe positive for GSL 1-B4, the rabbit
marker for cells of endothelial lineage, was legh &S compared to VS stents

(7.9+1.1%vs. 11.8+1.1%, p<0.05).
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Figure 3.1.In vitro EPC attachment to coated stentfA) Representative photos show

cells attached to VS, GS, RS, RGS stent strut.riiellei were stained with DAPI as blue
color (magnification, 100x)B) Bar graph demonstrating number of EPCs attached to
the stent struts. GSs showed levels of EPC attachiinat were 2x, 14x and 13x higher

than VSs, RSs and RGSs.
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Table 3.1 Injury and Inflammatory Scores for Stentel Vessels

BMS VS GS RS RGS Time

point

Injury score | 1.02+0.04 | 1.01+0.03 | 1.04+0.03 | 1.04£0.05 | 1.02+0.03 | 1wk

Injury score | 1.00+0.04 | 0.98+0.03 | 1.01+0.05 | 1.03+0.05 | 1.00+0.04 | 2wk

Inflammatory | 1.78+0.05 | 1.83+0.07 | 1.80+0.05 | 1.84+0.05 | 1.84+0.06 | 1wk
score

Inflammatory | 1.84+0.05 | 1.87+0.06 | 1.85+0.05 | 1.87+0.03 | 1.84+0.04 | 2wk
score
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3.4.3Neointima Response to GSKi vs. Rapamycin Gb&eents

At 7 days post stent implantation mean stent NAedhfe.g., BMS 0.47+0.08 nfmVS
0.39+0.05 mrfy GS 0.34+0.06 mm RS 0.28+0.05 mfmand RGS 0.17+0.04 nfm
ANOVA: p=0.02,Figure 3.2). Specifically, RS stents had lower NA than BM&ng$
(p=0.03); yet RGS stents had a NA that was lowan BBMS, VS and GS stents (p
values: 0.002, 0.02 and 0.04; respectively). Howeael4 days the mean NAs were
slightly higher in all groups (e.g., BMS 0.55+0.0, VS 0.59+0.06 mm GS
0.30+0.02 mrf; RS 0.44+0.07 mf and RGS 0.28+0.02 nfimANOVA: p<0.001;
Figure 3.2). Indeed, GS stents had 45% and 49% less NA tih&& 8nd VS stents
(p<0.001 for both). Moreover, RS stents had a 43%elr NA than GS stents, but RGS

stents reduced NA to a level comparable to GSstent

3.4.4 GSKi Rescues Rapamycin-Associated Attenuatib8tent Re-Endothelialization
At 7 days post stent implantation the RE arealfentarious stents were as follows: BMS
46.7+3.8%, VS 49.4+£3.2%, GS 65.6+£6.4%, RS 46.0+4a8d RGS 65.0+3.3%
(ANOVA: p=0.005; Figure 3). GS and RGS stents wereally efficient at increasing

RE compared to BMS, VS, and RS stents. At 14 dagyRRE areas for all stents were
higher, but with important differences: BMS 62.33%., VS 64.8+6.9%, GS 92.5+2.6%,
RS 81.0£3.4%, and RGS 90.9+2.8% (ANOVA: p<0.0Biyure 3.3). Again, at this later
interval GS stents showed increased RE comparBii® and VS and the combination
of GSKi and rapamycin treatment rescued RE comparstents coated with rapamycin

alone (p=0.03). Notably, one animal was followedltou3 months with GS implantation
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Figure 3.2. Neointima formation of stented arteriesRepresentative photos of H&E
stained cross-sections of arteries at 7 ¢Aysand 14 day$C) post stent implantation
(magnification, 40x)(B) Bar graphs demonstrating NA of stented arteri¢s. days RS
stents had lower NA than BMS stents (p=0.03); R@8#ts had a NA that was lower than
BMS, VS and GS stents (p values: 0.002, 0.02 abd Gespectively). At 14 days, GS
stents had 45% and 49% less NA than BMS and V3ss{p10.001 for both). Moreover,
RS stents had a 47% larger NA than GS stents, B& &ents reduced NA to a level
comparable to GS stents. Letters indicate statisti¢ferences, p<0.05.
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Figure 3.3. Re-endothelialization assessed by SEMn-face scanning electron
micrographs of arteries 7 daf/s) and 14 day¢C) post stent implantation. (B) Bar
graphs demonstrating percentage of re-endothalhbizea of total stented area. At both
7 days and 14 days, GS stents showed increasediRaced to BMS and VS, and the
combination of GSKi and rapamycin treatment resdREccompared to stents coated
with rapamycin alone. Letters indicate statistoh#fierences, p<0.05.
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and, as expected, was found to have complete retieelchlization Figure 3.4

3.4.5 Re-Endothelialization through Recruitment Gfirculating EPCs

To determine the effects of GSKi-eluting stentsyavbilization and differentiation of
circulating EPCs in the re-endothelialization arded arterial segments two experiments
were performed. First, approximately 1% of rabintwdating PBMCs were tagged with a
fluorescent dye and re-injected immediately paattsimplantation and 7 days later
confocal microscopy was used to visualize taggdd tteat incorporated into re-
endothelialized GS-stented rabbit carotid artegnsnts Figure 3.5shows an example
of a fluorescently tagged cell that was incorpatat¢o the newly formed endothelial
layer covering a stent. Second, PBMCs were isolagfdre (baseline) and 3 days after
stent implantation and cultured for 7 days. Foebas samples the total WBC count and
the number of adherent EPCs after 7 days in cultrare similar for rabbits that received
VS and GS stents. However, there was a 4-fold asaén EPC colony forming capacity
for blood samples harvested from rabbits recei@®ycompared VS stents (p<0.05,

Figure 3.6).
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Figure 3.4. Photomicrograph demonstrating intact edothelium overlying a GSKi
coated stent at 3 months.
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Figure 3.5 Circulating EPCs participate in re-endohelialization visualized by en
face confocal microscopy. (ACells of the endothelial layer of stented artegrev
visualized with DAPI nuclei staining as blue col@) Phase contrast image of @)
PKH26 labeled cell from circulation was visualizzgired color(D) Merged image of A
and C showing incorporation of the PKH26 labeledlin® the newly formed
endothelial layer of stented artery.
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Figure 3.6. Effects of GS stents on circulating pigenitor cells.Microscopic photos
showing cultured EPCs from rabbits with either W$ ¢r GS (B) stents (magnification,
100x). (C) there was a 4-fold increase in EPC opfonming capacity for blood samples
harvested from rabbits receiving GS compared V&sig<0.05).
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3.5 Discussion

In this study we sought to determine if a pharmagickl inhibitor of GSK-B is

beneficial for arterial healing after stent impktidn. The principal findings are that stent
NA was reduced and RE was augmented by local,-btesdd delivery of GSKi.

However, perhaps of greater significance is thatstilutary endothelial effects of GSKi
bothin vitro andin vivo were superior to rapamycin, a common agent inaalty

utilized DESs. Moreover, GSKi combined with rapamyia effect rescued the

deficiencies of rapamycin alone on arterial healing

Stents are implanted into arterial segments witleiseatherosclerotic lesions that are
either deficient in a luminal surface endotheliuntontain endothelial cells that are
essentially dysfunctional. After stent implantatibe involved arterial segment may be
highly prothrombogenic — particularly if stent $g@re incompletely apposed to the
luminal surface. Recent reviews of the efficacg@fonary stenting have focused on the
rare but potentially catastrophic occurrence otastent thrombosis and highlight the
need for dual anti-platelet aggregation therapgrder to minimize thrombus formation
within stents.(27) Traditionally, it is believedathendothelial cells originating from intact
adjacent arterial segments populate the stent kirsunface as a result of local
proliferation and migration. However, this concesphow under review as recent studies
demonstrate that circulating progenitor cells dse avolved in both NI formation and
RE.(98) Indeed, there is an expanding experiméiteéahture that points to the potential
restorative potential of EPCs — yet often with éggrd of a clinically important caveat.

Relative to healthy controls, patients with CAD &avpaucity of circulating and/or
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functional EPCs.(68,13%)ence, for CAD patients who have the most to gaéme is a
dire need to increase both the abundance and @umatttapacity of EPCs in order to
ameliorate arterial repair. One interesting strat@gied at capturing EPCs in the artery
wall involves the use of stents that are coatetl ait antibody to CD34; however from
the results of preliminary human studies it is eaclif this novel stent is superior to
conventional DESs.(4) Recently we illustrated B8&Ki treatment of EPCs not only
enhances their abundance and adhasioiiro butex vivo GSKi-treatment of EPCs
improves the ability of these cells to ameliorater@al healingn vivo — even when

feeble cells are harvested from patients with CAB).(

Current commercially available DESs are populatheir tendency to reduce ISR -
primarily by preventing vascular SMC proliferatiand migration, as well as local
inflammatory pathways. Unfortunately, DESs may alsmpound the problem of stent
thrombosis by impairing RE.(96) The delay of RENIIESS has been observed in both
animal models and human clinical studies.(44,7&t&tation of an intact endothelium
therefore represents a crucial process for thegmtean of both ISR (presumably related
to the restoration of the local vessel wall homatsimilieu) as well as stent thrombosis
(particularly in the first days post-implantatioRapamycin-coated stents are popular
clinically and known to inhibit proliferation, migtion, and differentiation of human
EPCs.(16,19) Hence, there is at least a theoretinat real need to correct the delayed
RE observed in human arteries treated with rapamgeated stents. In the current study
we have attempted to address this by quantifyiegkthetics of re-endothelialization in

the context of rapamycin alone and with GSKi. Winlldhumans, the time to re-
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endothelialization is incompletely understood, sgaduggest that it is likely complete by
3 to 4 months with bare metal stents(42,58) and @WESs much later.(45) While we
observed nearly complete re-endothelialization 4€yays, this is in keeping with the
kinetics observed by our group(99) and othersnmlar animal models. As well, at both
7 and 14 days no differences existed between ous BN VS groups in NI formation,
RE, or inflammation scores suggesting no differereoasted with regards to the
biological reaction to stent implantation with @aating method. In the current study we
show for the first time that combining GSKi withpgmycin results in an additional
benefit — not only inhibiting NI growth but also mmizing the deleterious effects of

rapamycin on circulating EPCs and enhancing REerctitical early period.

While it is attractive to speculate that GSKi-inddaugmentation in RE is instrumental
in reducing NI formation, such a hypothesis isidifft to provein vivo and we are only
able to speculate that GSKi promotes the restarati@n endothelial barrier that blocks
the accumulation of blood-borne cells that mighitdbute to NI formation. Nonetheless,
conceptually we do establish using a combinatiodyeflabeling anén-face confocal
microscopy that circulating EPCs are incorporated the reconstituted endothelial layer
of the stented arterial segment. However, as ool the total circulating PBMC
population was labeled quantification of the cdnition of circulating progenitor cells to
RE could only be addressed in principle and nohtjtaively. One unexpected finding is
the apparent systemic effects of GS stents. As sliowtro, there was a 4-fold in
increase in PBMC-derived EPC colony forming unit$5S compared to VS stented

rabbits — an effect that may be important not dohthe stented arterial segment but
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throughout the vasculature of subjects prone t@timeplications of atherosclerosis.
Indeed, this observation may also help explain imhytro there was no difference in
EPC attachment to RGS and RS stentsinyetvo RGS stents are clearly superior. In
fact, coating stents with the vehicle alone inceeladlSPC adhesion compared to BMS - an
effect that is presumably related to the compasitibthe vehicle. Interestingly, with the
addition of rapamycin to the vehicle, EPC adhesiomnished, thereby highlighting the
toxicity of rapamycin to EPCs. Moreover, adding G8Krapamycin could not attenuate
rapamycin’s toxicityin vitro. In contrast, when added to rapamyicivivo, GSKi results
in a 41% increase in RE at 7 days post-stent int@leam compared to RS stents, likely
due to the recruitment of additional EPCs. Inteng$y, the percentage of NI cells that
labeled with the rabbit marker of endothelial ligeaGSL I-B4, was less in the GS
compared to the VS stents. At this juncture weuargire of the significance of this
finding, as there are limitations with this cell mear including a lack of information
about the state of differentiation of labeled céllg., perhaps it is a late marker of

endothelial differentiation and does not recogiBEs).

As GSK-3 is universally expressed, one would expect initibiof GSK-3 may also
have effects on SMCs and potentially their involeatin ISR. Indeed, Park and
colleagues observed in a rat balloon injury moldat tlelivery of the active GSKB3jene
inhibited proliferation yet produced sustained d@psis of SMCs.(112) The same group
also showed that decreased SMC proliferation bigliteszone was reversed by
inactivation of GSK-8.(91) In the current study NI proliferation was ger in the GS

compared to VS arteries and while this may be aiG8lkted effect we do not know the
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precise identity of the proliferating cells (e 8MCs or endothelial cells). Regardless, the
frequency of proliferating cells was rather lowbioth the GSKi-treated and control

arteries and consistent with previous observat{bbsl09)

In conclusion, coating stents with substancesgbtentially facilitate RE may represent
a novel therapeutic approach for improving thecaffy and long-term safety of patients
undergoing vascular stenting procedures. Inhibitib&SK-3 by means of a GSKi
coated stent provides a novel strategy for the amgation of EPC recruitment and RE
post stent implantation. These data provide a fatiod for the development of

improvements in the safety and efficacy of DESs.
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4.1 Abstract

4.1.1 Rationale:

Progenitor cell therapy is hindered in patienthwdiabetes mellitus (DM) because of cell
senescence. Glycogen synthase kingsg&3K33) activity is increased in DM

potentially exacerbating impaired cell based theaprhus, we hypothesized that

GSK33 antagonism may improve cell-based therapy in pegigith DM.

4.1.2 Objectives:
This study aimed to determine if and how a smalletide GSK3 inhibitor (GSKi) can
improve therapeutic efficacy of endothelial progencells (EPC) from patients with

DM.

4.1.3 Methods and Results:

Patients with DM had 50% fewer EPCs and increaatas$ of apoptosis. DM-EPCs also
exhibited higher levels of GSK3activity resulting in increased levels of phosptteted
B-catenin. Proteomic profiling of DM EPCs treatedhni SKi identified 37 non-
redundant, differentially regulated proteins coneplato untreated or non-DM EPCs.
Target proteins were validated by Q-PCR and Wedtlrtn Cathepsin B (CatB) was
differentially regulated by GSKi and showed 40%slbaseline activity in DM-EPCs but
responded by 400% with GSKi treatment resultingttenuation of apoptosis. Finalip,
vivo efficacy of cell based therapy was assessed enatransplant mouse model 14 days

post-wire injury. DM EPCs produced a 41% reductiothe intima:media — an effect
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that was further augmented by 40% when DM EPCs werdreated with GSKi, yet

absent when CatB was antagonized.

4.1.4 Conclusions:
Increased basal GSRactivity contributes to accelerated EPC apoptasdcellular
senescence in patients with DM. Up regulation ahBay small molecule antagonism

of GSK3 reduces apoptosis and enhances cell-based tHetkgwing vascular injury.
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4.2 Introduction

Use of endothelial progenitor cell (EPC) populasidor cell-based therapies is beneficial
in a host of cardiovascular conditions includingijpleeral vascular disease, pulmonary
arterial hypertension, and myocardial infarctioB)(Blowever, the administration of
autologous EPCs in patients with established désisasften hindered due to attenuated
cellular yield and biologic activity. Accordinglg, myriad of strategies have been
employed with the goal of improving EPC cellulagldi, survival, and function,

including our own efforts to over-expressing en@diti nitric oxide synthase(90) or

administer small molecule inhibitors of glycogemthase kinase 3-Beta (GSRJ363)

GSK3 is a ubiquitously expressed serine/threonine prdi@ase which is negatively
regulated by Wnt signaling. Under basal conditiG#S3 3 phosphorylateg-catenin
(Bcat) resulting in proteasomal degradation of thipartant nuclear transcription factor.
Pharmacologic GSKBinhibition or Wnt3a stimulation promotes hematatiai stem cell
self-renewal and repopulation of cell lineagesitro andin vivo.(161,162) In EPCs,
GSK33 inhibition by either transfection of a dominangagve mutant or small molecule
inhibition improves the therapeutic capacity ofisethereby augmenting angiogenesis in
ischemia models and improving arterial repair faileg vascular injury.(22,97) This is

of particular interest given that GSK8&xpression and activity are dysregulated in
patients with diabetes mellitus (DM)(38) a popuatin whom EPC function is severely

attenuated.(33,76)
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Hence, we sought to explore the potential for plaotogic inhibition of GSK to
improve vascular homeostasis and repair in patigittsDM. Herein we demonstrate
that inhibition of GSKB in DM EPCs abrogates apoptosis and improves EBI@syn
vitro. Moreover, using a proteomic approach we ideraifg confirm the differential
regulation of candidate proteins for the observeelits of GSKB inhibition. Among

the identified proteins, increased cathepsin-BRrattivity is demonstrated to be
essential for reductions in EPC apoptosis and sacg$or increased efficacy with cell
based therapeutic arterial homeostasis. Thesenfisdiuggest that inhibition of GSK3

is an important strategy for improving autologoa#i-based therapy in patients with DM

and acts via a novel mechanism involving increasguity of catB.

4.3 Materials and Methods

4.3.1 Cell Isolation

Endothelial progenitor cells were isolated as presily described.(63,64,98) Briefly,
blood was collected by venipuncture and anti-ccatgdl with EDTA. Subsequently,
density gradient centrifugation was performed witboll Histopaque 1077 (Sigma) to
isolate PBMCs. Cells were washed with PBS and @late human fibronectin (Sigma)
coated 6-well plates at a density of 5.0 X PBMCs/well in endothelial growth media -2
(EGM2, Lonza). Following 4 days in culture, non-acint cells were removed and plates
washed with PBS. All experiments performed with day cells with samples from
individual donors representing a single replic&®: enumeration, EPCs were incubated
with 1,1’-dioctadecyl-3,3,3’,3'-tetramethlyiodocartyanine-acetylated LDL (acLDL,

2.5 pg/mL; Invitrogen) followed by FITC-conjugatedlex europaeus agglutinin | (5
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png/mL, Sigma) then counterstained with DAPI. Sixicgitfields were blindly evaluated

per patient with the mean results reported.

4.3.2 GSKB Inhibitors

GSK-33 small molecule and peptide inhibitors (GSKi) wergchased and assayed for
efficacy in increasing cell yield and blocking ppbsrylation ofp-catenin fcat). All
inhibitors were diluted in DMSO to a final conceatton of 0.1%or sterile PBS if water
soluble. Vehicle controls were utilized in all expgents. Specifically, AR-A014418
(Sigma), CHIR98014 (Cedarlane), (22,3E)-6-Bromainkiin-3-oxime (Calbiochem),
GSK peptide inhibitor (Calbiochem), and LiCl (20nho Sigma) were tested fon vitro

efficacy.

4.3.4 Apoptosis Assay

EPCs were maintained under basal culture conditoorserum-starved for 24 hours as
indicated. Non-adherent cells were removed by wwmashwith PBS. Subsequently,
adherent cells were lifted by gentle agitation withmmol/L of EDTA. Cells were
enumerated and 1x1@EPCs were stained with Annexin V-FITC and propidiiodide
(P1l) as per manufacturers instructions (BD). Albvil studies were performed on a
Beckman Coulter Cytomics FC 500 cytometer. Earlgpaptic cells were defined as

AnnexinV+/PlI-.

4.3.5 Protein lysate preparation
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Media was aspirated and cells were washed twide REBS. After all PBS was removed,
TrypLE was added for 5 minutes at 37°C to lift hfé cells. The reaction was neutralized
by adding complete growth culture media (EGM-2MV BBS) and cells were collected.
The cells were then centrifuged at 220 g for 5 n@auat RT. After the centrifuge,
supernatant was discarded and cells were resuspemd@PBS (Lonza) to wash them.
An aliquot of cells was then taken before the roexttrifugation at 220 g for 5 minutes at
RT in order to count the cells. After the centgdition, the supernatant was removed and
cell pellets in the 50-ml tubes were frozen dowriguid nitrogen before being put at -
80°C. Once needed, cell pellets were put on icecatidysis buffer (7M Urea (w/v), 2M
Thiourea (w/v), 4% CHAPS (w/v), 1% DTT (w/v)) wadded immediately according to
the recorded cell number. Cell lysates were vodex®l kept at room temperature for 30
minutes to enable protein solubilisation. Cell tgsawere then sonicated in a 4°C
ultrasonic bath sonicator with the following progra5 second pulse followed by 10
seconds off and for 10 cycles. Cell lysates werntexed and then centrifuged at 14,000 g
for 15 minutes at room temperature. The supernateag transferred and protein
guantification was realized with 2D Quant kit (Geaithcare). Before being used for the

2D gel experiments, 1% 3—10 ampholytes (Bio-Radj agded to the sample.

4.3.6 Two-dimensional polyacrylamide gel electropésis — 2D PAGE

The total proteins (30ug) were passively rehydrated overnight in 220
rehydration/sample buffer (same buffer as descriime@-D sample preparation) and
applied to immobilized pH gradient (IPG) strips @, pH 4-7; Bio-Rad). Isoelectric

focusing (IEF) was carried out using the Agilemictionator (Agilent) in the in-gel mode
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and programmed as follows: the voltage was injtideld at 300 V for 1 min, then
linearly increased to 3500 V over 90 min, and fecuat 3500 V for 5 hours until it
reached 18,000 Vh. The current did not exceed 5@e@iAstrip. Each focused strip was
subsequently equilibrated in 4.0 ml of equilibratibuffer 1 [(6 M urea (w/v); 50 mM
Tris-Cl, pH 8.8; 2% SDS (w/v); 30% glycerol (vABromophenol blue (trace); 1% DTT
(w/v)] for 15 min with gentle agitation followed byhe equilibration buffer Il
[equilibration solution | with DTT replaced by 2.5%doacetamide (w/v)] for 15 min
with gentle agitation. The second-dimensional sapar was performed on a 10% SDS-
PAGE gel in Ettan DALT six electrophoresis systéni(Healthcare) at 10 mA per gel at
25°C for approximately 18h until the bromophenalébkeached the bottom of the gel.
Two technical replicates were done independentlyefich biological sample, for a total

of 18 gels.

4.3.7 Sypro Ruby gel stain

The gels were stained with Sypro Ruby gel stairgr(a) for total protein staining.
Briefly, the gels were fixed in 10% methanol and @getic acid for 30 minutes before
being stained with Sypro Ruby gel stain overniditte next day, gels were washed in
10% methanol and 7% acetic acid for 30 minutes reebeing imaged on a Gel Doc

imaging system (Bio-Rad).

4.3.8 Image acquisition and 2-D gel analyses

The same scanning conditions were ussed for egoto Ruby-stained gel. The scanned

gels were analyzed using PDQuest 2-D analysis aoétfadvanced version 8.0; BioRad)
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according to the protocol provided by the develogdre 2-D gel analysis software
PDQuest was used for gel-to-gel matching and itleng differences between the
different groups. Each spot was visually inspedtedoroper matching and localization
on the other gels of the same group using the gcoupensus tool. The gel images were
normalized in the PDQuest software with the locafiression model to even out
differences in staining intensities between getgtEmatched protein spot was assigned a
unique SSP (sample spot protein) number. For gabeoison, a statistical approach was
applied for determining statistically differentialtegulated proteins using the PDQuest
software. Student’s t-test was performed with 9%§aiScance level to determine which
proteins were statistically differentially reguldtdetween the healthy cells and the
patient cells non-treated and the patient cells-tnested and treated with GSKi. A
minimum of 1.5-fold change was considered for theegulated proteins and 0.67-fold
for downregulated proteins. Each analysis set vissally inspected to match PDQuest
software spot detection and 5 spots were remowad the final analysis due to poor
quality. Protein spots with differential expressipatterns on 2-DE maps were excised

with the automated spot excision robot, the EXQuapst cutter (Bio-Rad).

4.3.9 Protein identification

LC-MS analysis was performed at the OHRI Proteorfiiose Facility (Ottawa, Ontario,
Canada). Gel bands were in-gel digested accordinge method of Shevchenko (Nat
Protocols 2006;1(6):2856-60). Peptide extracts weancentrated by vacufuge
(Eppendorf) and diluted in 0.1% trifluoroaceticcacPeptides were loaded onto a peptide

trap (Agilent) for 5 minutes at 15 microlitres pamute using a Dionex UltiMate 3000
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RSLC nano HPLC. Peptides were eluted over a 2Qutmigradient of 3% - 45%
acetonitrile with 0.1% formic acid at 0.3 microéif per minute onto a 10-cm analytical
column (New Obijective Picofrit self-packed with Bax C18) and sprayed directly into a
LTQ Orbitrap XL hybrid mass spectrometer using anaspray source (Thermo
Scientific, USA). Mass spectra were acquired idaga-dependent fashion, with MS

scans acquired in the FT cell while k& ans were acquired in the ion trap module.

MS/MS spectra were matched against a custatabase (2011 07 human_con)
comprised of human sequences from SwissProt (2011 _@ersion of
uniprot_sprot.fasta.gz from ftp.uniprot.org) comceatted with a database of common
contaminants (Contaminant db downloaded from maxigoiy, downloaded june 9th
2011) using MASCOT 2.3.01 software (Matrix Sciend&) with MS tolerance of 5
ppm and MS/MS tolerance of 0.6 Da. Oxidation ofmanine, carbamidomethylation of
cysteine, deamidation, protein N-terminal acetglaticonversion of peptide N-terminal
Glu or GIn to Pyro-Glu and phosphorylation of serior threonine were allowed as

potential modifications.

4.3.10 Quantitative PCR

Total RNA was isolated using Trizol (Invitrogen)dapurified utilizing RNeasy mini kits.
Subsequently, RNA was quantified utilizing a Nano@4.000 (Thermo Scientific) and
reverse transcription performed using Omniscripakidirected (Qiagen). All real-time

PCR experiments were performed using the SYBR Glaamstart Tag Ready Mix
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(Sigma) on a Lightcycler 480 (Roche) and analyzél mccompanying software as per

the Pfaffl method.(120,121)

4.3.11 Western Blots

Western blots were performed using standard tecdlesioBriefly, protein was isolated in
RIPA buffer using a ratio of 50L per 1 million cells. The sample was then allowed
incubate on ice for 30 minutes followed by centydtion. The supernatant was assayed
using a standard BCA assay (Thermoscientific).dtnotas then separated on 10%
acyladmide gels and transferred to PVDF membrasieg uBlot as directed (Invitrogen).
After transfer, the membrane was blocked for ong moth 5% skim milk in TBS-T at
room temperature. Primary antibodies were incubatednight at 4 degrees. Primary
antibodies included: PAI-2 (Abgent, AP6562c, 8:10@6actin (Sigma, 1:100000),
Gelsolin (Abcam, ab11081, 1:1000), GDI2 (Abcam,H$B, 1:2000), SCaMC-1 (Santa
Cruz, sc-133987, 1:500), CatB (Abcam, ab58802,d00) Membranes were then
washed and incubated with biotinylated secondatipatiies (Santacruz) for a period of

1 hour then visualized using ECL Plus (Amershans8iences).

4.3.12 Cathepsin B activity assay

Cathepsin B activity was assayed in day 5 EPCgusstandardized CatB
fluorometric assay kit as directed (Abcam). BriefBPCs were washed with PBS, lifted
with EDTA and 5 x18 cells collected by centrifugation. Cells were ty4® incubation

with cell lysis buffer, pelleted, and 3 transferred to a 96 well plate. Subsequently, 2
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uL 10 mmol/L AC-RR-AFC was added and samples incedb&dr 2 hours. Plates were

read orthe SynergyMx microplate reader (Bio Tek).

4.3.13 VEGF Secretion Assay

EPCs were cultured using standard techniques td d@glls were subsequently lifted,
counted, and replated in 96 well plates at equntalensities in VEGF free media with
treatment as indicated. Following 24 hours, meda vemoved and assayed for VEGF
levels using a standard VEGF ELISA kit (R&D Syst¢msing the manufacturers

protocol.

4.3.14 HUVEC Adhesion Assay

HUVEC were cultured to confluence in 96 well platiesn treated with 10ng/mL of
TNF-a for 6 hours to activate cells. 1BPCs were cultured in with &nol/L calcein for

30 minutes, lifted with EDTA, pelleted and resuspeshin EGM-2. Subsequently, 4X10
cells were plated on the activated HUVECs and adbto adhere for 1 hour. Plates were
read on the SynergyMx microplate reader, washéa&stwith PBS, and re-read.

Adherence is expressed as % fluorescence retaftezdvashing.

4.3.15 Cell Invasion Assay
Day 5 EPCs were treated as indicated. Using a medddoyden chamber and a
nucleopore filter (12um BD) with a matrigel matrix (BD), EPC invasivenegas

assayed. Briefly, 5x(EEPCs were placed in the upper chamber with EBM &BM-2
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in the lower chamber. Cells were permitted to ntggfar 24 hours at 37 degrees. Cells

were counterstained with DAPI and enumerated @n@lom high power fields.

4.3.16 CD-1 Nude Femoral Artery Wire Injury Model

Thirty-two CD-1 nude athymic male mice were pur@dthBom Charles River
Laboratories and permitted to acclimatize for 2€&ets prior to surgery. Under
isoflurane anesthesia, mice underwent blunt digseof the femoral neurovascular
bundle with isolation of the femoral artery.(131Aanch of the femoral artery was
isolated, incised and a 0.014-inch intravasculadewire was introduced and passed in
the main lumen denuding the artery and initiatiegintima formation as previously
described. Flow was restored to the main femotalhaand the incised branch was
ligated. Subsequently, 2x1BPCs from patients with DM were infused into tkgaaent
vein utilizing a blunt needle. None of the animatibited ischemia in the hind limb.

Mice were recovered and were sacrificed at 14 flmysssue analysis.

4.3.17 Tissue Processing

Mice underwent perfusion fixation with buffered fiwailin at time of sacrifice. Arteries
were then fixed for 24 hours in formalin and delaydd in ethanol. Arteries were
mounted in paraffin blocks and sectioned in® sections till 20Qum from the branch
vessel site. These sections were then haemataytireosin stained and analysis
performed using a computer-assisted digital imagysiem (Image-Pro Plus, Media

Cybernetics).
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4.3.18 Ethics and Statistics

All protocols involving human donors were approwsthe Ottawa Heart Insitute
Research Ethics Committee with participants praxgdaritten informed consent. These
studies conform with the Declaration of Helsinki the use of human tissue. Animal
experimental protocols were approved by the Unityecs Ottawa Animal Care
committee and adhere to the Canadian Council anarCare guidelines. Data are
expressed as mean plus or minus standard errbe @héan. Statistical significance was
determined for p<0.05. Pairwise comparisons wafopaed using a paired student t-test
with multiple comparisons performed with a one-wdyOVA with Holm-Sidakpost

hoc testing.

4.4 Results

4.4.1 Diabetes Accelerates Apoptosis in EPCs Thifolcreased GSKB Activity
EPCs isolated from human subjects were cultureddoen days and then characterized

using immunolabeling foulex europeus agglutinin-1 and acetylated-LDL uptake

(Figure 4.1A). The baseline characteristics of the human stpre presented ifable
4.1 Samples derived from patients with DM yielded ée\zPCs than those derived from
healthy controls (n=12, 14.9 + 4.6 vs 38.5 + 6.llsgeer high power field, p<0.01,

Figure 4.1B). Several GSK inhibitors were supplemented in increasing conegions

to identify the optimal inhibitor and concentratid®®@HIR98014 at a concentration of
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Figure 4.1. Increased GSKB Signaling in Diabetic EPC reducesn

vitro cell yield. A

- EPCs at 7 days labeled with DAPI (blue), AcLDL-[Red), UEA-1-FITC (green), and

merged image. B Light microscopy images of cells from patients

WitN and healthy
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reduced these levels.
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Table 4.1 —Baseline Characteristics

Diabetes Healthy p-value
(n=12) (n=12)

Age — years (SD) 455 (13.8) 52.3(17.4) 0.30
Males — no. (%) 6 (50.0) 8 (66.7) 0.68
Hypertension — no. (%) 1(8.3) 0 (0.0) 1.00
Diabetes — no. (%) 12 (100.0) 0 (0.0) <0.001
Dyslipidemia — no. (%) 3 (25.0) 1(8.3) 0.59
Smoking — no. (%) 1(8.3) 2 (16.6) 1.00
Family History — no (%) 2 (16.6) 2 (16.6) 1.00
CAD - no. (%) 0 (0.0) 0 (0.0) 1.00
Fasting Glucose — mmol/L (IQR) 8.4 (7.3-9.0) 5.3 (5.0-5.8) <0.001
HbA1C — mean (SD) 8.5(1.3) 5.3 (0.5) <0.001
LDL cholesterol — mmol/L (SD) 2.5(1.1) 3.0 (0.8) 0.18

CAD: coronary artery disease; HbA1C: hemoglobin ALDL: low density lipoprotein
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1 uM yielded optimal EPC yields and significantly gieainhibition of GSKB (Figure
4.2B). Subsequently, CHIR98014 was used as the prei@r&SK3J3 inhibitor (GSKi)

in all experiments.

Notably, supplementation of the culture media V@tBKi resulted in an approximately
300% increases in the yields of EPCs in both DM lagalthy controls (p<0.0Eigure
4.1C). Under basal conditions, the apoptosis indeX6at@urs was higher in patients with
diabetes as measured by Annexin V and propidiundédouble labelling (9.2 £ 0.9 vs
7.3 £ 0.9, p=0.0Zrigure 4.1D) an effect attenuated through G3Kidhibition. As
expected, serum starvation, used to reproducestrefis following therapeutic
transplantation, resulted in marked increases ap#&ysis index in both DM and healthy
cells — an effect abrogated with GSKi treatmeméaar basal levels$-{gure 4.1D).
Importantly, higher levels of phosphoryla@datenin (f§cat), the product of active
GSK33 activity, in EPCs derived from diabetic patier@56 + 0.08 vs 0.42 + 0.04,
p=0.04) were markedly reduced in both cohorts 8$ ¢ellowing GSKi treatment
(Figure 4.1E, p<0.01). These findings demonstrate that incibassal activity of
GSK33 in EPCs from patients with DM results in acceledasipoptosign vitro — an

effect abrogated by use of isoform specific smaillgoule inhibitors.
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4.4.2 Proteomic Profiling of EPCs in DM
To ascertain mechanistic insight into the bendfigiects of GSKi on EPCs, analyses of

the proteome of EPCs from patients with DM, DM teelwith GSKi, and healthy
controls were performed (n=3 for each). Isolatiootg@cols were scaled up to yield
sufficient cellular yields for the analyses. Ditfetial yields between healthy controls and
diabetic patients were maintained in scaled upogads as were the effects of GSKi
(Table 4.2. Following 2D gel electrophoresis and digital geaanalysis, 242 unique
protein spots were identified. Differentially regtéd candidate targets were identified if
there was either a 2.0-fold up regulation or 0.&nloegulation of spot intensity

identified between the groupBigure 4.3). In total, 37 non-redundant proteins met these
criteria for significant differential expression<.05). These spots were excised from the
Sypro-Ruby stained gels and submitted to in-gegldinization and the peptide mixtures
were analyzed by LC-MS/MS analysis and the residlteass spectroscopy identification

are presented imable 4.3.

Western blot analysis of three target proteinswtdrest was performed. Specifically catB
up regulation (1.9 + 0.06 vs. 5.8 £ 2.0), Gelsalawn regulation (5.6 + 1.5vs. 1.9 +
0.9), and Plasminogen activator inhibitor-2 (PAl®)regulation (2.1 + 0.7 vs. 5.1 + 0.5)
was confirmed in EPCs from patients with DM (p<0f6ball comparisongrigure
4.4B&C). Ascat acts as a transcription factor with Transasipfiactor 7 and Lymphoid
enhancer-binding factor 1, we hypothesized thatleggpn of protein levels seen by
GSKi were most likely transcriptional in naturedéed, quantitative PCR of mRNA
Isolated from DM EPCs under basal and GSKi-treatedlitions revealed a 4.6 fold

increase in catB (x 1.2, p<0.0&igure 4.4D), 0.5 fold reduction in Gelsolin
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Table 4.2 —Proteomics baseline characteristics and cellukldsyi

Diagnoses Cell number Total pg

protein
Healthy 1 None 5.0x 10 217
Healthy 2 None 7.5x 106 252
Healthy 3 None 5.0 x 16 275
DM 1 DMII, CAD 3.5x16 178
DM 1 + GSKi DM Il, CAD 4.5x 16 374
DM 2 DMI, PVD 25x16 90
DM2 + GSKi DMI, PVD 6.0 x 16 429
DM 3 DMII 3.0x 16 192
DM 3 + GSKi DMII 8.0 x 16 726

DM: diabetes mellitus; DMII: type Il diabetes mélis; CAD: coronary artery disease;
GSKi: glycogen synthase kinasg iBhibitor; DMI: type | diabetes mellitus; PVD:
peripheral vascular disease
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Table 4.3 —Proteomics Analysis

Dot Protein Identity Swissprot MS Theoretical # of Coverage Ratio Ratio
No. No. Score MW statistically (%) (DM/Healthy) (DM+GSKI
significant vs. DM)
matches
1 26S protease regulatory subunit 6A P17980 401 49172 26 46 0.94 1.73
2 Actin, cytoplasmic 1 P60709 1796 41710 82 55 315 2.99
3 Actin, cytoplasmic 1 P60709 2638 41710 115 50 2.9 0.42
4 Actin, cytoplasmic 1 P60709 635 41710 27 33 2.09 1.79
5 Adenosylhomocysteinase P23526 1246 47685 71 31 0.64 1.84
6 Alpha-actinin-4 043707 364 104788 18 35 1.46 0.51
7 Annexin A5 P08758 2639 35914 159 52 0.65 1.42
8 ATP-dependent RNA helicase
DDX39A 000148 292 49098 13 33 0.86 1.54
9 Beta-hexosaminidase subunit alphe P06865 786 60664 38 29 0.98 2.12
10 Beta-hexosaminidase subunit beta P07686 83 16307 8 14 0.55 0.97
11 Calcium-binding mitochondrial
carrier protein SCaMC-1 Q6NUK1 325 53320 16 34 1.12 1.76
12 Cathepsin B P07858 559 37797 21 33 0.45 4.06
13  Cathepsin B P07858 522 37797 15 30 0.56 3.08
14 Cathepsin D P07339 788 44524 33 32 0.42 nd
15  Cathepsin D P07339 1212 44524 55 31 0.49 nd
16 Coagulation factor XIll A chain P00488 594 83215 28 25 1.62 0.51
17 Dihydropyrimidinase-related proteir
Q16555 1478 62255 59 62 0.6 0.47
18 Galactokinase P51570 269 42246 13 26 0.57 1.77
19 Gelsolin P06396 447 85644 20 30 157 0.8
20 Gelsolin P06396 144 85644 8 10 141 1.82
21 Gelsolin P06396 3025 85644 108 38 13 0.38
22 Gelsolin P06396 2006 85644 72 45 1.97 0.34
23  Glycyl-tRNA synthetase P41250 560 83113 40 32 0.79 151
24 Heterogeneous nuclear
ribonucleoprotein K P61978 603 50944 44 53 0.77 0.62
25 Lamin-B1 P20700 1251 66368 51 49 0.91 245
26 Leukocyte elastase inhibitor P30740 1214 42715 48 49 0.47 nd
27 Lymphocyte-specific protein 1 P33241 600 37169 35 44 0.94 0.34
28 Microtubule-associated protein
RP/EB family member 1 Q15691 602 29980 33 59 0.56 0.33
29 N-acetyl-D-glucosamine kinase Q9UJ70 313 37352 12 24 0.95 1.56
30 Peroxiredoxin-2 P32119 578 21878 32 38 1.65 0.88
31 Plasminogen activator inhibitor 2 P05120 2097 46566 80 56 0.47 4.43
32 Pyruvate kinase isozymes M1/M2 P14618 3019 6790 96 59 2.89 1.9
33 Pyruvate kinase isozymes M1/M2 P14618 1053 57900 34 35 0.94 2.62
34 Ras GTPase-activating-like protein
IQGAP1 P46940 1155 189134 58 13 15 0.86
35 Ribonuclease inhibitor P13489 769 49941 28 37 1.65 0.94
36 Sorting nexin-6 Q9UNH7 259 46620 16 27 1.76 1.44
37 Spliceosome RNA helicase DDX39 Q13838 887 48960 42 37 18 0.38
38 Synaptic vesicle membrane protein
VAT-1 homolog Q99536 1046 41893 55 50 0.68 1.73
39 Tissue alpha-L-fucosidase P04066 2138 53655 71 43 0.96 5.41
40 Tissue alpha-L-fucosidase P04066 995 53655 35 1 2 0.18 2.59
41  Transaldolase P37837 142 37516 9 19 1.08 1.63
42 Tropomyosin alpha-1 chain P09493 271 32689 12 0 2 2.56 0.47
43  Tropomyosin alpha-4 chain P67936 2259 28504 107 39 1.82 0.43
44 Vimentin P08670 51 53619 1 6 0.68 151
45  Vimentin P08670 735 53619 34 35 2.03 1.26
46 Vinculin P18206 4302 123722 142 58 21 0.77
47  Vinculin P18206 2976 123722 119 41 2.05 0.4
48 V-type proton ATPase subunit B,
brain isoform P21281 1523 56465 64 48 0.99 1.95
49  V-type proton ATPase subunitd 1 P61421 271 40303 12 25 0.63 1.55
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The protein identities for each spot are listece dther columns depict the SWISS-
PROT No: SWISS-PROT accession number; MS ScoresIglasctrometry score
indicating the significance of protein identificati from peptide mass finger print
according to MASCOT software application 2.3.01 {MaSciences, London, UK)
(score value > 50 fqv < 0.05); Theor. Mr: Theoretical molecular weightlee matching
protein; No of significant peptide matches: Numbkspectrum-to-peptide matches that
were evaluated to be statistically significant (Esf<0.05); Density values were
normalized by the local regression model. Studdrtest (two-tail, 95% level of
confidence) was calculated for pair-wise compassondentify proteins that were
expressed at significantly different levels Meald fthange values are indicated in the
final two columns and significant changes are iathd in bold. By computational 2D gel
image comparison, a total of 49 protein spots i@ued to be differentially expressed,
each exhibiting-1.5 fold-change (either increase or decrease) ahmalue spot
intensity among the three different samples. ND1-detectable.
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Figure 4.4. Proteomic Analyses of EPCs from patieatwith DM with and without
GSK3 Inhibition. A - Sample 2D gels utilized in proteomics analyBi&C —Western
blot analysis of catB, Gelsolin, and PAI-2 (n=B)-— Quantitative PCR analysis of
candidate genes identified by proteomics analys&l change represents GSKi sample
compared to control sample in EPCs derived fromeptt with DM (n=6). * represents
p<0.05.

92



(0.4, p<0.05), and 10.4 fold increase in PAI-2 (:72<0.01). Neither Calcium-binding
mitochondrial carrier protein SCaMC-1 nor GDP d@abon inhibitor-2 (GDI-2)
appeared differentially regulated at the mRNA atgin level. These findings confirmed
the validity of the proteomics results and idestifseveral targets known to regulate
apoptosisand to be expressed in EPCs. In this manuscript, wensarize the relevant

findings and experiments that evolved from our gtofdcatB.

4.4.3 Cathepsin-B is required for GSKi mediated vetlons in apoptosis

To ascertain the role of catB activity in EPC dysftion in patients with DM, we assayed
enzyme activity levels. As predicted by mRNA andtpin levels, EPCs from patients
with diabetes had 40% less measurable activity emetpto healthy control cells (5587.3
+ 1455.1 vs. 8251.2 + 771.9 RFU, p=0.68ure 4.5A). Treatment with GSKi raised
measurable activity 4-fold in both groups (p<0.0d9.ascertain if catB activity was
required for changes in phenotype associated w8KiGve used a specific inhibitor of
catB, CA074.(155) Supplementation of the cultureimevith CA074 abrogated a GSKi-
induced dose-dependent increase in catB activigyl &#vels assayedrigure 4.5B). In
turn, functional assays were performed to ascett@mecessity of intact catB activity
for phenotypic changes in apoptosis rates, VEGFesea, and endothelial adhesion by
EPCs cultured from patients with DM. Notably, thkeet of GSKi on apoptosis could be
attenuated when cells were cultured in the presehttee catB inhibitor CAO74Rigure
4.5C). Blockade of catB activity demonstrated no effectVEGF secretioor binding of
EPCs to activated HUVECS&igure 4.5D,B). Instead, only EPC invasive capacity as

assessed by matrigel invasion was also catB depgratethis parameter increased 3-fold
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Figure 4.5 Cathepsin B is Required for GSKi Mediatd Reduction in the Rate of
Apoptosis in Diabetic EPCs. A -Cathepsin B activity is reduced at baseline in DM-
EPCs and increased by treatment with GSKi (nB6}.Dose dependent increase in
cathepsin B activity is achieved with GSKi and effabrogated by treatment with the
cathepsin B inhibitor, CA074 (n=12}. — The basal rate of apoptosis is reduced by 60%
in EPCs treated with GSKi. This effect is lost watithepsin B inhibition (n=12p —
Improvements in VEGF secretion achieved with GS¢Guw independently of cathepsin
B activity (n=12).E —Increased EPC adhesion achieved with GSKi occuepeddently

of cathepsin B activity (n=12F — Improvement in EPC invasion achieved with GSKi is

dependent of cathepsin B activity (n=6).
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with GSKi treatmentKigure 4.5F,p<0.01). These findings demonstrate that EPCs
derived from patients with DM have intrinsicallyner catB activity and that induction
of expression by GSKi attenuates higher levelgpob#osis and improves invasiven@ss

vitro.

4.4.4 GSKJ inhibition mediated improvements in EPC based dékrapy require

Cathepsin B activity

Efficacy of cell based therapies depends on the,dasctional capacity, and survival of
cells following administration. To investigate ttieerapeutic necessity of catB up
regulation to EPC-mediated arterial healing, we iatstered cells from 6 diabetic
patients in a xenotransplant femoral artery wirerinmodel in CD-1 nude micd-{gure
4.6A). Following wire injury, 2.5 x 10cells were administered intravenously.
Administration of cells alone reduced the intimadmag(IM) ratio 41% (e.g., 1.37 £ 0.15
vs. 0.81 + 0.12, p<0.0FEigure 4.6B) at 14 days. Pre-treatment of cells with GSKi
resulted in a further 40% reduction in IM ratio quared to untreated EPCs (0.50 + 0.07,
p=0.02) — an effect lost when cells were co-culusgth GSKi and CA074 (0.77 £ 0.11,
p=0.03 vs. EPC+GSKi). Of note, effects were obsgmezach individual subject
(Figure 4.6C). These findings confirm that reductions in apgE@chieved through up
regulation of catB by GSKBinhibition in part explain the therapeutic enhaneat of

EPC based therapy in patients with DM.
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Figure 4.6 Cathepsin B is Required for Improvemenin DM-EPC mediated Arterial
Repair Achieved with GSKi. A -Representative 14 day cross-sections at low
magnification with magnified regions of NI highliggd. Arrows indicate the internal
elastic laminaB — GSKi treatment of DM-EPCs results in importantuettbns in NI
formation, an effect lost with cathepsin B inhibiti(n=6).C —Changes in NI formation
of individual patients as per treatment group.piitients demonstrated improvement in
arterial homeostasis with GSKi treatment (n=6).
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4.5 Discussion

Identifying cell enhancement strategies, be it gemeodification,(90) small molecule
antagonism of signaling cascades,(63) or use ofvadj biomaterials is essential to
improve the therapeutic efficacy of cell baseddpers. Indeed, transplanted cells in a
wide variety of models demonstrate poor engraftraetiit high rates of cell attrition
limiting therapeutic benefit. Herein, we highlightportant differences in GSK3
signaling as a factor for enhanced EPC senescarigkliresulting in accelerated rates of
apoptosis, decreased VEGF secretion and attenadtexsion. Moreover, using a
proteomics approach we identified up regulatiosaiB as essential for GSKi-induced
reductions in basal and stress induced apoptasially; in a xenotransplant model, we
confirm that catB activity is required for GSKi-inced improvements in EPC mediated

arterial repair.

Patients with DM have increased rates of cardiavasdisease and markedly higher
rates of in-stent restenosis following revascukion due to impaired arterial
healing.(60) This, in part, is owing to attenuad®lC function in patients with DM who
have not only fewer circulating cells(39) but high&tes of EPC apoptosis and increased
senescence.(41,183) Multiple mechanisms of EPQudgibn have been identified
including eNOS uncoupling,(160) increased reaatixyggen species and the effects of
advanced glycation end products.(76) GBK3known to be highly upregulated in a
number of tissues in DM, (38) with our data now @aning increased [p-cat, the end

product of GSKB, in EPCs derived from diabetics. Thus, dysregoihatf 3-cat
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signaling represents a new target for cell enhaeo¢iof EPCs in patients with DM - the
current study noting improvements in both yielchgéilable cells as well as EPC

function.

To date, three studies suggest a beneficial edfeGISK3 antagonism in EPC-based
therapy.(22,63,97) The current report is the fosise an unbiased proteomic approach
to identifying differentially regulated proteins EPCs derived from patients with DM
and with GSKi treatment. Using this technique, dentified catB, a protein with known
roles as both a pro- and anti-apoptotic factor.il&imio observations in several cell
lines,(100,108,154) we noted catB downregulatioDh-derived EPCs resulted in
enhanced apoptosis — an effect rescued with Gagy. Interestingly, catB has been
linked to cell invasiveness in several cancerloatls that in turn reduces apoptosis and
increases metastatic potential. Our data replidhtese findings from the cancer
literature, with striking parallels in which traniapted cells with more “malignant”
phenotypes are able to degrade extra-cellular xnatd integrate into surrounding

tissues more efficiently — in the case of cell blatbeerapy improving therapeutic effect.

This study is not without limitations. Indeed, thefinition of EPCs continues to be in
flux(40) and we cannot be certain that the mecmasidescribed in the current study
apply to circulating EPC populations. However, therent experiments were performed
in primary cells commonly used for therapeutic aaistration from patients with DM.
Second, while there are clear improvements in asigpand invasiveness, we do not

demonstrate increased cell retention iniowivo model. However, it is well documented

99



that in numerous animal models of cell based thetlagt cellular retention is a rare
event that is noted at later time points, whilegheacrine effect of cell therapy may be
an important early beneficial mechanisms.(56) Diedpiese limitations, our study is the
first to highlight catB regulation by GSIK3s a potential cell enhancement strategy for
patients with DM and our unbiased proteomic apgndaghlights potential future

targets, such as PAI-2, for future investigation.

4.6 Conclusions

Inhibition of GSK3 activity in EPCs from patients with DM resultsup regulation of
catB expression and activity. Increased catB agtimmproves EPC invasiveness, reduces
apoptosis, and ameliorates therapeutic effectlbbased therapy. Small molecule

antagonism of GSKBis a cell enhancement strategy for patients with D
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Chapter 5 General Discussion

5.1 Summary of Findings

Previous studies have clearly established an epadegical link between EPC number
and cardiovascular risk factors, outcomes, andiarfeomeostasis post
injury.(68,135,168) However, strategies that seehkarness the ability of EPCs to reduce
arterial lesion formation following injury have bekampered by poor yields of EPCs
from high risk patientsr poor qualitative properties such as survival, kiyte secretion

and adhesion.(61-63,139)

In the current thesis we report three completedistuiwhich demonstrate improved EPC
function and improved progenitor cell-mediated @ataepair using primary cells from
patients with established CAD or DM. Specificallyour first report(63) we have shown
the ability of inhibiting GSKB to increase the yield and functionality of EPCe\czl

from CAD patients when culturad vitro. We further complemented these studies by
demonstrating that the ameliorated function of ER@sslated into improved RE and
resultanted in decreased NI formation in a CD-lenmduse xenotransplant model of

arterial injury.

Subsequently, we have demonstrated in a rabbit heddarotid artery stenting that local

delivery of GSKi by drug eluting stent (DES) impesvarterial healing.(97) Specifically,

GSKi-coated stents showed improved RE as demoedtat SEM of stented arteries as
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well as reductions in NI formation to levels cotesig with an established clinically
proven drug, sirolimus. Furthermore, the mecharo$this benefit appeared to be
limited to effects on EPCs as levels of circulatiEfeCs were augmented with no

significant effect observed on medial SMCs.

Finally, in our last study we tested the stratef§8K3B inhibition on EPCs derived
from a high risk patient population, those with DiNaving shown that higher activity of
GSK33 in derived EPCs resulted in accelerated EPC apmptee utilized an unbiased
proteomics approach to identify increased catBragtas required for improved EPC
survival. Moreover, we were able to demonstraté ¢htB activity was essential for

GSKi-mediated improvements in arterial repair.

Overall, these studies provide convincing evideheg¢ cell based therapy with GSKi-
treated EPCs and/or local delivery by DES is aildasherapeutic approach to improve

arterial homeostasis following mechanical injury.

5.2 Importance of cell function

The concept of cells as a therapeutic agent, wiale to the field of vascular medicine,
has existed since the 1950’s and is derived fratimiistudies of bone marrow
transplantation.(159) Cell therapy can be subdividéo allogeneic, the transplantation
cells from one or many donors, or autologous, winecells are harvested, purified,
treated or expand and then reintroduced to themior therapeutic effect. To date,

while there remains no clinically approved cellddsherapies for cardiovascular
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diseases, a number of early clinical studies haeg/a promise using autologous
sources. However, one of the main hurdles remamsdiatively poor function of cells

derived from patients with already establishedalse

Hill and colleagues(68) first noted an inversetreteship between cultured EPC CFUs
and the number of cardiovascular risk factors. 8gbently, these findings have been
confirmed by numerous other groups(61,168) who atded that in addition to fewer
cells, the EPCs isolated exhibited attenuated fonat activity.(139) Indeed, conditions
like DM, hypertension, and smoking have all beeomahto adversely affect EPC
senescence, apoptosis, migration and paracrinédan®Vhile these observations may in
part explain the pathophysiology of endothelialfdgstion in these conditions, the
attenuated functional capacity is of particular aripnce in the context of cell-based
therapy. Indeed, the lack of therapeutic efficaegivced in some cell-therapy studies has
been suggested to be the result of important éifiegs in cell isolation procedures and
the resultant blunting of EPC migratory capacit¥,(33,139) Thus, understanding the
mechanisms which impair EPC function and derivimgrépies to correct innate
functional limitations will be paramount in advangiautologous EPC-based therapies

clinically.

One of the first papers that linked EPC functiohSB was by George and
colleagues.(52) In this seminal study, EPCs fronpdients with ISR were compared to
11 patients with patent stents. In this study,quds with ISR, EPC adhesion to

fibronectin was reduced by 50%, providing the fexgidence that impaired EPC function
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may play in important role in impaired homeostdsi®wing arterial injury. Our
studies(67,98) complement these findings and exttemdnportance of cell function to
use of cells for therapeutic purposes. Specificatiypoth of our studies in which EPCs
were administered to CD-1 nude mice, the same nuofllls (5x16) was

administered meaning differences in treatment avere owing only to important
differences in therapeutic efficacy. Indeed, in sturdy of patients with CAD these
differences accounted for a further 50% reductioNli formation. Thus, as suggested by
epidemiologic data from clinical cohorts, change&PC adherence, survival, and

paracrine activity play an important role in EPCdma¢ed arterial repair.

Gnecchi and colleagues recently reviewed the inapod of paracrine effects in stem and
progenitor based therapies.(56) Indeed, the authghdight that a number of animal
studies have demonstrated significant benefit watlewidence of transdifferentiation of
progenitor cells into an end-organ phenotype — ssigg that the benefits observed are
likely derived through paracrine effects. To thisleone of the major angiogenic factors
secreted by EPCs is VEGF, a factor previously shimAre essential in EPC-mediated
postnatal neovascularization and endothelial praiion.(6,7,144) In this thesis, one of
the major effects observed with GSKi therapy wasdased VEGF secretion. Indeed, in
patients with CAD GSKi therapy augmented EPC sexré800% with a 200% increase
achieved in patients with DM. Moreover, co-cultofeEPCs treated with GSKi
stimulated proliferation of mature human endothel@ls leading to more robust RE

vitro. Thus, given then vitro findings and the robust vivo efficacy of GSKi pre-
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treatment, important differences in paracrine afficlikely in part contributed to the

observed differences.

A second important limitation of cell therapy igthigh rates of cell death of progenitor
cells — bothin vitro during expansion and furthermore once cells amsplanted.(158)
Indeed, cell enhancement strategies which imprelleetention following therapeutic
administration is critical for therapeutic effica(ly7,157,158) The current thesis
highlights an important improvement in cell surdiuaing GSKi treatment in EPCs.
Moreover, these reductions in apoptosis were obsenmmder basal and stress conditions
(serum-starved) and were shown to be dependerdt&n ©ur findings are similar to
those by other groups who have identified strategileich reduce cell apoptosis can
enhance therapeutic efficacy.(21,105) Indeed, tudiiess confirmed these findings
demonstrating that antagonism of catB both abragaeuctions in apoptosis vivo and
blocked therapeutic efficaay vivo. Thus, these results suggest that reductions in
apoptosis are critical for therapeutic efficacy amdur studies accounted for the

majority of GSKi-mediated benefit.

5.3 Progenitor Cell Preconditioning, Cathepsins an&PCs

A growing body of literature now supports progengarvival and retention following
transplantation as the greatest hurdle in cell-dbéserapies.(1) Indeed, while paracrine
efficacy is important, cell retention at the sitdransplantation may play a rate-limiting
role in therapeutic efficacy with some authorsmating close to 90% cell loss due to

apoptosis in as little as 24 hours.(10)Accordingsi| preconditioning has become a
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preferred strategy for enhancing therapeutic effigand therapies such as insulin-like
growth factor -1 have been shown to reduce ratepoptosis in transplanted cells and
resultantly improve efficacy.(80) Currently our @mstanding of the mechanisms which
limit cell engraftment are incomplete and the ressptesented in this thesis provide
insight not only into a novel mechanism by whichrprove therapeutic efficacy but
also highlights limitations in using autologouslgelerived from patients with CAD or

DM.

Cathepsins are a family of proteases classifieddas their structure and catalytic
targets. CatB belongs to the family of cysteindaepsins and it has been linked to
regulation of a numerous cell functions throughhatracellular and extracellular
activity.(125) Cathepsin L (catL) has also beervimasly implicated in EPC activity.
Urbich and colleagues first demonstrated that eativity is essential for EPC-mediated
neovascularization, primarily by mediating cellasion.(166) Subsequently the same
group noted that EPCs cultured in high glucose emadderived from patients with DM
exhibited profoundly diminished catL activity — acoincluded that this would likely
limit in vivo activity.(163) Results in the current thesis namplement these findings
and highlights catB, also a cysteine proteaseysiedulated in DM and as essential for

in vivo therapeutic effect.

Data regarding the role of catB in the vasculatesysare somewhat limited; however, an

abundance of data exists linking increased catBigcwith both GSK3 and enhanced

metastatic capacity and cell survival. Specificaligreased catB activity has been
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demonstrated to be essential for matrix degradatidtmantagonism hindering a number
of primary cancer cell lines’ invasive capacity.,(B814,154,156) Furthermore, inhibition
of catB and urokinase-type plasminogen activatoepeor (UPAR) have been shown to
increase rates radiation-induced apoptosis.(100 BEdally, catB activity has also been
demonstrated to be essential for malignant stehrselirenewal.(123) Thus, our finding
that GSK3 inhibition restores catB activity reducing apopgaa EPCs is not surprising
given the previously reported data in cancer cBl&her, it highlights the parallels in
signaling cascades which in one instance enalbtaseer cell to invade and survive
causing disease while in another instance enabhngPC to survive transplantation and
exert therapeutic benefit. It remains to be sesmflar parallels between metastatic
potential in cancer cell lines can be exploitedtf@rapeutic effect in cell-based

therapies.

5.4 Limitations of Experimental Studies and Barriess to Clinical Translation
Certainly, the data presented in the current thEg 10t without limitations. First and
foremost, use of cells from GSK&nockout mice would offer an ideal experimental
model to confirm our findings. However, knockout@®K33 results in embryonic
lethality(82) and an EPC specific knockout of tingyene is not yet available.(84)
Nonetheless, to ensure specificity we utilized nioue small molecule inhibitors
confirming increased nuclear localizationfcht. Alternatively, transformation of EPCs
with a dominant negative GSK3nutant(22) could have been performed, however,
genetic manipulation of progenitor cells introdugesater complexity, enhances cell

deathin vitro, and introduces barriers to potential use asnéceli therapeutic.
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A second major limitation to the described stragsgi the potential off target effects of
GSK33 inhibition. For example, GSKBinactivation in SMCs has been shown to
increase migration, proliferation and in some medetrease NI formation.(53,112,146)
However, our strategy of preconditioning EPCs vBt8Ki enables EPC specific
inhibition without causing any off-target effectsdditionally, in our studies using a
strategy of local delivery at the site of injury]9GSKi ultimately reduced the arterial
response to injury. Thus, based on the resultepted in the current thesis off target
effects do not seem to complicate either elutio®8Ki from a stent or preconditioning
of cells. Nonetheless, future studies testing tiséisgegies should be cognizant of this

potential limitation and further animal studies aseded prior to clinical studies.

Lastly, perhaps the greatest limitation of the entistudies are the barriers inherent in
any cell-based therapy.(65,77,92) Namely, currectiniology for cell isolation and
preparation is labor intensive and requires speeidltechniques to use EPCs for
therapeutic purpose. Moreover, isolating autologmills from patients often requires
mobilization with agents such as G-CSF or obtairsiagples from enriched sources such
as bone marrow. Nonetheless, early clinical studéegsonstrate promise(9,94,133) and
by better understanding the mechanisms that intpeir function and identifying
treatments which enhance their therapeutic effecineve closer to realizing the promise

of cell-based therapies.
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5.5 Future Directions

Our studies highlight a novel strategy for enhagdaell-based therapy and EPC-
mediated arterial repair through isoform-speciffigibition of GSK3. However, these
studies are limited to a single progenitor popolatnd experiments performed using a
model of arterial repair following vascular injuigeally, future studies will determine if
similar preconditioning regimens yield improvedl dahction and therapeutic benefit
using both diverse cell populations, such as mdsenal stem cells or skeletal muscle
progenitor cells, as well as in other cardiovascatanditions, such as cardiac repair
following myocardial infarction. Indeed, given tparallels in cell repair mechanisms
and the fidelity of the biological effect of GSK#hibition in various cancer types it is
attractive to hypothesize that the effect reponey be generalized to other types of cell-
based therapy. Data from diverse experimental nsosdll provide not only additional
evidence of efficacy and safety but also affordeater impetus for future clinical

studies.
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Abstract

Human Immunodeficiency Virus (HIV)-infected indiwdls have a cardiovascular
disease risk that is almost tripled that of thdiv+tninfected counterparts. Given the
critical role of endothelial progenitor cells (EB@svascular homeostasis and arterial
repair post-injury, coupled with their strengthbé@markers predictive of cardiovascular
events, interest has arisen in characterizing ER @& context of HIV infection. We
performed a systematic review of the literaturddtermine the current state of
knowledge on EPCs in the context of HIV infectiblerein we summarize the pertinent
findings of these studies and discuss importafémihces in the subpopulations of EPCs
examined and the methodologies used for their ematioa which likely contributed to

the heterogeneity observed across studies.

Key Words: Endothelial Progenitor Cells, EPCs, CardiovascDigease, HIV
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Introduction

Despite the use of highly active antoetral therapy (HAART), human
immunodeficiency virus (HIV)-infected individualseaat higher risk of myocardial
infarction (MI)(SMART Study Group 2006), in-stent restengBisn et al. 2009) and
stroke (Sen et al. 2012). In fact, HIV-infectediinduals with sustained undetectable
blood plasma viral loads (VL) are at a risk of ¢avadscular disease that is almost tripled
that observed in individuals with similar cardiogakr risk factors but without HIV
infection (Vittecoq et al. 2003; Currier et al. 3)0

Circulating endothelial progenitor sg][EPCs) were first described by Asahara et
al. (1997) in a landmark study whereby they denratesti that human CD34+
hematopoeitic progenitor cells have the capacigifferentiatein vitro to an endothelial
phenotype. Although a number of definitions of wbanstitutes a “true” EPC have
emerged (see review by Fadini (2012)), EPCs aiiedlp characterized by the presence
of CD34+ and vascular endothelial growth factor G/ receptor kinase insert domain
(KDR). When derived from mononuclear cells in ctatuhey are referred to as early or
late EPCs or cultured angiogenic cells (CACs) (l¢ihl2009; Hirshi 2008). EPCs are
well-described mediators of arterial homeostasts\ascular repair (Fadini 2012;
Hibbert et al. 2009; O’Brien et al. 2011). Froruliaical perspective, interest in EPCs
has rapidly escalated due to their role both asmadrker for the prediction of
cardiovascular events (Hill et al. 2003; Schmidtkei et al. 2005; Werner et al. 2005)
and for promising results as a therapy followingoesrdial infarction (Assmus et al.

2006; Schachinger et al. 2006).
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Given the rapidly growing interest in ER@#h respect to HIV, we performed a
systematic review of the literature to describedheent state of knowledge regarding
EPC levels and functional capacity within the Hhfected population. We also
reviewed the literature to determine whether tloetls have been found to be correlated
with markers of HIV disease status, such as CD4mtd/L and duration of HIV

infection.
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Methods:

We performed a computerized literaturecdeaf MEDLINE and SCOPUS up until
September 172012 for English language studies. Searches usingytations of the
search terms human immunodeficiency virus, HIV ua@eg immune deficiency
syndrome, AIDS, endothelial progenitor cells, EBdtured angiogenic cells, CAC,
endothelial colony-forming cells, and ECFC weref@ened. Secondarily, additional
references were identified via searching all refees and citing articles of the selected
studies utilizing the SCOPUS database. This praetigs repeated for each article
selected to ensure inclusion of all relevant ssidie this manner, a total of 3,148es
and abstracts were reviewed for potential studyl@lity. From this initial collection,
abstracts were reviewed by a single individual \némaoved articles not relevant to the
study. From this, 36 articles were collected fatHar review. Two reviewers
independently evaluated the identified studiesefmibility, with any discrepancies being

resolved by consensus, to yield a final list oftickes for further analysis.

Patient Characteristics

Characteristics of 6 articles retrieved (@ogk et al. 2012; Da Silva et al. 2011;
Gomez-Garre et al. 2012; Lopez et al. 2011; Papasaet al. 2012; Toefili et al. 2010)
and the study participants are summarized in TAbMdumbers of HIV-infected
participants ranged from 14 (Teofili et al. 201000 (Gomez-Garre et al. 2012) and the

age range was from 29 (Lopez et al. 2011) 55 tesyPapasavvas et al. 2012). One
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study excluded women (Costiniuk et al. 2012) ireortd avoid the confounding effects
of estrogen (Fadini et al. 2008) whereas the péages of women ranged from 7%
(Lopez et al. 2011) to 21% (Da Silva et al. 20Tljhe other 5 studies. Similarly, only 1
study specifically excluded smokers (CostiniukleR@12) whereas the percentages of
HIV-infected participants who were smokers rangedf16% (Lopez et al. 2011) to
61%(Papasavvas et al. 2012) in the remaining studiegably, the only study which
included diabetics was that performed by Gomez-&airereby almost 10% of HIV-
infected individuals were diabetic (Gomez-Garrale2012). Frequently, dyslipidemia
was the only cardiovascular risk factor identifiedhe HIV-infected individuals in these
studies (Costiniuk et al. 2012; Da Silva et al. R0G&omez-Garre et al. 2012; Teofili et
al. 2010). Other classical cardiovascular riskdesin HIV-infected participants included
hypertension and obesity. However, these latterrigkofactors were uncommon overall.
With regards to HAART use, 4 of the 6 studies ideld exclusively HAART-naive
individuals (Costiniuk et al. 2012; Da Silva et2011; Lopez et al. 2011; Teofili et al.
2010), whereby 2 studies included individuals wheseVHAART-naive in addition to

individuals already on HAART (Gomez-Garre et all20Papasavvas et al. 2012).

Technigues for the Quantification of EPCs

The two methods currently utilized for EB@umeration include flow cytometry
and cell culture. Five groups performed flow cyttryméo enumerate EPCs (Costiniuk et
al. 2012; Da Silva et al. 2011; Gomez-Garre e2@l.2; Lopez et al. 2011) whereas

Teofili et al. (2010)
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employed cell culture. Furthermore, 5 studies gtiadtEPCs once per study participant
and 1 study, performed by Papassavas et al. (2Q@antified EPCs twice per individual.
In this latter study, EPCs were enumerated at lveesahd one year later as the aim was
to determine whether rate of carotid intima metiekness (cIMT) progression was
related to EPC frequency (Papasavvas et al. 2012).

Given previous observations that cells ioleté using different protocols vary in
their propensity to differentiate into endothetalls and undergo angiogenesis (Fadini et
al. 2012), the International Society of Haematapgrand Graft Engineering (ISHAGE)
protocol was developed in an attempt to facilistedardization of methods (Sutherland
et al. 1996). This protocol consists of a gatingtegy for the analysis of rare cells
expressing CD34+ (Sutherland et al. 1996). RecgthityISHAGE protocol was
modified by Schmidt-Lucke (2010) by adding a flucioome-labelled surface marker for
kinase insert domain receptor (KDR) to the origimaitocol which has, in turn, increased
accuracy in EPC enumeration. One of the studidaded in this review utilized the
modified ISHAGE protocol for cell enumeration (Gogik et al. 2012) whereas the
other studies used non-standardized protocolselbenumeration. Overall, there was

significant heterogeneity in the methods used torerate EPCs (Table 2).

Populations of EPCs Examined and Study Outcomes

The term “EPC” was never established usingique or specific cell marker set and
there is considerable debate within the scientdicimunity with regards to the optimal
way to define an EPC. However, a common belidfias a cell should bear at least one

marker indicating that it is a stem cell and asteéamarker demonstrating its endothelial
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commitment in order to be designated as an EPCfarheer typically includes CD34
and/or CD133 while the latter commonly consist&DR [also known as vascular
endothelial growth factor receptor-2 (VEGFR-2) dgicl liver kinase-1 (FIk-1)].
Frequently EPCs are defined as CD34+KDR+ as thpsijation can stimulate
angiogenesifm vivo (Asahara et al. 1997). Isolation methods and coniynased
terminology are highlighted in Figure 2.

Using flow cytometry, both Gomez-Garre letad Da Silva et al. found lower
frequencies of CD34+KDR+ cells in HIV-infected, cpaned to non-infected, individuals
(Gomez-Garre et al. 2012; Lopez et al. 2011). olmi@ast, Papasavvas et al. found that
HIV-infected individuals had higher percentage€f34+/KDR+ cells in two measures
over a 1 year follow-up period compared with HIVinfected controls. Higher numbers
of EPCs in HIV-infected individuals, compared towtols, were observed for both HIV-
infected individuals receiving HAART and those wliere HAART-naivéPapasavvas
et al. 2012).

In earlier years, an issue of debate withenscientific community was whether to
include CD45+ or CD45- cells in studies involvinBE&s. However, now it is well-
recognized that most EPCs are hematopoietic delfact, greater than 90% of
progenitor cells express CD45 at low intensity (682 whereas less than 10% are
CD45-(Fadini et al. 2012). The cell populations which @D45™ form endothelial
coloniesinvitro and those which are CD45- are referred to aslatigrowth endothelial
cells. Furthermore, CD48/CD34+/KDR+ cells have been shown to correlate st
future cardiovascular events and progression araftlerotic disease (Schmidt-Lucke et

al. 2005). Our group examined CO¥BCD34+/KDR+ cells between HIV-infected
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versus non-infected men and did not find any sigaift differences in levels between
these two groups (Costiniuk et al. 2012). We alsoméned CD48™/CD34+/CD184+
cells and CD4%"/CD34+/CD117+ cells as secondary endpoints givan@D184
corresponds to the receptor for stromal-derivetbfat and CD117 is the cognate
receptor for stem cell factor. As with CO¥%CD34+/ KDR+ cells, levels of CD117+
and CD184+ progenitors did not differ between HiWected men and controls
(Costiniuk et al. 2012).

Although not expressed on endothelial c€ll3133 is another marker which has
garnered interest. It is expressed on many hemigtiipetem, progenitor and epithelial
cells and it is thought to be a more immature rathan CD34.Although Papasavvas et
al. (2012) examined primarily CD34+/KDR+ cells, yhedso confirmed that HIV-
infected individuals had higher levels of CD133+Rband CD34+/KDR+ cells. In
contrast, Da Silva et al. (2011) also examined Ci3®133+ and KDR+/CD133+ cells
and did not detect a difference between HIV-infdatelividuals compared with controls.
Along a similar vein, Lopez et al. (2011) differeéd between EPCs based on their
level of maturity and examined immature EPCs (CD@b34+/CD31+CD133+), EPCs
(CD45"™/CD34+/CD31+/CD133+/CD309+), late EPCs (CHA8D34+/CD133-) and
circulating endothelial cells (CECs) (CD45-/CD34B/&1+/CD133-). They found that
numbers of late EPCs were similar between HIV-itdgd@and HIV-uninfected
individuals whereas EPCs were lower in HIV-infecteanpared to HIV-uninfected
individuals (Lopez et al. 2011).

Gomez-Garre et al. (2012) examined yet arathbpopulation of EPCs. In addition

to CD34+/KDR+ cells, they also examined levels @igenitor cells bearing CD34+/VE-
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cadherin+ and CD14+Endoglin. VE-cadherin mediatgsortant interactions between
endothelial cells (Dejana et al. 2004) and helpstam their integrity and ability to
function as barriers (Corada et al. 1999). Mearsyl@hdoglin is a Transforming Growth
Factorf co-receptor expressed in endothelial cells whlelgga key role in vascular
homeostasis, angiogenesis and vascular remodélopeet-Novoa and Bernabeu 2010).
In comparison to HIV-negative individuals, HAARTima HIV-infected individuals
displayed lower levels of CD34+/KDR+ and CD34+/KIMEfcadherin+ cells. HIV-
infected individuals on HAART had even lower levef<CD34+/KDR+ and CD34+/VE-
cadherin+ cells compared to HIV-infected individuabt on HAART. However, levels
of CD14+Endoglin+ cells did not differ statisticatbetween HIV-infected and non-
infected individuals. Furthermore, within the Hlwfected cohort, HAART use was
associated with higher CD14+Endoglin+ levels thamyp HAART-naive (Gomez-Garre
2012).

In the only study to enumerate EPCs by cealagsays, Teofili et al. (2010) examined
colony-forming unit endothelial cells (CFU-EC) amadothelial colony-forming cell
(ECFC) progenitors. “Early EPCs,” or CFU-EC, fdeite the formation of new blood
vessels by the secretion of growth factors. In@mtt “Late EPCs,” or ECFC, are able to
produce actual blood vessels. Teofili et al. (3GbOnd that CFU-EC, but not ECFC,
were significantly reduced among HIV-infected indivals compared to healthy controls.
Furthermore, Teofili et al. (2010) were the onlpgp to examine a marker of EPC
function by conducting assays for the expressiovilEeGF in CFU-EC from both HIV-
infected and HIV-uninfected individuals. CFU-EC aoles from HIV-infected

individuals produced similar amounts of VEGF RNAGISU-EC obtained from healthy
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controls despite the fact that CFU-EC levels werkuiced among HIV-infected

individuals (Teofili et al. 2010).

EPC Levels and Parameters of HIV Infection

A noteworthy feature of all studies is ttiad time from diagnosis of HIV was
relatively short, with a mean of 3-4 years in Zgtg (Costiniuk et al. 2012; Da Silva et
al. 2011) and less than 1 year in one study (La@pet. 2011). Furthermore, although
cIMT was not associated with EPC frequencies irsthdy by Papassavas et al (2012), a
positive association was detected between CD34+33BYKDR+ cell frequency and
peripheral CD4+ counts. In contrast, 4 studiesnditfind a correlation between CD4+
count and EPC levels (Costiniuk et al. 2012; GoBearre et al. 2012; Lopez et al.
2011;Teofili et al. 2010). Similarly, 3 studies &imiuk et al. 2012; Lopez et al. 2011;
Teofili et al. 2010) did not find a correlation ixeten EPC levels and VLs. Interestingly,
Gomez-Garre et al. (2012) found that VL positivedyrelated with CD34+/KDR+ cell
levels but was negatively correlated with CD14+/&giah+ cell levels.

In this latter study by Gomez-Garre e{2012), HAART use was the main
predictor for low CD34+KDR+ cell levels and high ©B+/Endoglin+ cell levels after
adjustment for cardiovascular risk factors and tomeof infection. These investigators
found that accumulated exposure time of greater fhgears to a non-nucleoside reverse
transcriptase inhibitor (NRTI) and a protease iitbil(Pl ) was associated with lower
levels of CD34+/KDR+ cells in addition to greaté¥@ (Gomez-Garre et al. 2012). In
contrast, while Papasavvas et al. (2012) foundtihtinfected individuals on HAART

had higher EPC frequencies compared to HIV-uniefaddividuals regardless of CD4+
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count, there were no differences in EPC levels betwHIV-infected individuals on
HAART or off of HAART. Interestingly, a relativellarge proportion of individuals on
HAART in this latter study still had CD4+ counts5Bcells{iL at time point one (15%)

and one year later at the second time point (2B4apésavvas et al. 2012).

Discussion

To date, only 6 studies have examined EP@sarontext of HIV infection and these
studies have yielded divergent results. While Bissmidemonstrated that CD34+KDR+
cells were reduced in HIV-infected individuals caangd to uninfected individuals
(Gomez-Garre et al. 2012; Da Silva et al. 2011)e study revealed no difference
between these populations (Costiniuk et al. 20L2¢. one study which examined EPCs
bearing CD48™/CD34+/CD31+/CD133+/CD309+ surface markers alsmfbthat these
cells were reduced in HIV-infected individuals caamgd to controls (Lopez et al. 2011).
In contrast, one study found that CD34+KDR+ celésevelevated at two separate time
points (Papasavvas et al. 2012). In the one stldghnused culture-based assays to
enumerate EPCs, CFU-EC but not ECFC were significaaduced in HIV-infected,
compared to HIV-uninfected individuals (Teofili@t 2010). In this latter study, which
was the only study to examine VEGF expression, ikenaf EPC function, CFU-EC
colonies from HIV-infected individuals were obsedue produce similar amounts of
VEGF RNA as CFU-EC from healthy controls (Teofiliad. 2010).

There were several confounders presehiteige studies which could have

influenced EPC levels. Notably, all studies exdepbne (Costiniuk et al. 2012)

included smokers. Nicotine can induce anomaliggagenitor cell proliferation and can
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induce their apoptosis. It can also influence th@gratory and angiogenic potential
(Cardinale et al. 2012). In the general populatsmnoking has been associated with
reduced EPC levels as well as diminished adhesidrpeoliferative capacity (Puls et al.
2011). Likewise, diabetes is also an importantdiat consider when examining studies
involving EPCs. EPCs in diabetics possess redudkédsave and proliferative properties,
hampering their ability to incorporate into vascudauctures (George et al. 2003).
Meanwhile, dyslipidemia results in the accumulaixdmemnant-like lipoproteins which
have been implicated in premature EPC senescermggtihthe inhibition of telomerase
(Thorin et al. 2011), Furthermore, as EPCs haenlshown to increase in a dose-
dependent manner in response to estrogen and mathvaughout the menstrual cycle
(Ruifrok et al. 2009), variability in the propontiis of women across these studies is an
important consideration.

Whether participants were receiving HARIis another important factor to take
into account when examining outcomes from thesgiestu Results from The Data
Collection on Adverse Events of Anti-HIV Drugs (D@ Study Group (2007)
demonstrated an adjusted relative risk of acut®MlI.16 per year of ART exposure
The use of a Pl was also found to be a risk fdotoincreased risk of M{Sabin et al.
2008). Although numerous other observational sgiave since been published with
overall conflicting results (Cruciani et al. 201%jdies at the basic science level have
demonstrated possible mechanisms by which ARVspnayote endothelial damage
(Zhong et al. 2002) thus supporting the notion th&ART may, indeed, contribute to
atherosclerosis independently of other factorsithiéumore, given the link between

ongoing HIV replication, inflammation and endotlaéllysfunction (Hsue et al. 2012) it
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is very clear that individuals on HAART differ immalogically from those who are not
on HAART which may, in turn, also influence EPCd&ssand functional capacitis
previously alluded to, in the study by Papasavvad. €2012), several individuals on
HAART had CD4+ counts <350 celld/ at both time points separated by a year. As the
authors indicate, this may be reflective of submptiimmune recovery in these
individuals or very low CD4+ T cell levels at firgtesentation.

The different enumeration techniques wsEdss studies is a pivotal factor
contributing to the divergent outcomes. Both floytometry and cell culture methods
are well-accepted for the enumeration of EPCs actl enethod has revealed important
findings. For example, EPCs analyzed by each methed been shown to differ
significantly between individuals with and withazardiovascular disease (Urbich and
Dimmeler 2004; Werner et al. 2005). Circulating EP&s determined by flow
cytometry, have been shown to predict the occug@icardiovascular events and death
from cardiovascular causes (Werner et al. 2005)eMéssessed by culture, a strong
correlation has been observed between the numi&PGE and cardiac risk scores and
brachial-artery reactivity (Hill et al. 2003). Asdvantage of flow cytometry is its ability
to identify cells based on surface antigens withmahipulation (Fadini et al. 2012). In
contrast, when cells are obtained by culture meththgbre is concern that culture
methods alter antigen expression such that thdgnger represent antigen expression or
differentiation capacity within the bodlfadini et al. 2012).

In summary, relatively few studies have beenducted on EPC levels in the HIV-
infected population and only one of these studkesrened functional capacity of EPCs

(Teofili et al. 2010). Significant heterogeneityanumeration techniques and reporting
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among studies precluded meta-analysis and thusbihey to quantitatively estimate the
effect of HIV on EPC numbers. Furthermore, as vayyflow cytometry protocols were
used, the biological significance for many “EPC @ojulations” examined remains
unclear. When studying cell populations with insiag antigenic complexity, these cells
are often present in very low numbers and thesets¥eequently do not follow a
Gaussian distribution limiting the reproducibily cell enumeratio(Fadini 2012).

Although the studies are few in numbleis teview summarizes the entirety of the
current state of knowledge regarding EPCs in tmeoa of HIV. Future studies should
strive to utilize standardized techniques for EGreeration and reporting. EPC
functional capacity and the effects of HIV are lik® be as important as absolute levels
of these cells and should also be evaluated imduteportsThe role of EPCs in the

vascular health of HIV patients remains to be dfin
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3,146
Total titles/abstracts reviewed

— 3,110 — excluded based on brief review of title/abstract

36
Selected for further review

12 — non-primary data (review/letter)
12 — non-endothelial progenitor cells
4 — flow-mediated dilation

1 — endothelial cell markers

1— duplicate study

6
Selected for final data analysis

Figure 1: Results of literature search of MEDLINE and SCORbISarticles examining
endothelial progenitor cells (EPCs) in human imndefziency virus (HIV)-infected
individuals
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Figure 2: Phenotypic characterization of endothelial progersells (EPCs). (1) Culture:
Culture-based methodology utilizing Ficoll-basefladtential centrifugation of whole
blood, extraction of buffy-coat layer enriched wt@ripheral blood mononuclear cells
(PBMCs) and subsequent culture. When culturedlmoriectin after removal of non-
adherent cells, adherent cells develop into EPCQeiWhtially cultured on collagen-
coated plates, adherent cells differentiation entdothelial colony forming cells (ECFC).
Alternatively, the colony-forming unit (CFU) assentails replating of non-adherent cells
with subsequent development of CFUs. (II) Flow aydry: Analysis of whole-blood
samples following either red blood cell lysis avlagion by differential centrifugation of
PBMCs. Several gating strategies have been emplasied various combinations of
surface markers including: CD34+/KDR+, CD34+/KDRB/T33+, and
CD34+/KDR+/CD45dim.
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Table 1 - Patient characteristics in studies characterizing endothelial progenitor cells in HIV-infected individuals.

Author Numberof  Differences HAART status of Ageof HIVE/HIV—  Number of  History of smokers D43 count at viral load at Time from
participants  betwesn HIV+ HIV-infected participants HV+ cardiovascular excluded study study diagnosis of HIV
and HIV— groups participants [years) males/ disease enrollment enrollment infection o
fernales (cells/pL) (logiOcopies/ml)  study
entollment
(years)
ComezCarre 200 HIV: Not specifically 20 HAART-nalve See Table 2* 172/28 No No See Table 2* See Table 2° Ser Table 2°
etal (2012) 27 HN- indicated; HIV+ 180 on HAART All 18 years Range 314747 Range 3-19
patients on
HAART were
older and had
higher SEBP,
cholesterdl and
TGs than HIV+
patients not on
HAART
Costiniuk 30 HIV+ HIV+ hlg}:a! TGs, All HAART -najve 33 +6/30%4 30/0 o Yes 478 + 303 386 4 101 30+ 23
etal (2012) 36 HV- SBF and ESR and (Mean + SD) (Mean + SD) {Mean + SD) (Mean + SD)
lower HDL
DaSilvaetal 35 HIV: HIV: lower total All HAART-nialve 34 (214831 25 No Mo 580 (Mean) 3.76 {Mean) 3.8 (Mean)
{2011) 3 HIV - cholesterdl and (2245) [Median
HOL (rangel]
Lopezetal. 15 HIV+ HIV= lower total All HAART naive 29.(13)/27 {10) 141 Low CVDR HIV: 16% 359 (145) 438 (119) 10 months {27)
(2012)) 15 HIV - cholestercl, HDL [Median (IQR)] scores’ in smokers [Median (1GR)] [Median (IOR)] [Median [IQR)]
and platelet both groups (between
levels than grotsps)
controls
Papasavvas 66 HIV + No differences 53 on HAART at 48 (45 55448 597 Not indicated HIVE 61% 354 (221-651) 75 (50-1592) Nat indicated
etal (2012) 50 HIV- indicated baseline (time [43-54) [Median smokers [Median coples/mL
point 1); 60 on (range)] (smoking (range)] (range}
HAART 1 year status not
later (time indicated
paint 2) for HIV=)
Teofili et al. W HV+ No differences All HAART-naive 40412 1/3 No Not indicated 420 4 141 132,568 4 Nt indicated
{2010} 15 HIV - indicated {Mean + SD) {Mean + SD) 146817 (Mean
+ SD)

HAART = highly active antiretroviral therapy, SBP = systolic blood pressure; TG = triglycerides; HDL = high density lipoprotein; SD = standard deviation; SEM = standard error of the mean; IQR =

interquartile range; CVDR = Cardiovascular Disease Risk.

* In order to determine whether there were any relationships between levels of EPC subpopulations and various sk factors, patients were grouped based on whether they had high vs low EPC levels
(ie., mean ages, median CD4 counts, number of individuals with undetectable Vis and median time from HIV diagnosis were expressed for individuals with high vs low levels of EPC
subpepulations).

! Risk <5% with Framingham and REGICOR or <3% with SCORE.
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Table 2 - Outcomes of studies rizing endothelial progenitor cells in HIV-infected individuals

Author Primary outcomes Definition of EPC/cell Methods used to EPC levels in HIVS/HIV— Other findings
populations examined study EPCs
Gomez-Garre EFClevels inHIV+and  (D34+/KDR+ Flow cytometry Feduced number of CD34+/KDR+ in HIV+ [002 HAARTwas the main predictor for low
etal. (2012) HIV— controls and {0.01-0.03)] vs HIV— [0.08 (0.04-0.14)%], p < CD34:KDR+ cells and high CD14+/Endoglin:
their relationship to 001 cells after adjustment by cardiovascular risk
cMT factors and HIV duration and HAART
treatment; levels were only partally
assoctated with high c-IMT in HIV+ patients
D34+ VE-cadherint Reduced CD34+/VE-cadherin: cells in HIV+ [0.07
(0.04-0.11)] ws HIV— [0.03 (0.02-0.05)%], p <
001
D14+/Endoglint CD14+Endoglins cells tended to be lower in
HIV+[3.2 (1.7-5.1) than HIV— [2.1 (1.23.7)%], p
< 0067 slthough difference not statistically
significant
Compared to HIV—, HIV+ who were HAART-nave VL positively correlated with CD34+/KDR+ and
had lower CDO34+/KDR+, CO3+VE-cadherins negatively correlated with CD14+/Endoglin+
and CD14+/Endoglint cells; HIV+on HAART cell levels
had further reduced levels of CD34-+/KDR+
and CO34+/VE-cadherin+ celle
CD14+/Endoglin: levels higher in HAART- Accumulated time >5 years to NRTI and PE
treated than HAART-naive patients associated with lower levels of CD344+/KDR+
HIV—; CD34-+/KDR+ 15 (8-17) cells cells and higher cIMT
CD34+/VE-cadherin+ cells 22 (14-33) cells
Costiniuk EPC levels between (D45dim/CO34+/EDR+ Flow cytometry EPC levels similar between HIV+ and HIV— EFC levels were not assoctated with disease
etal, (2012) HIV+and HIV— D45dim/CD34+/D117+ CD45dHm/CD34+/KDR+ 1.4 & 0.5 vs 37 + parameters such as CD4 count or VL
controls 2.2 cells/)L, p = 092
(CD45dim/CD34+/(D184+ CD45dim/CD34-+/CD117+ 30 & 7.3 vs 351 +
5.4 cells/uL, p > 0.05
CD45dim/CD34+/CD1B4+ 55 + 22vs66 + 1.7, p
> 0.05
Da Silva et al. EPCs %, D34+ /KDR+ Flow cytometry % of CD34+/KDR+ cells lower in HIV+ than in HIV— EMP concentration higher in HIV+ than HIV—

(2013}

EMP and PMP levels
betwesn HIV+ and
HIV- controls;

Endothelial function
a5 measured by
BMD

D34+/CD133+

KDR+/CD133+
EMP (CD51+)

PMP (CD31+/C042+)

(002 £ 0.01% vs0.09 + 0.03%, p= 0.045)

No difference between CD34+/CD133+ cells 0.01 £
0.02% vs 001 + 0.02, p = 0:25) or KDR+/(D133+
(001 + 0.02% vs0.01 + 0.03%, p = 0.21)

(Mean + 5D}
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(1963 4 62 vs 436 & 30 microparticles/yL PP, P
= 0.003)

Similar number of PMP in both groups (24992 vs
26,642 microparticles/ul. PFF p = 0.83)

(Mean + SD}

Negative correlation between hsCRP and EPCs
[KDR+/CD133, p = 0029) but for other EPC
subpoptilations or microparticles

Flow-mediated dilation lower in HIV+ than HIV—
contrals (10 + 1% ve 16 + 2%, p — 0.03) (Mean
+ SEM)

Mo correlation between microparticles and FMD



Authar Primary outcomes Definition of EPC/cell Methods used o EFC levels in HIV=/HIV— Other Aindings
populations examined study EFCs
Lopez et g CEC levels, EPC levels CD45dim/CD34+/CD133— Flow cyometry Nurnbers of late EPCs similar between groups CEC No association between EPC and/or GEC and CD4
(2013 and vascular index {late EFC) level kigher in HIV-+ than HIV— [0.042 (0.027)% vs counts, Hood plasma HIV-RNA level
[CEC/EPC ratio) in 0.016 (0.011), p = 0.007)
HIV+ vs HIV- CD45dm/CD34+/C031+/ EFC levels lower in HIV+ than HIV— [0.002 (0.003)%
contrals CD133+/C0D309+ (EPC) s 0.009 (0.009), p = 0.002]; vascular index CEC/
EPC ratio increased in HIV+ vs HIV— [12(15) vs 2
3), p < 0.0001]
CD45-/D34+/CD31+/ [Median (1O8)]
CD133— (CEC)
CD45-/(D34+/CD31+/
CO133+ (immature CEQ)
Papasawas EPC frequency and c- CO34+-/KDR+ Flow cytometry Twao distinet groups of HIV+ subjects identified a HIV+on HAART maintained b
etal (2012) IMT changes aver 1 prioti: rapid IMT progressors (n = 13, Ac-IMT > frequency compared to HIV—
year in HIV+ vs 0.2 mm) and slow £-IMT progressors (slow or nio
HIV— controls ©-IMT progression, n = 53, Ac-IMT < 0.2mm};
CD133+/KDR+ Median progression of c-IMT 0.30 mm (022-041) No differences between EPC levels in HIV+ on
for rapid progressors and 001 (~0.03 to 0.12) for HAART vs HIV+ off HAART
slow progremars
CD34+/CD133:/KDR+ Baseline EPC frequency similar between rapid and EFC frequency not associated with ¢-IMT, TG,
slow c-IMT progressors mtal cholesteral, HOL, LOL or CRP
EPC Frequency in HIV= significantly higher than in  EPC frequency correlated positively with CDa= T
HIV - (p = 0.01) count
No i between AEPC over Hme
and Ac-MT
Teofili et al. CFU-EC and ECFC N/A CFU-EC and CFU-EC but not ECFC significantly lower in HIV+ Proviral DMA was detectable only in CFU-EC but
(200§ levels in HIV+ vs ECFC assays persons [number of circulating CFU-ECs in HIV+ not in ECFC
HIV— controls 0.6/25 « 10° plated cells (0-10) vs HIV— 13/25 «

Expression VEGE and
APOBEC subunits in
CFU-EC compared
to circulating
monocytes

Proviral DNA content
of CFU-EC

10° plated cells (1L9-42.5);0.4 x 107 cell {0-3); ECF
in HIV+ 0440 cells (0-3) vs 0.0 plated cells
(0-08)] [Median (range]]

Patients with HIV had significantly lower CFU-EC
than HIV— controls {p < 0.0001) but ECFC
frequency higher in BIV+ than in HIV-, dthough
differences not significant (P = 0.297)

The expression of APOBEC 3 A subunits was
significantly lower in CFU-EC than in
cireulating monocytes of HIV-+; VEGE levels
similar between HIV+ and HIV—

CFU-EC contained high levels of HIV provirsl
DNA copies

No relationship between D4+ T-cell count for
CFU-EC and ECEC ar plasma VL

cIMT = carotid intima media thickness; 5D = standard deviation; SEM = standard error of the mean; KDR = kinase insert domain receptor; VL = viral load; CEC = dirculating endothelial cells; CVDR
= cardiovascular disease risk; CFU-EC = colony-forming unit endothelial cells; ECFC = endothelial colony-forming cells; c-IMT = carotid artery intima media thickness; ECFC = endothelial colony-
forming eell; hsCRP = high sensitivity C-reactive protein; TG = miglycerides; LDL = low density lipoprotein; PPP = platelet poor plasma; PMP = platelet-derived microparticle; EMP = endothelial-
derived microparticles; VEGF = vascular endothelial growth factor; APCBEC = apolipoprotein B mRNA-editing enzyme catalytic polypeptide.
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Despite ongoing advances in percutaneous revagzatlan, coronary artery bypass
grafting (CABG) continues to be performed in a argimber of patients with over
400,000 operations reported in 2007 in the UnitedeS aloné.Though arterial conduits
are generally preferred, saphenous vein grafts §\¥@ntinue to be regularly employed.
First described by Riahi and colleagues in 19@Beurysmal dilatation of aortocoronary
SVGs remains a rare yet widely reported phenomeindeed, subsequent literature on
the topic consists almost exclusively of case respand small case series. As such, the
precise incidence of aortocoronary SVG aneurysi§¢ss) remains difficult to
ascertain, though in one case series an incidd@® % has been estimated based on a
review of over 5500 grafts at a single institutfddowever, this likely underestimates the
true figure as SVGAs often remain clinically silemd no guidelines exist to screen for
their development. Given the infrequent identificatof SVGAs, our current

understanding of the epidemiology and pathogerggsisese aneurysms remains limited.

Aneurysms are generally defined as a focal dilatadf vessels greater than 1.5 times the
proximal reference diameter; however, aneurysmatation of aortocoronary SVGs

have led to ‘giant’ aneurysm formation with repafsases exceeding 10 éfiSVGAs

are often incidentally identified on imaging, bases of rupturéfistula formation with
neighbouring anatomyand of hemodynamic compromise due to compresgion o
adjacent cardiac and vascular structures have fiepented® To date, two reviews have
been published briefly summarizing 108 cases of 85/ ** Traditionally their
management has been surgical — generally resetftitve aneurysm with or without
bypass of the affected territory. However, withimement of percutaneous techniques,

including the use of Amplatzer devices, coveredtsteand arterial coiling, the
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management options for affected patients are betwpmcreasingly diverse and

consensus on the optimal approach to managing S\V@&#Aains unclear.

Therefore we performed a systematic review of [shiglil cases as has been reported for
other very rare clinical conditions to determine ttatural history and management of
SVGAs!* & Details regarding the methodology, search strateqg results can be
accessed online (see online Expanded Methods asultRe Briefly, 168 articles

reporting 209 patients with 229 SVGAs were ideadf(Figure 1) and analyzed (online

Supplemental Table).

Interestingly, though the first SVGA case was régoin 1975 of the 168 articles (209
cases) published as of 2010, only 19 (26 case® reported prior to 1990. In contrast,
more than one third of available reports (73 cagesg published after December 2005.
This increased reporting in recent years remaitettully explained and, though many
reasons have been postulated, it is likely thatradane fully accounts for the trend.
However, given the improving long-term outcomegpatients following CABG' as well
as the increasing sophistication and use of diagniosestigations>*’ it is likely that a
growing number of patients with SVGAs and theiroassted complications will continue

to be identified.

Etiology

The mechanism responsible for aneurysmal dilataif@ortocoronary SVGs is poorly
understood though several pathophysiologies haee pmposed. Late aneurysm

formation (i.e. greater than five years after CABSielt to occur secondary to SVG
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atherosclerotic degeneration. This process conaio weakening of the vessel wall
leading to graft dilatatioi *® ° However, the transposition of a vein into arterial
circulation represents a unique setting in whictlitamhal factors may exacerbate and
accelerate these processes. One such potentiat lmetessel wall ischemia that can
occur following disruption of vasa vasorum durihg harvesting and grafting process.
Some authors have also suggested that the abrapgehn wall stress when the graft is
subjected to the high pressure and pulsatile flbancarterial system may play a role in
aneurysm formatiof® However, the delayed presentation and low inciderf¢hese
lesions would suggest that arterial pressures alahkely contribute significantly to
aneurysm formation. Rather, atherosclerotic chargyedt endothelial dysfunction and
changes in medial smooth muscle cell orientaticthénvicinity of valve sites likely play

a more pivotal role in late aneurysm developniént.

Conversely, early SVGAs have been reported withimaster of months following

surgery 22> with one case detected 16 days post-operatiVéliese early aneurysms
(i.e. identified less than 12 months following semg) undoubtedly occur secondary to a
different pathophysiology. Infection of the impladtgraft?® intrinsic weakness of the
venous wall (i.e. undetected varicositfésjechnical factors relating to conduit
harvesting, preparation, and grafting, includiogauit injury with or without

dissectiorf” 2 anastomotic suture disruptiéhand failure to reverse the SVG at the time
of grafting* have been implicated in the formation of early \$GlIndeed, early and

late SVGAs seem to be the products of unique patysiplogies that give rise to similar

clinical entities.
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Patient Demographics and Clinical Presentation

SVGAs typically arise remotely from the initial bags surgery, being identified an
average of 13 years post-CABG. In fact, in only24 .@f patients were SVGAs diagnosed
within the first year following CABG with 6.1% subguently identified between one and
five years, 21.2% between five and ten years, &8% at greater than ten years after
surgery. Though SVGAs were detected in both mennamden on average within the
sixth decade of life, SVGAs are predominantly régadin men who account for 87% of
cases — likely relating to the higher incidencatbferosclerotic coronary disease in that

population (Table 13°

Patients with SVGAs have varied clinical preseptadj but have most commonly
presented with chest pain/angina (46.4%), followgdhortness of breath (12.9%), and
myocardial infarction (7.7%). However, nearly adhof reported cases of SVGAs were
discovered incidentally, often first noted as alomalities on routine chest x-rays or
posthumously identified on autopsy. In contrasi; patients have been reported to
present with shock or hemoptysis (4.3% and 3.8@atients, respectively). All other
presentations have been noted in fewer than 3%eaottified patients (Figure 2). In
keeping with this observation, the majority of pats with SVGAs were
hemodynamically stable at presentation (55%) thowedrly 10% were unstable with the
remainder of reports providing insufficient detdadsdetermine hemodynamic stability

(Table 1).

Aneurysm Characteristics and Natural History
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In reported cases of SVGASs, the mean aneurysnmasidiagnosis was large at 60.4 mm
with the subset of cases specifically reportinguds@aneurysms documenting even larger
dimensions, averaging 68.9 n{fable ). However, though larger aneurysms may elicit
greater concern and serve as impetus for intementthether SVGAs continue to
increase in size once identified as well as thaneadf the relationship between aneurysm
dimensions and adverse events have thus far rechamexamined. We therefore
identified all publications that serially report8& GA size during follow-up. Nearly all
such cases share the common finding of aneurysmatig® > %> 3% fact, SVGA
growth has resulted in appreciable increases @igias little as six montHi$.In our
institution, for instance, one graft aneurysm carséen growing in size from 2 cm to
over 8 cm in four years (Figure 3D-F). However,uhlo SVGA growth is commonly
reported, the rates of growth appear to vary gyelttieed, in the nine cases reporting
detailed size assessments over time, considerabbgion in the rates of growth can be

seen (Figure AN 3 37, 43, 44, 49, 55, 56, 58

Aneurysmal conduits have been most commonly graétede right coronary artery
(RCA) (38%), followed by the left anterior descergl(LAD) (25.3%), obtuse marginal
(10.9%), and left circumflex arteries (10.5%). Thredominance of aneurysms in SVGs
to the right coronary distribution is intriguingn® potential explanation for this finding
relates simply to an increased frequency of use\bs to this coronary. Indeed, left
internal mammary arterial conduits are preferelytigiafted to the LAD when used,
which may lead to a relative over-representatiografts to the RCA. Furthermore,
bilateral internal thoracic arteries tend to maiterobe used on the left coronary

system’’ However, given the limited information providedtire case reports regarding
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patient anatomy it is impossible to quantify thegiuency with which venous versus
arterial conduits were utilized to graft each cangrterritory. Another hypothesis for this
imbalance relates to intraoperative technical aersitions. The RCA is often
deliberately grafted first and, due to size-matghionsiderations, with the most
proximal piece of vein and therefore the largeghsent of the harvested conduit. Thus,
at baseline, the segment of vein grafted to the R@lusually have the largest luminal
diameter. On being exposed to arterial pressuresgar luminal diameter will lead to
greater wall tension as per LaPlace’s law. Thustaibds to reason that if larger vein
conduits are utilized preferentially as graftsite RCA, this may in part explain the
increased frequency of aneurysms in this distrdsutOverall, however, though an
interesting observation, the explanation for tmslihg is likely multi-factorial and the

discussion of these potential mechanisms remasusgtive.

Because of their size and proximity to intrathocastructures, SVGAS causing
mechanical complications are well described inliteeature, being reported in 35.9% of
cases. Furthermore, likely due to the predominan@&@V/GAs to the right coronary
distribution, right-sided cardiac structures haeerbomost commonly affected. For
example, right atrial compression has been docueddnt11.5% of cases, right
ventricular compression in 7.2%, and fistula forioain 7.7% (over half of which
formed between the SVG and the right atrium). Agsor rupture, the most feared
complication of SVGAs, has been reported as a ptiegefeature in only a minority of
cases; however, it remains an important complioagigen its poor prognosis (Table 1).
As with aneurysms in other vascular beds thereagge be a positive relationship

between SVGA size and adverse events. There wasf®) size for SVGAs below
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which surveillance alone can be proposed with arssis measuring as little as 20 mm
being associated with a 33.3% event rate of a ceitgpendpoint of mechanical
complications, myocardial infarction, aneurysm tupt an/or death in cases of
conservative management, which increased to asdsi@®.2% for diameters exceeding
100 mm. Interestingly, this increased risk was preithantly driven by increased risk of
mechanical complications (not myocardial infarctiorpture, or death) (Figure 4B).
Thus, as with other vascular aneurysms, SVGAS agpeantinue to increase in size
and at larger sizes portend an increased riskptdioations. Given that event rates even
with smaller aneurysm sizes were high, these fogslimave clear implications for

surveillance and management.

Diagnostic Assessment

The goals of imaging suspected SVGAs should bemdiren the diagnosis, establish the
size of the aneurysm, and rule out common compdicatsuch as fistulisation,
compression of adjacent structures, and/or rupkughermore, clinicians should
evaluate the patency of the affected conduit arattoer grafts, the status of the native
coronaries, and assess for other indications fati@a surgery (for instance significant
valvular disease). This is of particular importagoeen the emerging role of
percutaneous interventions for SVGAs as clinicianasy be able to identify candidates

suited for less invasive management.

In our review of the literature a number of diagimosnaging modalities were employed
to evaluate SVGAs. Two thirds (66.5%) of casesiiporated cardiac catheterization for

diagnosis and/or management planning. Similarljpmated tomography (CT) was
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widely employed with 60.3% of patients undergoin €tudies with or without contrast
while only 12.9% utilized magnetic resonance imgdMRI). Chest x-rays were
reported in 54.1% of cases though in many instatimswere performed for unrelated
investigations and were not diagnostic. Echocardiog (both transthoracic and

transesophageal) were documented in only 28.2%.

Though there is no consensus regarding the opaipfaioach to the assessment of
SVGAs, as reported above, the use of coronary grajdy is highly prevalent in the
literature. However, despite few reports explicajdressing the limitations of specific
imaging modalities, a small number have describ#idulties in diagnosing and/or
delineating SVGAs via this modality due to the ere=e of intraluminal thromB# %%
For instance, in one case, the aneurysm was shtmwaamnpress both the right atrium and
ventricle using echocardiography though coronagiaraphy showed no evidence of
an SVGA. It was subsequently confirmed on CT, haveand at surgery was found to
measure 12 x 10 x 6.5 cthSimilarly, echocardiography has limitations intthat all
SVGAs can be properly imaged depending on theatlon with several reports
describing their misdiagnoses as intracardiac nsassieg the techniqu&®’ Therefore,
given the potential limitations of coronary angiaginy and echocardiography, a cross-
sectional modality such as CT or MRI should be @ygd in the initial assessment to
definitively establish the presence of an SVGA tmdssess for mechanical
complications. Furthermore, with the increasindfiprency of coronary CT angiography,
information regarding native and graft vessel amgtonay be derived in some instances

without catheterization (Figure 2A}8® Echocardiography, in most instances, would be
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indicated for an assessment of left ventriculacfiom and to rule out concomitant

valvular heart disease.

Based on our review, it therefore seems prudeairtploy a multi-modality approach
when investigating SVGAs in order to fully assdssrttrue dimensions, rule out

complications, and establish the underlying cardtatus of the patients affected.

Management Approaches and Outcomes

Due to the infrequent detection of SVGAs, approadbeéhe management of these
lesions have thus far been primarily derived frasecreports or small case series. Dieter
et al retrospectively reviewed 13 patients with \&Gtwo of which were treated
surgically and 11 of which were managed consergbtivi he authors concluded that
early surgical treatment of SVGAs did not resulinmproved short-term survival
compared with conservative managenieBtibsequently, Sareyyupoglu et al
retrospectively reviewed 16 patients who undervseingical SVGA repair and proposed
that surgical revascularization should be recomradridr symptomatic patients, for
patients with SVGAs of diameters exceeding 1 cnif graft flow is diminished”

Finally, Memon et al recommended surgical resediuth revascularization though stated

that coil embolization was a viable option in castkigh surgical risk!

On review of the literature, the most commonly mégd management of SVGASs is
surgical (58.4% of all cases) with either aneurylsmsection or ligation performed
followed by bypass grafting in cases with significenyocardium in jeopardy.

Percutaneous intervention (with coil embolizatidmplatzer vascular occlusion, or
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covered stent placement) was reported in only 1mBéases, most of which were
published within the last ten years. Interestingbnservative management was

employed in 20.1% of reports.

Despite a large proportion of SVGAs being identifiacidentally, the in-hospital and/or
30-day mortality rate in the overall cohort washthag 13.9% (Table 1). Individually,
mortality rates for reported cases of surgicalcpg&meous, and conservative
management were 13.9%, 6.1%, and 23.8%, respeacfiVable 2). Of note, as described
above, it is important to note that adverse out@ateurred in one third of cases of
SVGAs measuring20 mm, rendering it impossible to propose a ‘saize for SVGA

surveillance.

Our review suggests that both percutaneous andtalingterventions are viable
management options for SVGAs. Additionally, witke thdvent and development of
percutaneous methods, minimally-invasive intenargtiare gaining popularity. Our
findings suggest that, once identified, cliniciamgst balance the risks of observation
with those of intervention and be cognizant thaG#¥ can be expected to continue to
increase in size. However, if conservative manageiisepreferred, our results do
support the notion that smaller SVGAs can be mafely monitored than their larger

counterparts.

Management Algorithm

While comparative studies are not possible, thetesl low mortality rate for

percutaneous options is encouraging in light ofttigé risk of repeat sternotorffy
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(Table 3). Given the emerging role of percutananasagement of SVGAS, both
anatomical features and patient factors shouldbsidered in selecting the optimal
intervention. If possible, we propose that patiesisuld be assessed by a heart team
comprised of a cardiac surgeon and an intervenigiveth experience in structural
heart disease. In patients with alternative indbeest for cardiac surgery (i.e. multiple
territories requiring revascularization or concanttvalve surgery) surgical intervention
should be pursued. However, in the absence of tlesmative indications we have

proposed a management algorithm (Figure 5).

The first step in deciding on management option$S#GAs is to assess for the presence
of mechanical complications. The presence of fsstudpture, or compression of adjacent
cardiac or vascular structures renders surgergnheoption and aneurysm resection
with subsequent bypass should be performed whémitsadly feasible. However, the
majority of patients present without mechanical pboations and in these individuals
the patency of the affected vein graft should aldished. In cases in which the affected
graft remains patent despite aneurysmal dilatgieEncutaneous management with a
covered stent in patients with suitable anatomgrsfh less invasive approach while
maintaining myocardial perfusion. In this seleaigy distal embolization protection is
indicated to prevent embolization of thromBuéwith successful stenting permitting
exclusion of the aneurysfn patients with patent affected grafts in whora jnaft
anatomy is not favorable to covered stenting, safgiesection with repeat bypass

grafting should be pursued.
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In a large number of patients the affected graficiduded with proximal patency and
persistent flow into the aneurysmal segment (FigiteSupplemental Video 25.In this
subset preservation of myocardial blood supplyoisanconcern. Similarly, in patients in
whom the affected graft supplies a small territding, aneurysm neck can be occluded by
Amplatzer vascular plud§(Figure 31, Supplemental Video 3) or the aneurysm
thrombosed by endovascular coilihd® In patients with moderate or large territories
supplied by the affected graft, there may be afal@ssessment of myocardial viability.
Patients with scar in the territory supplied by tldprit SVG will not benefit from
revascularizatioff and percutaneous closure of the aneurysm coutomsdered.
Conversely, those with viable myocardium may beriedm revascularization,
particularly in cases of large viable territorl@®\lumerous studies have demonstrated
that the use of either fluorodeoxyglucose posigonssion tomography (FDG-PET),
cardiac MRI, dobutamine stress echocardiographgingie photon emission CT
(SPECT) imaging to detect hibernating myocardiam kelp predict recovery of

regional function with revascularizati8hThus, viability testing may enable the selection
of patients in whom the affected SVG supplies preidantly viable myocardium and
thus may benefit from repeat revascularizationc@frse, in patients in whom repeat
surgical intervention is not an option due to codpndities or patient wishes,

percutaneous closure of the SVGA remains the pegfarhoice.
Limitations

Ideally evidence for optimal investigation and mgemment strategies for patients with

SVGAs would be derived from randomized controlleals or large cohort studies, yet
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given the rarity of the condition it is unlikelyahsuch a study would be feasible. Thus,
we performed the current systematic review in otdesummarize the available
knowledge on this rare clinical entity. We acknadge that such an approach has
potential limitations in that it is retrospectiviedacomprised of individual case reports
and small case series. Thus, reporting bias méyeinée the available cases for analysis
— particularly as adverse outcomes following nomtdrventions or any type of outcome
after commonly used therapies, such as surgicaintient, may be less likely to be
reported. As well, given the lack of routine sciegrfor SVGAs, symptomatic patients
may be relatively over-represented in the literias they are arguably more likely to be
investigated. Furthermore, the lack of both patrantiomization to their interventions
and of standardized reporting of baseline charstites precludes a comparative analysis
of outcomes based on management strategies. Désgse limitations, a systematic
review of cases represents the only available ndetth@valuate SVGAs and provides

clinicians with the best available evidence on \Whiz base their clinical decisions.

Conclusions

SVGAs represent a rare and typically late comphecadf CABG with the potential for
significant morbidity and mortality. Our analysisggests that the risk of complication
increases with size and that, once identified,dfeseurysms continue to grow at variable
rates. Multi-modality imaging is often requireddstablish the size of the SVGA, the
myocardial territory supplied by the affected graftd to assess for complications. The
proposed management algorithm takes into accoui@npand clinical characteristics,

identifying individuals best suited for percutansau surgical intervention based upon
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the published experience. This systematic reviesvulshhelp clinicians in the evaluation

and management of patients presenting with SVGAs.
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398
Total titles/abstracts reviewed

S~ 174 —brief review of title/abstract

‘ 224

Selected for further review

7 = non-5VG aneurysm

10 - review or commentary

5 - vein graft less than 1.5x reference vessel
4 = duplicate report of same case

30 - non-English publication language

168
Selected for final inclusion

Figure 1. Outcome of literature search for ideadfion of reported cases of
aortocoronary saphenous vein graft aneurysms. S¥ghenous vein graft.
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Figure 2. Clinical presentation of patlents Wltph;anous vein graft aneurysms. Chest
pain/angina was reported in 46.4% of patients,taless of breath in 12.9%, myocardial
infarction in 7.7%, and in 32.5% the pathology wiaovered incidentally (*including
two cases discovered at autopsy). CHF: congestad failure, MI: myocardial
infarction, SOB: shortness of breath, SOBOE: slemsrof breath on exertion. Note that
values do not add to 100% as many patients prebevitie more than one
complaint/finding.
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Figure 3. Multi-modality imaging of a 66 year oldala with a history of mechanical
aortic and mitral valve replacements as well asmary artery bypass grafting with a
saphenous vein graft (SVG) to the RCA 12 yearsp{fy CT scan of the abdomen
incidentally identified a mass adjacent to the triggmtricle suggestive of an aneurysm of
either a coronary artery or a bypass graft (whiteve). (B) Coronal section from a
dedicated CT angiogram demonstrating a saphenougradt aneurysm (SVGA, white
arrow). (C) 3D reconstruction showing the relatiupsof the SVGA (white arrow) to the
right atrium and ventricle. A residual epicardiacpg wire is present (red arrow). (D-F)
Serial transthoracic echocardiograms from 2006922010 showing growth of the
SVGA (white asterisk) with further compression loé right atrium (red asterisk).
Measurements of the aneurysm were 2.3 x 2.1 cnx 3.8 cm, and 8.9 x 4.2 cm in
2006, 2009, and 2010, respectively. (G) Injectibthe SVG (blue arrow) for
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measurement of graft diameter (maximum diameté&min). (H) Injection of the SVGA
(white arrow) demonstrated no distal flow to th@é&gsed RCA. Again the epicardial
pacing wire is seen (red arrow). (I) Angiographteatieployment of the Amplatzer
vascular plug in the neck of the SVG (blue arroeindnstrates markedly reduced flow,
which is expected to resolve. Online videos avéaldtr G-1 (Supplemental Videos 1-3).
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Other surgical indication?
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Figure 5. Algorithm for the investigation and maeamgnt of aortocoronary saphenous
vein graft aneurysms (SVGAS).
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Table 1. Summary of case data

Characteristic

n (%) or mean + SD

Sex
Male
Female
Unknown
Age (years)
Men
Women
Years post-CABGT
Oto1l
>1to5
>5to 10
>10
Unknown
Graft target vessel (artery)
Left anterior descending
Diagonal
Left circumflex
Posterior left ventricular
Retroventricular artery
Right coronary
Obtuse marginal
Posterior descending
Unknown
Average aneurysm size (mm)
Pseudoaneurysm*
Suspected or confirmed pseudoaneurysm
Presence of intraluminal thrombi
Mechanical complications
Fistula
Right atrium
Right atrial compression
Right ventricular compression
Pulmonary artery compression
Superior/inferior vena cava obstruction
Left atrial compression
Aneurysm rupture
Hemothorax
Other
Presented hemodynamically stable
Yes
No
Unknown
Management
Percutaneous coronary intervention
Stent placement
Coil embolization
Vascular plug/septal occluder
Other
Surgery
Conservative
Unknown
Management-independent outcornes

181 (86.6)
25 (12.0)
3 (1.4)
65.2 + 10.5
64.7+9.9
69.2 +13.8
13.2+6.0
7(4.2)
10 (6.1)
35 (21.2)
113 (68.5)
44 (21.1)

58 (25.3)
7 (3.1)
24 (10.5)
3(1.3)
1(0.4)
87 (38.0)
25 (10.9)
8 (3.5)
16 (7.0)

60.4 £ 31.7
68.9 £ 34.4

62 (29.7)
127 (60.8)
75 (35.9)
16 (7.7)
9 (4.3)
24 (11.5)
15 (7.2)
8 (3.8)
8 (3.8)
7 (3.3)
17 (8.1)
4(1.9)
15 (7.2)

115 (55.0)
20 (9.6)
74 (35.4)

33 (15.8)
13 (6.2)
13 (6.2)
4 (1.9)
3(1.4)

122 (58.4)

42 (20.1)
12 (5.7)
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Survival 151 (72.3)
Death 29 (13.9)
Unknown 29 (13.9)

*Data based on 39 cases of diagnosed pseudoaneuwismprovided dimensions.
"Percentage values based on the total number of oasenich the data were provided.
*30-day/in-hospital mortality

Values may not add to 100% due to rounding. CABStokary artery bypass grafting;
SD: standard deviation.
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Table 2. Patient characteristics, aneurysm sizes, and owsdy management
employed*

Surgery Percutaneous Conservative
(n=122) (n=33) (n=42)
Outcome, n (%)t
Death 17 (13.9) 2 (6.1) 10 (23.8)
Unknown 15 (12.3) 1(3.0) 1(2.4)
Patient age (years) 63.1+10.3 71.7+7.7 66.0.71
Aneurysm size (mm)# 65.1+31.4 64.7 £ 36.6 51.2 +30.7
Hemodynamic stability at presentation, n (%)
Stable 67 (54.9) 22 (66.7) 22 (52.4)
Unstable 12 (9.8) 5 (15.2) 3(7.1)
Unknown 43 (35.2) 6 (18.2) 17 (40.5)

* Excludes 12 cases in which management strategges not specified
130-day/in-hospital mortality
TRefers to largest aneurysm in cases of patientsxdisaphenous vein graft aneurysm
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Table 3. Type of percutaneous intervention, patient charasttcs, and outcomes

Coil Amplatzer Other/
Covered stent embolization device combined
(n=15)* (n=11) (n=4) (n=3)'
Outcome, n (%)

Alive 13 (86.7) 11 (100.0) 4 (100.0) 3 (100.0)
Death 2 (13.3) 0 (0.0) 0 (0.0) 0 (0.0)
Patient age (years) 71.7+6.3 69.0+8.1 79.8+4. 71.3+11.9
Aneurysm size (mm) 476+286 642+31.4 1105+36.4 60.0+213

Hemodynamic stability at presentation, n (%)
Stable 9 (60.0) 6 (54.5) 4 (100.0) 3 (100.0)
Unstable 3(20.0) 2 (18.2) 0 (0.0) 0 (0.0)
Unknown 3 (20.0) 3(27.3) 0 (0.0) 0 (0.0)

* Includes one case employing a “homemade” covametic endograft”

t Comprises one case of ethylene-vinyl alcohol baper injection>® one case
employing both a covered stent and coil embolizeft@nd one case using coil
embolization and an Amplatzer vascular gfug

tBased on ten cases in which data were available

8 Based on six cases in which data were available

|| Based on two cases in which data were available
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Abstract:

Background:

Data from randomized trials has demonstrated tpersurity of bivalirudin to GPplus
heparin in patients undergoing primary percutaneougnary intervention (PPCI). Real-
world performance of bivalirudin in PPCI and thenéft of bivalirudin over heparin
remains unknown in an era of routine dual antijpéatinerapy.

Methods and Results:

From July 2004 to December 2010, 2317 consecutiends were indexed in the
University of Ottawa Heart Institute STEMI registBuring this period 748 patients
received bivalirudin, 699 patients received GPY @76 patients received unfractionated
heparin alone. The primary outcome was the ratenfcoronary artery bypass graft
(CABG) related Thrombolysis In Myocardial Infarati¢TIMI) major bleeding.
Bivalirudin significantly reduced the primary outne compared to heparin plus GPI
(2.7% vs. 7.3%, adjusted OR 2.96, 95% CI 1.61-548,001) and the composite
endpoint of death, stroke, re-infarction and méajeed (OR 1.66, 95% CI 1.12-2.45,
p=0.01). Compared to heparin alone, a reductianajor bleeds (OR 1.21, 95% CI 0.60-
2.44, p=0.59pr the composite endpoint (1.05, 95% CI 0.68-1.63,.§3Pwith

bivalirudin could not be demonstrated. Notably, on&jleeding was associated with a
five-fold increase in the risk of mortality both-lospital (3.5% vs 20.6%) and out to 180
days (5.6% vs 25.8%).

Conclusions:

Bivalirudin use compared to GPI plus heparin aamithrombotic strategy in PPCI

results in less major bleeding in contemporary ficacA benefit of bivalirudin over
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heparin could not be established with this regiatrgl requires additional investigations

to either confirm or refute.

Key words:
Primary PCI, Bivalirudin, Complications, Bleeding
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Introduction:

Primary percutaneous coronary intervention (PP@ljreatment of ST-elevation
myocardial infarction (STEMI) is the preferred tr@nt strategy in patients in whom
revascularization can be achieved within 90 to m2@utes. Indeed, in the United States
nearly 85% of patients with STEMI undergo PPCI aswvascularization strategy.
Adjuvant pharmacotherapy including oral antiplateggimen$, heparins, and
glycoprotein lIb/Illa inhibitors (GPf)* have demonstrated variable efficacy and safety
profiles in these patients. However, bleeding remai potent predictor of prognosis in
both STEMI and PClwhere implementation of bleeding avoidance stiategre
becoming increasingly importahtn the Harmonizing Outcomes with
RevascularlZzatiON and Stents in Acute Myocardifiation (HORIZONS-AMI) trial
bivalirudin use resulted in an absolute 2.9% redadnh 30 day net adverse clinical
events and 1.0% reduction in 30 day mortality wbempared to a GRllus heparin in
STEMI patients undergoing PP€EMore recently, in a comparison of bivalirudin vuess
abciximab plus heparin in NSTEMI patients, no diéfeces existed in a combined
endpoint of death, recurrent Ml, urgent revasca&tion or major bleeding; however,
bivalirudin significantly reduced the risk of majoleeding from 4.6% to 2.6%.

Clinical trials designed to demonstrate efficany gafety often exclude high-risk
patients or those patients at greatest risk of dicatpns from the studied therapy, thus
limiting their generalizability. Data from regists allow ‘real world’ evaluation of
adjuvant pharmacotherapy permitting a comparisastrategies in a broader population.
However, real-world data comparing outcomes withuke of bivalirudin to other anti-

thrombotic strategies in PPCI have yet to be regbrt
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Thus, as a high volume regional STEMI programgcivese to evaluate various
anti-thrombotic strategies in patients undergoiR§CP Specifically, we set out to

evaluate clinical outcomes between bivalirudin, Gidd heparin alone.
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Methods:
Study Design, Data Source and Patients:

The University of Ottawa Heart Institute (UOHI) regal STEMI program
services a population of approximately 1.3 milliesidents in eastern Ontarid® The
PPCI program receives patients from 9 referral alspas well as a direct transport of
STEMIs identified by paramedics evaluating patientthe field. Patients are
prospectively indexed in the UOHI-STEMI registrydademographic data, therapies and
clinical outcomes are recorded.

Inclusion in the study required a confirmed diagaa$ STEMI with the
revascularization strategy being PPCI. For the psgpf this study STEMI was defined
as ST elevation of at least 1 mm in two contigueasls on a 12 lead electrocardiogram
and presentation within 12 hours of onset of symgstaPatients were excluded if they
received thrombolytics, underwent coronary arteqyass graft (CABG) surgery
immediately as a revascularization strategy, dedliangiography, or received medical
therapy alone. Patients were classified based mvaat anti-thrombotic therapy into
three groups: bivalirudin with provisional GP1 u§&RI1, or heparin alone. All patients
received aspirin 160 mg to chew, clopidogrel 600loagl followed by 75 mg daily, and
an unfractionated heparin bolus of 60 units/kg teaximum of 4000 units at time of first
medical evaluation by a physician. Notably, thistpcol is similar to that in HORIZONS
AMI in which 65% of patients received an upfrontusoof heparin followed by
bivalirudin in the catheterization laboratory. Tedkerapies are as per our regionalized
STEMI protocol and low molecular weight heparins aot utilized. Subsequent use of

bivalirudin, GPIs, or continuing with heparin alowas at the discretion of the
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interventionalist. This study was reviewed and appd by the UOHI institutional

human research ethics board and was deemed regjuoe informed consent.

Outcome Measures & Definitions:

The primary outcome of this study was the rateaf-€@ABG related
Thrombolysis In Myocardial Infarction (TIMI) majdrieeding (defined aa fall in
hemoglobin of >5g/dL once adjusted for transfusiomtracranial bleeding)*

Secondary outcomes included a composite endpointtodspital death, stroke, re-
infarction, or non-CABG related TIMI major bleedirgtroke was defined as either
ischemic or hemorrhagic stroke resulting in a newralogic deficit of more than 24
hours’ duration as diagnosed by a treating neurstioBe-infarction was defined as
recurrent chest pain associated with re-elevatidheST segments in association with
either re-elevation of the cardiac enzymes (twineeupper limit of the normal range) or
angiographic documentation of re-occlusion of tifanct-related artery. Additional
secondary outcomes of interest included death-aa$and 180-day follow-up, bleeding
outcomes using the TIMI definitions, need for tfaisgon, and probable and definite stent
thrombosis as defined by the ARC critefidlortality is reported as both percent of
patients with available follow-ugnd as an adjusted mortality rate calculated by

censoring patients lost to follow-up at 180 days.
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Statistical Analysis:

All continuous variables were described as meastdttdard deviation) or median
(and interquartile range) and categorical variabkesumber (%), as appropriate. For
composite endpoints, all components are reportgigtigually.** For patient and
procedural characteristics, categorical variableeeveompared by Chi-square and
continuous variables by analysis of variance orsKal-Wallis test as appropriate. For
adjusted analysis of the primary and compositean&; multiple logistic regression
(MLR) was performed and odds ratio (OR) with 95%fatence intervals (Cl) and
adjusted p-values are reported. Variables in th&kNiodel were identified by univariate
analysis Supplemental Tables 1 & 2)using bivalirudin as the reference group, with
indicator variables for heparin and GPI. Independanables demonstrating a p<0.15
were retained in the final MLR models. Lastly, twaunt for baseline differences in the
cohorts, propensity scores were calculated usisglive clinical variables ifiable 1
and baseline angiographic variableJable 2 A propensity score adjusted logistic
regression analysis was then performed and adj@Rsdand 95% confidence intervals
were reported. As there were 3 treatment armsyuk@me in the propensity score
model was the treatment group. A logistic regressinodel with a generalized logit link
function was utilized to model 3 treatment armshasoutcome. All analyses were

performed using SAS software version 9.2.
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Results:
Population and Baseline Characteristics

From July 2004 to December 2010, a total of 231In&eoutive patients were
indexed in the registry from which a cohort of 2132&8ients who underwent PPCI was
included in the analysig-{gure 1). Of the patients initially transferred for PPGI7%
received thrombolytics, 2.4% underwent emergent GARB a revascularization strategy,
0.6% declined angiography, and 4.7% had medicahffyealone. Of patients undergoing
PPCI, 748 patients received bivalirudin, 699 paseaceived GPI, and 676 patients
received heparin alone.

Despite the non-randomized nature of the cohodystgroups were similar in a
number of baseline characteristics including age,ad cardiac risk factorsgble 1).
However, important differences were present betvoedorts — namely fewer patients
receiving bivalirudin (1.5%) presented in Killipasis IV compared to GPI (4.9%) or
heparin (3.7%, p<0.001). Procedure related factmtading infarct related artery,
percent of patients receiving stents, and postTRKaIl flow did not differ significantly
amongst the group3éble 2). More patients in the heparin group had a raalipiroach
employed (26.2%) compared to GPI (5.7%) or bivdinu5.6%, p<0.001). Anti-platelet
regimen, including admission and discharge aspinh clopidogrel use was similar

amongst the groups.

Clinical Outcomes

The incidence of the primary and secondary outcameseported ifable 3.

The primary outcome, major bleeds, occurred in 20T #ivalirudin patients, 7.3% of
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GPI patients, and in 3.3% of patients treated Weparin alone. The composite endpoint
of in-hospital death, major bleeds, stroke, anohfaxction, occurred in 7.6% of patients
receiving bivalirudin compared to 11.4% of patiergseiving GPI and in 9.5% of
patients receiving heparin. Other than marked hffees in the rates of major bleeding,
other components of the composite endpoint (in-iv@smortality, stroke or re-
infarction) were similar amongst the strategies.

Bleeding complications in this cohort of patienisxcommon, with 11.8%,
20.5%, and 12.9% of patients experiencing eitheapr or minor bleed in the
bivalirudin, GPI, and heparin group respectivelynifarly, patients receiving either
bivalirudin (3.1%) or heparin (3.6%) experiencegraximately half the number of any
major bleeding complication than patients receiv@® (7.4%). Lastly, the risk of TIMI
minor bleeds was also markedly lower in patients @id not receive GPI (bivalirudin
4.1% vs. GPI1 13.2% vs. heparin 9.5%). Interestindlg risk of transfusion did not differ
between the cohorts.

At 180 days, mortality in the total study populatwas low at 6.2%. However, in
patients in whom a major bleeding complication vdatified, mortality increased
significantly. Comparatively, major bleeding evemtsreased the incidence of
unadjusted mortality approximately 5 fold occurring3.5% vs. 20.6%, 3.8% vs. 21.1%,
and 5.6% vs. 25.8% during the hospitalization,Gatl8ys, and at 180 days, respectively
(p<0.001 for all comparisonBjgure 2). Notably, a numerically higher frequency of stent
thrombosis was seen with bivalirudin use (1.9% liwdin vs. 1.0% GPI vs. 0.6%

heparin).
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Adjusted analyses

Because of the non-randomized design of this stulyariate logistic regression
was first performed to identify predictors of easfdpoint and the results are presented in
Supplementary Table landSupplementary Table 2(available online). Variables with
significant association with the primary and comf@mesutcome (p<0.15) were retained in
the MLR models. In-hospital major bleeds occuressifrequently with bivalirudin
compared to GPIs (OR 2.78, 95% CI 1.53-5.06, p<D.d@ contrast, bivalirudin did not
demonstrate significant benefit when compared pahe alone (OR 1.15, 95% CI 0.59-
2.24, p 0.68). An elevated initial heart rate, @ntaMl, Killip class, and renal failure
were also independent predictors of the primargaue. A propensity score adjusted
logistic regression analysis was also performecthvijielded results similar to the MLR
analysis. In-hospital major bleeds occurred lesgifently with bivalirudin compared to
GPlIs (OR 2.96, 95% CI 1.60-5.45, p<0.0Bigure 3A). Again, bivalirudin did not
reduce the risk of major bleeds compared hepaoimea{OR 1.21, 95% CI 0.60-2.43, p
0.58).

The composite endpoint of death, stroke, re-infangtand major bleeds, did not
meet criteria for significance when comparing binalin to either GPand heparin (OR
1.49, 95% CI 0.98-2.28, p=0.06) or heparin alonk (97, 95% CI1 0.62-1.51, p=0.88),
although there was a strong trend favoring bivdimwover GPI. Notably, propensity
score adjustment demonstrated that the compositerme occurred less frequently with
bivalirudin compared to GRind heparin (OR 1.62, 95% CI 1.07-2.44, p=0.02).
However, as with the primary endpoint, no differeabserved when bivalirudin was

compared to heparin alone (OR 1.05, 95% CI 0.68;360.83).
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Discussion:

The current study is the first to compare bleedind clinical outcomes between
anti-thrombotic strategies in real-world patiemtshe context of PPCI. Compared to
GPIs, we found that bivalirudin use resulted in@24 absolute reduction in the number
of major bleeds resulting in a reduction in the posite endpoint of in-hospital death,
major bleeding, stroke, and re-infarction. In cwdy bivalirudin did not result in
significant benefit in bleeding or the compositelgnint when compared to heparin
alone. Finally, though not powered to assess @iffees in mortality, we noted a 5-fold
increase in the risk of death out to 180 days trepgs in whom major bleeding occurred
confirming the prognostic implication of bleedinges in data from randomized control
trials 1 1°

Monitoring real-world performance of antithromlmwogiharmacotherapy provides
complimentary information to results derived frohmical trials. Specifically, our cohort
included all patients presenting with a diagno$iSBEMI in whom PPCI is the
revascularization strategy of choice. This alloasdvaluation of outcomes in a broader
population and validates findings from randomizeald. Despite these important
differences, we observed a similar pattern of aute® compared to the HORIZONS
AMI study.” For example, we found a 3.8% decrease in our ceitgpendpoint (7.6% vs
11.4%, OR 1.66, 95% CI 1.12-2.45 p=0.01) when camgéivalirudin to GPI —
compared to a 2.9% reduction in net adverse clieeants in HORIZONS (12.1% vs

9.2%). Thus, our findings compliment data from HQBNS and confirm the efficacy

and safety of bivalirudin in a cohort of unselegpadients managed by PPCI.
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However, our data also permits a comparison ofanés between patients in
whom heparin alone was utilized as an antithronetsitategy — a comparison not
previously performed in PPCI. Most recently, it lh@en reported that heparin plus
bivalirudin compared to bivalirudin alone reduckd tates of death and definite target
vessel thrombosis during PPCI in the Swedish CayoAagiography and Angioplasty
Register'® Our study has two important differences. Firdtpatients (including patients
receiving bivalirudin) received unfractionated hepaipfront as part of our standardized
protocol. Secondly, our data provides a cohortadigmts in whom heparin alone was
utilized for comparison. Interestingly, in the amt study we could not detect a reduction
in major bleeding (2.7% vs 3.3%, p=0.59) or the borad endpoint (7.6% vs 9.5%,
p=0.83) with bivalirudin when compared to hepatona. Notably, while this
comparison did not meet significance, our bleedatgs and reductions in bleeding are
similar to those seen in a randomized comparisdnvafirudin and heparin in patients
undergoing elective PCI (3.1% vs 4.6%) and the tH#dkifference may simply reflect the
small sample size and resultant lack of statispoaver’’ Nonetheless, while it is
evident from the randomized data and now the custenly that GPIs increase bleeding
events in patients undergoing PPCI, the use oflibinn preferentially over heparin in
PPCI remains to be confirmed in randomized studies.

Certainly, our data add to the growing evideneg Hivalirudin confers
equivalent reductions in ischemic endpoints withraproved safety profile. For
example, Marso and colleagues demonstrated maekleattions in bleeding events when
bivalirudin was used in patients undergoing PQGhigir analysis of the National

Cardiovascular Data Registry (NCDR) — an effect mifsgd when used in conjunction

206



with vascular closure devicé$Moreover, bivalirudin use has recently been shiswn
two studies to be strongly associated with reduastio bleeding events and length of stay
in STEMI patients - resulting in the additional b&nhof a significant reduction in overall
cost of caré® ?° However, despite the abundance of evidence, arecalysis of the
NCDR database suggests only 14% of STEMI patieusive bivalirudin as an anti-
thrombotic therapy, while 65% of patients receiméractionated heparin of which 80%
receive a concomitant GPYThis suggests that the majority of STEMI patiesustinue
to receive GPI plubeparin despite the overwhelming evidence of irseddleeding.

Stent thrombosis in patients undergoing PPCI isxaeedingly rare evefit
although mortality has been reported to be as agB0% for patients with definite or
probable stent thrombosi?* In HORIZONS AMI, acute stent thrombosis occurred
more frequently with bivalirudin than GPI (1.3% ®8%, p<0.001). Subsequent analyses
of these patients have suggested that an upfrgatrimebolus and 600mg clopidogrel
loading could in part mitigate the increased riskrswith bivalirudirf: % Interestingly, in
our study all patients received upfront heparin @ogidogrel 600mg loading yet we still
observed a numerically higher incidence of acwgatghrombosis with bivalirudin
compared to GPI or heparin alone (1.6% vs. 0.6%0 8%, respectively). Though the
low event rates preclude adjustment of our obsinval data for known risk factors —
our study suggests that in a real world populaticute stent thrombosis remains a risk
with bivalirudin that remains despite upfront hepand high dose clopidogrel.

Our study has limitations, both inherent in theevational nature of the cohort
study and due to the limited sample sizes achidwest, our study is not adequately

powered to assess differences in hard clinicalayoé&s such as mortality, stroke or re-
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infarction. Accordingly, we did not observe diffaces amongst the groups on these
individual endpoints. However, bleeding complicadhave been strongly associated
with higher mortality in patients with Nft 2° and thus we elected to use non-CABG
related TIMI major bleeding as our primary endpointieed, in our analysis patients in
whom bleeding complications occurred had a 5 fotlease in risk of mortality during
their index hospitalization. Secondly, the patiemése not randomized to antithrombotic
strategies. Accordingly, we used accepted statistnodeling to control for differences
in risk factors which varied between groups whealyng our outcomes. However,
important differences in the use of radial accessted amongst the groups (26.2% in
heparin vs 5.6% in the bivalirudin group) — a magphe of difference difficult to fully
adjust. Indeed in the STEMI cohort of the The Rhdksus femorAL (RIVAL) access
for coronary intervention trial, radial access regtlla composite outcome of death, M,
stroke, and non-CABG related major bleeding frotht6.3.1% (p=0.026). Thus, this
large difference in the use of radial access irhéigarin cohort may minimize the
potential benefit of bivalirudin seen in this namdomized study. Nonetheless, despite
these limitations, the data represent the largadtworld cohort of patients undergoing
PPCI in which bivalirudin has been compared to @bB$ heparin and to heparin alone.
Finally, our results very closely replicate botlk thrends and absolute event rates seen
from randomized control trials — suggesting theliappility of their findings to clinical

practice.
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Conclusion:

Our analysis confirms that bivalirudin with prowaeal GPI use compared to upfront GPI
plus heparin as an antithrombotic strategy in pédiendergoing PPCI results in
significantly less bleeding complications. A benefibivalirudin over heparin alone
could not be demonstrated in our analysis and mesgrtai be established in this

population.
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Patients in STEMI Registry
(July 2004 — December 2010)

2317 patients

PPCI patients
2123

16 (0.7%) — Thrombolytics

55 (2.4%) — Coronary artery bypass grafting
14 (0.6%) — Declined angiography
109(4.7%) — Medical therapy alone

Bivalirudin
748 (32.3%)

GPI
699 (30.2%)

Heparin
676 (29.2%)

Figure 1: Selection of study population.Patients managed by a regionalized STEMI

program where prospectively enrolled in the Uniitgrsf Ottawa Heart Institute

STEMI registry. Patients who underwent primary R@te identified and

grouped based anti-thrombotic management usecrPatvho received

thrombolytics as a primary reperfusion strateglg [@mesentation infarctions, false

positive STEMIs, patients managed medically, orgpds revascularized by

CABG were excluded. STEMI — ST elevation myocardigrction; GPI —

glycoprotein llb/llla inhibitor; PPCI — primary partaneous coronary

intervention.
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. TIMI major bleed
30

EI No TIMI major bleed 258
25 +

206 21.4

Mortality (%)

30 day Adjusted 180 day

In hospital Adjusted

Figure 2. Effect of bleeding on in hospital, 30 day, and 8a§ mortality. Red bars
indicate patients with TIMI major non-CABG bleedshospital. Grey bars
indicate patients without a TIMI major non-CABG étkéng complication.
Mortality rates are reported for the total coharinhom follow-up is available.
Adjusted mortality rates are reported by censopatients lost to follow-up at

180 days. * - mortality is lower at 30 days du@#bients who died in-hospital but

after 30 days.
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non CABG related TIMI Major Bleeds OR (95% CI) p-values
GPI vs Bivalirudin —a— 2.96 (1.61-5.45) <0.001

Heparin vs Bivalirudin — T 1.21 (0.60-2.44)  0.59

0.1 Less Events 1 More Events 10
B

Composite Endpoint OR (95% CI) p-values

GPI vs Bivalirudin —— 1.62 (1.07-2.44) 0.02

Heparin vs Bivalirudin 1.05(0.68-1.63) 0.83

0.1 Less Events 1 More Events 10

Figure 3. Outcome of propensity score adjusted logistic regjon analysis for primary
and secondary outcomes. (A) Effect of anti-throntoetgimen on rates of non
CABG related TIMI major bleeds. (B) Effect of atiirombotic regimen on the
composite endpoint of in-hospital major bleeds thlezerebrovascular accident
or re-infarction. Boxes denote odds ratios (ORhwiites representing 95%
confidence intervals (Cl). CABG — coronary arteppass grafting; GPI —

glycoprotein llb/llla inhibitor; TIMI — thrombolysi in myocardial infarction.
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Table 1.Baseline Characteristics

Bivalirudin GPI Heparin p-value
(n=748) (n=699) (n=676)
Age — years (SD) 61.9 (13.2) 60.3(13.0) 62.9(13.7) <0.001
Males — no. (%) 539 (72.1) 523 (74.8) 473 (70.0) 0.13
Hypertension — no. (%) 344 (46.5) 328 (47.7) 325 (49.0) 0.65
Diabetes — no. (%) 112 (15.0) 135 (19.3) 119 (17.6) 0.10
Dyslipidemia — no. (%) 305 (42.0) 272 (40.2) 251 (38.6) 0.44
Smoking — no. (%) 313 (42.1) 306 (44.3) 255 (38.4) 0.09
Cardiovascular History — no (%)
Ml 87 (11.7) 91 (13.3) 84 (12.7) 0.64
CABG 15 (2.0) 31 (4.4) 25 (3.7) 0.03
PCI 61 (8.2) 69 (10.1) 64 (9.7) 0.44
Stroke 50 (6.7) 29 (4.2) 48 (7.2) 0.05
Killip Class — no (%) <0.001
I 682 (91.2) 591 (84.5) 572 (84.6)
Il 45 (6.0) 64 (9.2) 68 (10.1)
1l 10 (1.3) 10 (1.4) 11 (1.6)
\Y, 11 (1.5) 34 (4.9) 25 (3.7)
Systolic BP — mmHg (SD) 137.1 (28.0) 132.8 (28.0) 136.4 (29.9) 0.01
Diastolic BP — mmHg (SD) 81.1 (17.7) 78.6 (17.4) 79.7 (17.7) 0.03
Heart rate — beats per minute (S 78.8 (20.6) 76.2 (19.7) 77.1(20.5) 0.05
BMI — kg/n?* (SD) 27.7 (5.1) 28.0 (5.2) 27.2 (5.3) 0.01
Renal Function
GFR — MDRD (SD) 73.7(22.3) 74.3(26.6) 71.3(23.8) 0.06
Door to balloon time — minute 94 (69-133) 97 (69-133) 105 (79-135) <0.001

(IQR)

GPI — glycoprotein llb/llla inhibitor; MI — myocaial infarction; CABG — coronary

artery bypass grafting; PCI — percutaneous coroméeyvention; BP — blood pressure;

BPM — beats per minute; BMI — body mass index; GHgtomerular filtration rate;
MDRD — modification of diet in renal disease; SBtandard deviation, IQR — inter-

guartile range
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Table 2.Procedural Characteristics and Complimentary Médibarapy

Bivalirudin GPI Heparin p-value
(n=748) (n=699) (n=676)
Infarct Artery — no. (%) 0.66
Left main 4 (0.5) 3(0.4) 3(0.4)
Left anterior descending 304 (40.6) 291 (41.6) 270 (39.9)
Circumflex 99 (13.2) 96 (13.7) 85 (12.6)
Right coronary artery 331 (44.3) 300 (42.9) 308 (45.6)
Unknown 3(0.49) 0 (0) 0 (0)
Saphenous vein graft 7 (0.9) 9(1.3) 10 (1.5)
Revascularization — no. (%)
Stent 731 (97.7) 680 (97.3) 663 (98.1) 0.62
Balloon angioplasty 17 (2.3) 19 (2.7) 13 (1.9) 0.62
Aspiration device 395(53.2) 177(28.0) 122 (20.2) <0.001
CABG in hospital 19 (2.5) 9(1.3) 9(1.3) 0.39
Multivessel disease — no. (%) 429 (57.4) 382 (54.6%) 373 (55.2%) 0.54
TIMI Flow Pre PCI — no. (%) 0.36
0 443 (59.2) 386 (55.2) 368 (54.4)
1 52 (7.0) 67 (9.6) 54 (8.0)
2 96 (12.8) 98 (14.0) 104 (15.4)
3 157 (21.0) 148 (21.2) 150 (22.2)
TIMI Flow Post PCI — no. (%) 0.22
0 6 (0.8) 6 (0.9) 8 (1.2)
1 2 (0.3) 9(1.3) 5(0.7)
2 32 (4.3) 36 (5.2) 23 (3.4)
3 700 (94.6) 644 (92.7) 636 (94.6)
GPI - no. (%)
Eptifibatide 23 (3.1) 412 (58.9) 0 (0) <0.001
Abciximab 33 (4.4) 287 (41.1) 0 (0) <0.001
Access — no. (%)
Radial 42 (5.6) 40 (5.7) 177 (26.2) <0.001
Discharge medications
Aspirin 713 (99.0) 660 (98.4) 630 (98.4) 0.50
Plavix 708 (98.3) 657 (97.9) 626 (97.8) 0.76
Coumadin 68 (9.4) 93 (13.9) 104 (16.3) <0.001
B-blocker 690 (96.0) 551 (94.8) 518 (93.2) 0.08
ACE Inhibitor 602 (83.6) 587 (87.5) 540 (84.4) 0.10
ARB 49 (6.8) 22 (3.3) 26 (4.1) <0.001
Statin 706 (98.1) 643 (95.8) 624 (97.5) 0.04

GPI — glycoprotein IlIb/llla inhibitor; TIMI — throtmolysis in myocardial infarction;
CABG - coronary artery bypass grafting; ACE — atgisin converting enzyme; ARB —

angiotensin Il receptor blocker.
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Table 3.Unadjusted clinical outcomes

Bivalirudin GPI Heparin
(n=748) (n=699) (n=676)

In Hospital Outcomes — no (%)

Bleeding
TIMI Major non CABG 20 (2.7) 50 (7.3) 22 (3.3)
TIMI Major CABG 3 (15.8) 3 (15.8) 2 (22.2)
Any Major Bleed 23 (3.1) 52 (7.4) 24 (3.6)
TIMI Minor 65 (8.9) 91 (13.2) 63 (9.5
Any Major or Minor Bleed 88 (11.8) 143 (20.5) 87 (12.9)
Transfusion 31(4.1) 36 (5.2) 32 (4.7)
Clinical outcomes
Death — in hospital 28 (3.7) 28 (4.0) 36 (5.3)
Stroke 12 (1.6) 4 (0.6) 11 (1.6)
Re-infarction 14 (1.8) 9(1.3) 5 (0.6)
Composite Endpoint 57 (7.6) 80(11.4) 64 (9.5
Stent Thrombosis — no (%) 14 (1.9) 7 (1.0) 4 (0.6)
ARC Definite 12 (85.7) 7(100.0) 4 (100.0)
ARC Probable 2 (14.3) 0 (0.0) 0 (0.0)
ARC Acute (<24 hours) 12 (85.7) 4 (57.1) 2 (50.0)

ARC Subacute (1 -30 days) 2 (14.3) 3 (42.9) 2(50.0)
Mortality — no (%)
30 day 27* (3.7) 29 (4.3) 38(5.7)
180 day 40 (5.9) 42 (6.1) 50 (7.6)
GPI — glycoprotein lIb/llla inhibitor; TIMI — throfmolysis in myocardial infarction;
CABG - coronary artery bypass grafting; ARC — acaideresearch consortium.
* - one patient died after 30 days but in-hospital
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Circulating Endothelial Progenitor
Cell Levels Are Not Reduced in
HIV-Infected Men

Cecilia T Costiniuk, > Benjamin M. Hibbert?3 Lionel G. Filion.?
Colin M. Kovacs,® Erika Benko,® Edward R. 0'Brien?? and Jonathan
B. Angel! =4

'Divizen of infectios Diwasss, Dapasdment of Madicne, Tha Otawa Homital,
"Dapartmant of Bochamistry, Mcrobiolngy and Fmmunalogy, and Daisan of
Cardimingy, Dapartnant of Madicing, The Ottewa Hospital; and Yttawa Hampital
Fessarch Instituta, Canada; and SManis Lasf Madica! Clink, Taront, Ontario,
lanada

Reduced levels of endothelial progenitor cells (EPCs) have
been associated with increased cardiovascular (CV) risk, buat
limited data arc avalable on EPC levels in the human
immunodeficiency vims (HIV)—infected population. EPCs
(CD45™CD3 " /kinase domain receptor’) from 36 HIV-
uninfected and 30 antiretroviral therapy—naive HIV-infected
men without known CV risk factors were enumerated using
flow cytometry. The mean EPC levels (+ standard error of
the mean) were 1.4 £ 0.5 cells/pL in the HIV-infected group
and 37 £ 2.2 cells/pL in the control group (P = 92), EPC
levels were not asseciated with disease parameters, such as
(4 cell count or viral load. Reductions in EPC levels do
not scem to explain the increased risk of CV discase among
HIV-infected men,

Epidemiologic studics have shown that rates of cardiovascolar
(CV] events among human immunodehcency virus (HIV |-
infected individuals may be increased by 3-fold, compared with
the peneral population [1], thus making CV disease a signifi-
ant threat o longevity in HIV-anfected individuals. Becanse
mdothdial dysimdion is an early marker of atherosclerosis
and crres predictive vahee for CV events, it has been supgested
that endothelial dysfundion may provide a link between HIV
infection and atherosclerosis, Furthermore, it has already been
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demonstrated that endothelial fundion is impaired at various
stages im HIV infection [ 2].

Endothdial progemitor cells (EPCs) are a arculating pro-
genitor population thought to be involvad in vasmbr home-
stasis, For emmple, they ply 2 role in endothelial repair by
homing to sites of injury and directing repair either through
direct incorporation into the endothelivm or by secreting
proangopgenic paracrine factors [3]. Hill et al [4] frst dem-
onstrated a correlation between the number of circalating EPCs
and patients’ combined Framingham risk scores. Spedfically,
they demonstrated that levels of drcolating endothelial cells
were a superior predictor of vascular reactivity, compared
with the presence or absence of conventional risk factors, and
sugpested that levels of EPCs may be a surrogate biclogic
marker for vascular lunction and cumulative CV risk These
findings have bem corroborated by others, and it is well es-
tablished that patents with reduced levels of EPCs have more
frequent CV events {5].

Our objective was to determine whether there is a difference
in EPC levels between HIV-infected and uninfected men. If
a difference between theie 2 populations were to be demon-
strabed, this may provide new insight into the mecha nisms by
which HIV mnfection accderates atherosclernsis,

METHODS

Paricipants

Patients were highly active antiretroviral therapy (HAART)-
natve HIV-infected mm attending the Ottawa Hospital [m-
munodeficiency Chnic in Ottawa, Ontario, or the Maple Leafl
Medical Clinic in Torento, Ootarie, Control suljects were HIV-
uninfected men recruited ffom the same ates, Patents and
control subjects were mroled on a consecutive basis. Indusion
criteria included ape of 2040 years and either having never
smoked or abstinence from smoking for =3 months bodore
enrollment, Exdusion crterta were selected to exclude medical
conditions or medications known to infleence FPC levels,
These included a history of coromary artery disease, myocar-
dial infarction, symptoms assodated with atherosclerosis or
active ischemia, stroke or symploms supgestive of transient
ischemic attack, diabetes, hypertension, dyshpidemna, con-
ditions in which nevvascularization may be present (cancer or
retinopathy), hepatitis B or C, or any other chronic infection
or aoute llnes, Use of medications kmown to infiuence EPC
levels, including statins, angiotensin converting enzyme (ACE)
inhihitors, glitazones, or granulocyte-colony stimulating Bctor,
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was also an exclusion criteria. We included only men in this
small study, bocause estradiol dose dependently increses levels
of EPCs, and drculating progenitor popubitions wvary
throughout the menstrual cycle

Al participants underwent 2 detailed assessment of cardiac
risk and physical cxamination, inchiding blood pressure, haght,
and weight measurements, All individuals had blood samples
wlledted for complae blood oll count, fasting lipid profile,
hood ghucose level, erythrocyte sedimentation rate (ESR}, and
C-reactive protan measurement In HIV-infected individuals,
D4 odl count and plasma viral load were measured if values
ohtained within the previous 3 months were not available
Whole blood was olleded in ethylmaliaminetetraacetic acid
for EPC analysis. Approval was obtained from the respecive
institutional research ethics boards in advance, and all partic-
ipants provided written informed consent.

EPC Enumeration

Blood simples wore analyzed within 24 hours afier colledtion
with wse of 5-color Bow cptometry. In brief, EPCs were pre-
defined as CD45""FCD347 /kinase insert domain receptor
(EDR)T based on currently accepted definitions |6, 7]. We also
chose to examine CD454"YCD3T/CD117T and CD45M
CD34*/CD184™ progenitor populations, because CD117% and
CD184Y are the ograte receptors for stem cell factor and
stromal derived factor-1, respectively, both of which have
beem shown to have imponant roles in EPC unction. Whole
blond underwent red blood cell lysis with IOTEST 3 hysing
solution { Beckman Coultert. Antibodies for CD45-Pad fic Blue
(Bockman Coulter; clone [.33), CD1I7-PCY (phyaerythrin
cranin 7} (Beduman Coulter; done 104D2D01}, CDI84-APC
{allophycocyanin} (BD Pharmingemn; clone 12G5), CD133-PE
(phycoerythrin} (Miltenyi Biotec; clome ACI33), and CDM-
ECD {Phycoerythrin-Texas Red) (Beckman Coulter; clone 581}
were used in this study, All low cptometry was performed on
a Cyan ADPY cytometer (Beckman Coulter), and data were
malyred usng Kaluma (version 1.1; Beckman Coulter ), All fiow
cytometric data collecion and analysts were performed i
a central laboratory by an investigator blinded to the seros-

tatus of the study partictpants,

Statistical Analysis

The sample size was caloulated on the basis of the reults of Vasa
et al [8]. With an & of .05 and a power of 9%, we determined
that 23 indnviduak per group would be required to detect
a 50% deaese in mean EPC level in HIV-infected individuals,
We sought to enroll 2 minimom of 30 individ uals per group
o facilitate the shudy of potential correlates of EPC levels in
HIV-infected peramns. Baseline charactenstics are expressed as
means * standard deviations and EPC data are expresed as
means * sandard error of the mean, For normally distributed
data, comparizons were performed using a 2-tailed ¢ test. For

Table 1. Baseline Characteristics of HIV-Infected Patiems and
Control Subjects
H-Infectad Control
Patients Subjects

Charactaristic In =30 In = 361 P
Ags, i L6 J0zx4 05
EnI 2556 398 2461252 15
TG, mmalL 1542001 1132065 01
HDL, mmaiL 088 £ 0.27 1322025 .
LDL, mmaiL 243> 088 266 > 1.06 N
Total cholestenol, mmoiL 4.07 = 0.92 4472114 .15
Fazting glucose, mmoll 449 = 0.97 418081 23
ESR, mm¢h 1032 1785 389x692 02
CRP, mgl 196 = 2.83 154 + 406 91
Blood prezsure, mm Hg

Systaic 12513 120=8 05

Diastoic M7 73x8 i]
Famity history of premature 820 4{11) A2

CAD, No. (%)
Racefathnicity, No. (%]

White 18:(80) 25 (B3] -8

Ot her 12 (40) 1131) 58
HIV parameters

Codl oell count, callsjjl 478 = 303

C04 eell parcantage 251 =85

CO4-C08 cefl ratio 056 £0.33

Viral load, logia copiasfmL 385 1.0 ik

Tima sinoe HA diagnos=is, y 30x23

Data de means * shandaed devatons, ke ofenaeses ndcated
Alfwaviatans: B body o index imsasued @5 weidhl 0 sdogams
devided by s of height m mekess)) CAD, codonary Slery deseass; CHP
Creaciive paotest, ESR, enhaocyte sedimeniation rate: HDL hagh-densiy
Epopratan; HIV, hurman srmaned@hcency wius, LDL low-densty ipoproten;
TR, trghyeaduie

nonparametric stabistical testing, a Mann—Whitney rank sum
test was used. For correlational amalysis, Fearson correlaion
cocfhcients are reportal. Al statistical testing was performed
using Sigma Stat sofiware (version 3.5).

RESULTS

Baseline Clinical and Laboratory Profiles

Samples were obtained from 30 HIV-infecled men and 36
healthy arntrol subjects, Twenty-two HIV-infected men and 28
HIV-uninfected control subjects were enrolled from The
Ottawa Hospital, and § HIV-infecied and 8 HIV-uninfected
men were enrolled from the Maple Leal Medical Clinic HIV-
infected men had a significantly higher mean trglyceride level
than did control subjects ( L54 = 071 s 113 % 0,65 mmol/L;
P = 009} and a higher mean ESR than did centrel subjects
(1032 + 17.85 vs 3.89 = 6,92 mm/l; P = .015). Otharwise, the
2 groups were similar (Table 1) The mean CI4 @l count and
CD cell percentage in HIV-infected men at the time of study

Fid » JID 2402205 (1 March)  BRIEF REPORT
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Circulating endothelial progenitor cell (EPT | levels are not reduced in human immunodef iciancy vines (HIV] infection. 4, Representative gating

strategy used for rase collanalysis. 8, CIM5°™/CO34 T XDR™ cells in HIV- infected and healthy men. & CO457/CO34*/CO117 cebls in HIV-infec ted and
heslthy men 0 CO457™/ L0347 LO1BA™ collsin HIV-infected and heatthy men. Data are presented as means + standard enor of the mean fn = 30 for
HN-infected patients and n = 38 for control subjects; P > 05 for all compasisons).

emrollment were 478+ 302 celkfpl. and 25% *+ B5%, re-
specively. The mean CD4-CDE cell matio was 0.56 & (L33 The
geometric mean viral load at siody enrollment was 386 & 1.01
log, copies/ml, and the mean time from diagnosis of HIV

infection to enrollment was 3+ 2.3 years.

EPC Levels in HIV-Infected Men, Compared With Heal thy Control
Subjects

We a priori defined EPCs in this study as CD453™/CD34 %
KDR™ cells and enumerated them using a validated muodifi-
atbon of the International Society of Hematotherapy and

Grafi Engmerring (ISHAGE) protocol (Figure 1A4) [7]. With
use of this definition, mean FPC levels were 14+ 0.5 cells/pl
in the HIV-infected group, which was not significantly dif-
ferent from those in the control group (3.7 = 2.2 cellsfpl;
P = 92} (Figure 1B). We also analysed levels of Ch453my
CD34¥/CD184™ and (D458 0034 *ICD117" as 2 second-
ary end point, Similar to KDR™ cells, levels of CDI1177 pro-
genitors (3.0 = 7.3 vs 35.1 & 5.4 cells/pl; P > 05} (Figure
1C) and CD184 T progenitors (5.5 + 22 vs 6.6 = 1.7 cells/pl;
P = 05) (Figure 10) did not differ between HIV-infected men
and control subjects. In the overall cohort, EPC level did not
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wrrelate with age, C-reactive protdan level, ESR, or either
coisst or CDUITT progenitor populations. Recently, da
Silva et al [9] reported lower numbers of CD34F/KDR™ cells
in HIV-infected HAART -naive paticnts. We replicated their
method of EPC enumeration by excluding gramulocytes (as
would be lost with Ficoll iselation) and enumerated CD34 %)
KDR™ cells as a percentage of the remaining cells. Aswith our
astablished definition of EPCs, the proportions of CD 34" DR
cells did mint differ between HIV-infected patients (0006 £ (L001)
and healthy control subjects (0012 * 0.00% P = 273},

EPC Levels and Parameters of HIV Infection

Although no differences exsted between healthy control subjecs
and HIV-infected individuals, we paformed an exploratory
analysis examiming disease-rebted parameters and EPC levds,
Specifically, we wished to determine whether any rdationships
existed hetween absolute CDM4 cell count, log,, viral load, and
ime since diagnosis of HIV infedtion with EPC levels. In our
ahors, ne correlation could be established between any of
the aforementioned parameters and CD45V™/CD34* (KDR*
mdothelial progenitors.

DISCUSSION

Despite the strong association between EPC levds and OV
oulcomes in the general population, we did not find a difference
in EPC levels between HIV-infected and uninfectad men in this
ase-control study. Furthermore, EPC levels did not appear to be
associated with dissase paramelers, such as CD4 edl count or
wviral load,

To our knowledge, only 2 studies have been published ex-
amining the ink between EPC levds and HIV infection. Teofili
e al [10] examined 14 antirdroviral therapy—naive HIV-
infected men and women and 15 HIV-uninfeded control
subjects. They demonstrated that colony-forming unit endo-
theial cell (CFU-EC) progenitors, bul not endothelial colony-
forming cell (ECFC) progenitors, were markedly reduced
in HIV-infected patients and that proviral HIV DNA was de-
tectable only in CFU-ECs but not in ECFCs. There are many
differences between our study and that of Teofili and col-
leagues that probably explain the divergent results, First, only
cell culture techniques were performed in their study, whereas
we used fow cytometry, thereby not allowing for a direc
mmparison between resolts, Furthermore, the authors noted
differences only in CFU-ECs but not ECFCs; of interest, CFU-
ECs have been shown to nol be true EPCs, whereas BCFCs
are clonally distinct and retain the ability to form blood
vessels [11]. Thus, in their study, Teofili et al [10] did not
demonstrate a difference in the population most important
to neoangiogencsis—a finding similar to ours: In addition,
our populations differed, because we excluded women, to
avoid the confounding effects of estrogen, and included only

younger patients, to avoid the potential influence o fsubdinal
atherosclerosis,

The second study involving HIV-infected individuals by da
Sitva et al [8] examined the reltionship betwesn EPCs, defined
zs mononuclkear cells expressing CD34 and KDR and flow-
mediated dilatation, a swrrogate marker of emdothelial dys-
function. Participants were antiretroviral therapy—naive men
and women. OFf note, in contrast to our study, da Silva and
colleagues found that individuals with HIV infecion had
lower EPC levels than did individuals without HIV infection,
a result that probably reflects important differences i tech-
miques. Enumeration of rare cell populations requires controls
and standardization of protocols to ensure inter- and intra-
laboratory reproducibility [7]. Accordingly, the ISHAGE
protocol, as used in the presemt study, was developed and
vilidated for clinical application and, in turn, has been ap-
plicd to EPC enumeration [6, 7]. Furthermore, in our assay, we
used red blood cell lysis enabling determination of accurate
reporting of CO4 5™ CD34* /KDR™ cells per volume of blood.
In contrast, da Silva et al [8] isobted mononuclear cells with
use of Ficoll gradient centrifugation, which allows for the de-
termination of the proportion of specific cell populations but
not the absolute number of cdls per volume of blood. None-
theless, we were able to replicate the analysis performed by da
Silva and olleagues and did not observe any differences be-
teeen the populbtions.

Althoupgh we did not obsave a diference in EPC levels, it
remains possible that HIV infedtion is associated with altered
fundional aspects of EPCs Diabetic adults, whose nsk of CV
disease is also increased, have EPCs with decreased adhesive and
proliferative properties, attenuating the propensity of their
EPCs to incorporate into wvascular structures, Similarly,
functional properties of EPCs are known to be important
clinically, with higher rates of in-stent restenosis and delayed
arterial healing being linked to lower adhesiveness [12]. OF
note, HIV-infected men have been shown to have higher
rates of in-stent restenosis [ 13], Thus, although levels of
EPCs appear to be unaffected by HIV infection, the effects of
HIV infection on EPC qualitative properties remain to be
established.

Another posdable reason for the lack of differenee between
groups may relate to the fact that the HIV-infected individuals
in our cohort were relatively early in the course of disease, with
relativdy preserved immune function (mean €4 cell count,
478 cells/ul ), Previous studies have demonstrated increased
imtimal medial thickness with CDd cell counts =200 cells/pl,
[14], and findings of various studies have suggested an assod-
ation between lower CD4 cell munts and higher viral loads and
incidence of CV events [15]. It therefore remains possible that
decreased EPC levds and, thus, increased risk of CV discase are
not observed until there is a significant decrease in CDd cell
count.

TG = JID 2012205 (1 March) « BRIEF REPDRT
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In conclusion, EPC levds were not observed Lo be significinty
reduced in HIV-infected HAART-naive men with relatively
preservad immune fundion, The increased sk of CV disease
assoctated with HIV infection therefore cannot be attributed
o reductions in FPC levds on the bass of our data, Because
current smokers, individuals with established CV risk Bctors,
and individ uals recerving HAART were excluded, this conclusion
applics 1o HIV-infected individuals who are HAART-naive and
free of established CV risk factors
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Unprotected Left Main Coronary Artery Stenting With
Zotarolimus (Endeavor) Drug-Eluting Stents: A Single
Center Retrospective Experience

Trevor Eﬁﬂrd, BSe, Bmu!mln Hibbert,"* mo, Al.m -Yeong Chong,’ mo,

PeterFIuclun

'MIJ, Michel Le May,” mp, Marino Labinaz,” mo, Michael Froeschl,” mo,

Damlr. So,” mp, Christopher Glover,” mo, Jm-anmis Mamquis,’ mo,

and Edward O'Brien,””" mp

Objectives: To report the safety and efficacy of sotarlimus eluting stents for teatment
of unprotected left main coronary srery disesse. Backgrmund: Percutaneous stemt
ingerion is an incressngly populsr sltemative to bypass surgery for the mansgement
of left main [LM] cornary arery disesse. While data support the use of simlimus- and
paciitaxel-copted slents in the LM coronary artery, there are no published sedes
reporting results with Endesvor (zotsrofimus) stemts, particulady in the comext of
unprotected left main [ULM) lesions. Meth ods: We retro spectively iden tifisd 40 consec-
uthe patients wiho hed ULM disease treated with Endesvor stents ZES and who had
follow-up angiography. The pimary endpoint was the prevalence of major sdverse car-
dise evernts (MACE), including cardisc/unexplained desth, nonfatal myocardisl infare-
Hon (), and in-stent restenosis (1SR) target lesion revasculardizstion (TLR). Resuits:
Anglographic and procedural success was achieved in all cases, Follow-up anglogra-
phy occurred on awerage 5.8 = 0.9 monthe after the index procedure. There wene three
incide nces of ISR requirdng TLAR and another patient who had a NSTEMI in the ollow-
up pedod, Al late follow-up ({24 = 1.5 months) three patients underwent CABG [one
for RCA stenosis) and four patients died without knowledge of the status of the ULM
slent ftwo cardiovascular and two desths relaled to cancer progression) Conclusons:
In conclusion, our experience with Endesvor slents for the treatment of ULM dizesse
demonsirates excellent angiographic and clinical outcomes, with a 7.5% SR/TLR

rate and 8 15% MACE rale, respectively, al an aversge clinical follow-up of 12.4

mantihs. £ Btk Wiksy Peso deals, b

Key wonds: left main unprotected; zotamlimus; endeavor; DES; PCI

INTRODUCTION

Percutanesss coromary  intervention (PCT) mutimely
inwvolves the deplovment of stents mnd is mnnually per-
formed in more than thres million patients worldwide.
To o large extent, bare metal stents have besn super-
seded by drug-coated stents that have a lower inci-
dence of m-stent restencsis (ISR} and need for target
esion revascularization (TLR), [12], Traditbonally,
coromary artery bypass surgery (CABG) has been con-
sderedd  the pold-stmdond  treastment for - obstructive
disease in the left moein (LM) coromry arery [3]
However, recent dats demomsirate mn accepiahle safely
mofile fir both LM and unprotectsd LM (ULM) PCL
with percutsneous réevascularization of ULM  lesions
becoming common  practice, though this data are
fmitedd to first pereration dug-eluting stents (DESs)—
sirofimus (SES) and paclitnael (PES) eluting stents [4—
9]. For example. the recently published SYNTAX trial,
o rondomized comparison of CABG versus PESs for

i 2012 Witey Periodicals, Inc.

revascularization of severe coronary artery  disease,
reported comparahle rates of mugor adverse cordine and
cerehmovascular events (MACCE) s 1 year in oo
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subgroup malysis of LM cuses [4]. However, the per-
culansous group maintmned o higher mie of epeat n-
vasculurization melative o the surgical am, o trend also
seen  in other mete-analyses  specifically  addressing
ULM cases [4,00,11] Recently, the American College
of  Cardiology/American Heurt  Assocution  {(ACC/
AHA) changed the recommendation for PO of LM
lesiong from clasg T o clagy Thh, such that LM PCT s
o lomger restricted 0 nonsungical candidmes [12].
Despite evidence supporting first penetation DESs
for ULM PCI, there is limited date on 2otarolimus-elu-
ing stents (ZESs) for ULM PCT [13,14]. Stodies in ani-
mitl models suppests ZESs may provide @ more appeal-
ing safety profile for ULM nterventions, given their
diminished inflammatory response and enhanced strun
rendothelialization when compared to first generation
DESs [15]. Indesd, the mors potent inhibition of neoin-
timal fomation by SESs may be haardows—particu-
lorly if this leads o positive remodeling—a nsk factor
for incomplete stent apposition and late stent thrombao-
sis [16-18]. Conversely, some have argued agumst the
use of ZESs bechuse, in some series, they do not limit
meointimal formation o the same depmee as SESs and
may result in greater late lumen loss [14], Hence, as o
high volume PCT center, we elected to review the clini-
cal oulcomes of our patients: that mderwent inserion
of ZESs m ULM coronary arferies.

METHODS

We minmpectively identified. from ~28 000 patients
who underwent angiography o the University of
Outawn Heart Institnte from June 2005 o March 2000,
337 putients who had PCI performed mvolving their
LM artery. From this imitial cobort of 337, a further
subset of 53 patients was selected with ULM  disease
treated with Endeavor (zolarolimus) drug eluting stents
(ZES). This was then further norrowed to those who
moeived follow-up sngography, o ultimately vield a
final cohort of 40 ptents who received ZESs o ULM
urferies with follow-up mngiography. as per Fig L
Those who received ZESs for disease n neighboring
vessels that extended into the ULM wene also included
m our amalysis, including ostial circumflex (Cxp oor
wstind left antedor descending (LAD) vessel diseuse,
Presence of other tvpes of ULM stents, shock at pre-
sentution, or moomplete medical reconds were consid-
ered exclusion enterion.

Indications for angiography ranged from  acute
coronary  syndrome (ACS), defined a8 those patients
being evalusted for ST-segment elevated myocardiol
infurction  {(STEMI), non-ST-segment  elevated  MI
(NSTEMI), or unstable mgima (UA) o thos with
stable anpma with or withowt high nsk noninvasive
Catheledzation and Canfiovascoler Interventomns DO 10, 1002fced.

Tutn] Ledt Moin Seend
Rkr

231 - W Enfenvor ssevrs smylamod
1ike = Exclusion criteria
Sheck
Incomplen: medical records
MuBtiple #tent types pliced in LM anery

Selected Unprotected Left Main
53

Lack of follove-up ang ingrophy die o

ts~ chranic ksdney disease

5 — st discormerted

[ = st relisead, hivweser bl alive @ fiss 1o
£ — performed at anpthes centre

Unprotected Left Main
+ Follow-up Angiceraphy
4

Fig 1. Study design and method olo gy

imaging. Cuses were collected from miltiple operators
utitizing both femoral and radial arery approaches.
Interventional techniques mmd medications were wsed ot
the discretion of the mdividunl opemios in accordance
with current climcul puidelines, including the use of
rotutwonal atherectomy,  intrasorfic balloon pumps
(TABPs), intravascular ultrasound (TVLFS), and pglyco-
protein ThTla mhibiters, ULM lesions were localized
s being ostial/shaft or distalbifurcation lesions. while
the presence of multivessel disesse versus isolated
ULM disease was also reported. Angiographic success
wis defined as slenosis less than 206 and TIMI
(thrombaolysis in myocardial infarction) 3 fow in the
target vessel [1920]; Procedural success was defined
o4 the absence of procedural complications or major
adverse cordine events (MACE) in the setting of angio-
graphic success. Procedural time was reported accond-
ing to the time recorded on the cathelerization reports,
while postpmcedural inhospital stay Tosted from index
procedurs until discharge foom hospital .

Following the index intervention, palients wene
maintymed on dosl sntiplatelet therapy consisting of
eneric-couted  soetylsalicyclic acid (EC-ASA) indefi-
nitely and clomdogrel (Plavix) for a minimum of 6
mamths, Review of records did not indicate discontinu-
ation of medications during  the  follow-aup  period
Follow-up surveillance snmography wis recommended
at 46 months post ndex PCL ULM ISR was defined
iy stenosis >50% within the ULM stent on follow up
angiography, while TLR included any  intervention
(surgical or percutaneous) for disease of the index
lesion in follow up. Patient dats and specific procedural
information  were  collected from  review of each

PFohilnhed on hehal{ of The Socety for Candiovascubr Angiogophy ond Interventinms {SCAT),
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TABLE |. Basedine Charscledstics

Unpmotected Left Main Zotarolimus Stenting E17

TABLE IL Procedural Characteristics

Tzl patients 40
Age 636 + 1.9
Wale MBS
Risk Gciors
Smeking 20 510
Dizhedes mellizm 12 (3
Hyperiension 27 (67.5)
THyperlipidamiz X (T7 5
Medications
ACE mhihsor 2l {52:5)
Betz hlocker MBS
Singin I5(ET5)
Cligmick gred I5(RT5
Ammrin I5(ET S
Inden procedure mndication
Sizhle electve procedime 2 (S0
Aome conmary syndrome 20 {5y
STEMI 3 (1.5}
NSTEMI 9.{I2.5)
TA T{175
Rescoe PCT L {Z5)
Mean | sindand e, Mumber of patens (pecenoge).
patient’s  medical record  The follow-up  period

extended from the time of the surveillance angiopram
i the lost available climical evolustion. Our primary
endpiint wis the evaluation of MACE, as defined by
cordiae or unexplained death, nonfatal myocardial
infarction (MI), mnd TLR due o ISR of the target
st oo,

This study was conducted m accordance with the
puidelines set out by the Otawa Hospitnl Human
Research Ethics. Boanl, with all patienty providing
informed consent.

RESULTS
Patient Characteristics

Foaty comsecutive patients wene identified from the Uni-
versity of Ottwwn Head Institute Interventional Datahase
who met the inclusion criteria (Fig. 1). These patients hud
wmean age of 636 4 19 years and 34 (B5%) wers males
{Table [} Twenty (50%) patients presented with ACS,
mcluding STEMI (3, 7.5%), NSTEMI (9, 225%), und
unsteble angina (7, 17.5%), while the remamder hod ste
ble mngina with or without highrisk nonimvasive testing
(20, 50%), Only one LM PCIinvolved the use of fibring-
Ivtic prior to the mdex procedurs {m the context of rescue
PCT for o STEMI presentation).

Procedural Characteristics

The magornty (32, B0%) of patents were accessed
via the radial or brachial artery approach (Table T
We report 16 (£0%) high risk coses mvolving lesions

Radis] fwachial accens: site 32 (R0}
Conmary dominerce
Right 3 (TS
Lefi & (15}
Uil oot 215
Tl cwen 1. {25}
Ummecied kefi mein &0 100y
+Ledi dominand sysem 6 (15
-+Right domimnt with RCA> NG 10 {25%
Tonal high risk cases 16 iy
Tsolated LM diseaze 115
Ledt main steni charactesistics
Tzl mamber L2 4 @l
Toial kngh {mm) 1844 11
Diizmeder {mmj AT+ @l
Firzl balloon diameter (mm) 4.4 4 0]
Fiml dilaion pes=ow {atm) 169 4 @7
Lesion Jocazkm
Or=ialfShafi 13 325
Diistal furcadon 7 {f7.5)
Medima classification
L1 13 (325
110 16 {253
L1 315
L] 1.(25)
Bifurceticin steming fechmgoe
Smgk vem 240 (S
Teatenting & [15)
Caloe 1 (25}
Inmavemcula obrmoond 17 (425
Rottimal athenecimy 1 {25)
TFractiomal flow e=idnal 1 {25
Inmaautic helloom pump 4 (I
Proce] wral medicafions
Ty mhihiorn 4 {10
Thrembin irhihitnrs 1 {75
Procedwral time {min 10754 7.5
Fluonscopy time {meim ) 2184 20
Conirmi volume {ml ) 6.1 4 194

Mean 4 sandend ernor. Nomber of petends {peroenzge).

of ULM srieries serving as. the primary supply wes-
sels—I10 25%) had significont concomitint disesse
(=70 stenosis) of the right coronary artery (RCA) in
i right dominant system, while an additional & (15%)
had beft dominant systems, Only 3 (7.5%) patients had
tsolnted ULM disease, with the vast majority showing
varying degrees of multivessel disease, The target
lesions runged in location from ostium andfor shafi
(13, 325%) 10 distal endfor bifurcation (27, 67.5%),
The distal/bi furcation ke sons were Further ¢hameterized
according to the Meding Classification svsterm. The
majority of our bifurcation cases (13, 32.5%) mvolved
disesse of all three vessels (LM, LAD, Cx), with 10
(25%) mvolving just the LM and LAD, and just 3
{7.5%) of cases hoving solitary LAD lesions. One case
didd not have mny significont disesse of all three vessels
(0,000 however, due I commary dissection an
Endeavor wid inserted mto the ULM artery thereby

Taihetesizagon and Cardiovasooler Intervemsions DOT 100100 ced,
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TABLE [ll. In-Hospital and Long -Term Outcomes
Prdcath length of sty (days)

Same day I3 (32.5)
e 11 {7 .5)
Twa A5
Three 3.5
Foar 3{1.5)
Six or mawe T{17.5
Fullow-up angiography
Time {morshs ¥ 56 4 09
Indicatinn
Siahke elative 37 (35
ACS 315
STERMT LU
METEMI 1§25
LA 2(5)
Resemosis
Lef mam me-slenosis 25
Pl 1{Z5)
CABG 1253
Re-sienasis in snather vemel ]
RCA 2{5)
Cx 2{lin
LAD 2(5)
Manzped by
PCT {15
CABG 2({5)
Final fullow-np
Time {morshs ) 124 & 1.8
CABG 3{1.5)
MACE {15
LM ISR/TLR (L5
Wiom-fatd MT L{25)
Carciovascular death 2{3)
Moncandiae death 2(5)

Mean 4 stndand emor. Nomber of petens (pexenage ).

mesting inclusion criteriz for our study, Bifurcstion
stenting technigues included simple single vessel stent-
ng (20, 50%), T-stenting (6, 15%). and one 2.5%)
case wilizing the Culotte technique. An avempe of 1.2
+ (k1 stents (five palients received two or mom) were
placed in the LM with o mean total stent length of
184 £ 1.1 millimeters (mm) and mean stenl dismeter
of 3.7 4 0.1 mm. Stents were postdilated with an aver-
e fimal balloon dwmeter of 44 4+ 0.1 mm ot o pres-
sure of 169 + 07 atm. TVUS was employed in the
LM artery for 17 (425% ) cases, rolational atherectomy
oce (2.5%) and fractonal-flow  reserve  assessment
once (25%), while TABP support wis mquired in only
4 (10%) cases. Angwgraphic success was achieved in
all cases with no mujor complicationd, and no unzent
surgical mierventions.

In-Hospital and Long-Term Outcomes

Hospital stay post procedure ranged from same day
discharge (13, 32.5%), next day (11, 27.5%), or 2-, 3
or 4-days post-index procedure (3, 75% cases each)

Cathedenvagon and Candiovascolar fervengom DOT 10,1002 cod.

Seven (17.5%) cases required six or mare days i hos-
pital prior to discharge but had no stent or procedural-
related comphicatioms durdng this mtarval (Table .
Similarly, there were no deaths, strokes o stent
thrombeses in the follow-up period leading up to sur-
veillmes sngography. On average, patients inderwent
surveillmnee angography at 5.6 4+ 0.9 months follow-
ing their index procedure, with 37 (92.5%) being row-
tinely perdformed for steble patients md only 3 (7.5%)
die 1o ACS (1 NSTEMI, 2 UA), durng which there
were no meporied complications, Moreover, the single
NSTEMI presentation in follow-up wos determined o
have a patent ULM stenl. There were only three
(7.5%) cases of ISR requirmg TLR of the ULM. me
vit PCT and the other two vin CABG. Overall, three
patients underwent CABG—one for revascularizadion
of the RCA mnd the other two for the kft coromary ar-
tery system. OF those two, one underwent CABG for
severe ISR of their Cx sient n the confext of & patent
LM stent, while the other had severe BR of ther Cx
and LAD stents combined with moderate ISR of the
ULM stent, hence both were included as LM ISE/TLR
in our reported results,

Firal follow-up was defined as the patient’s last
availeble evaluation, angiographic or otherwise, and
occured ot & mem of 124 4+ 18 months, dunng
which four patients died. Two potients (5%) died of
cardiovasculsr capses (one chromic congestive  heart
fuilure and one cardine arrest); however, the status of
their LM stents was unknown ol the ime of death and
autopsies were not perfermed. Two (5%) patients died
from progression of metastitic concer, Hence, we
report & 15% incidence of MACE in follow up: two
cardiovascular deaths, one NSTEMI, and thres ULM
ISR/TLE.

DISCUSSION

Trewtment of ULM coronary lesions by PCT i mp-
idly bemg accepted as the standard of care in selected
patient populations, While studies support the use of
bare metul wnd first-generation drug eluting stents for
ULM PCL the dota supportmpg ZESs are limmited,
Hence, our study amed to eluckdme the outoomes of
patients receiving Endeuvor stents for the reatment off
ULM stenoses,

In this series, we report an acceptable safety profile
for Endeavor stents in that angiopraphic suctess wis
tchieved in all cases, with no patisnts requiring urgent
CABG or suffering (sublcute thmombosis. Qur overall
reported rate of MACE ot o mean follow-up of 124 +
1.8 months s 15% —2 (5% cardiovasculor deaths, |
(2.5%) NSTEMIL. and 3 (7.5%) TLR for ULM ISE
This is consistent with mepors from 2 recenl mela-

Fublished on behaf of The Socety for Candiovas cular Angioguphy mnd Interventions (SCATL
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s lysis by Biwondi-Zoccm et al, of fist genersimm
DESs used specifically for ULM lesions, vielding over-
all MACE rates of 16.5% [10]. Indesd. these authors
mired that at later follow-up ntervals this trend contin-
ves (e, MACE rates of §4.2% up to & months, and
17.7% for =6 months follow-up), while other studies
meport MACE rates ranging from 14 to 33%, depending
o lesion location amd number of stents deploved
[7.9.10]. Our report is the first (0 descibe ouemmes in
uprotectzd left mmn misrventons using ZESs and
these results appear similar (o those reported in the
existing [ierature,

Given the high-nisk profile of the patients selected
for ULM PCI m this time period. the reported total
MACE was surpnsmgly low. In terms of events
directly related to the ULM stent, there were thres
cuses of ISE (one treated by PCT and two by CABG)
il one cordiovasculor death, Specifically. of the two
cardiovascular deaths reported, only one would have
qualified as o “possible stent thrombosis™ by the ARC
criteriit, with the secimd patient dving as a result of
severe progressive LY dysfunction (which predated the
mbervention) [21]. The remamder of the cages had
events relaled to progression of other underlving illness
(i.e., cancer) or disease in other coronary arteries,

Lesion location is thought o mfluence ootoomes fol-
lowing ULM intervention, with distalfbifurcation dis-
ease potentially being wssoctated with an incressed risk
of adverse events [R]: Indesd, such lesions often
reguire challenging nterventional techniques. including
Tstenting (Fig. 21 to achieve angiographic suocess in
the affected vessels. When assessmg oulommes pecord-
ing o lesion location it is important o0 note thut the
distribution of patients in the estinlfshaft vs, the distalf
bifircation locations s comperable o other studies [6].
We report . 15% MACE rate (2 cardiovasculor deaths)
in the smaller ostial shaft grouwp (13, 32.5%) while
thige in the larger distalbifurcation group (27, 67.5%)
also had » MACE rate of 15% (1 NSTEMI und 3 TLR
for ULM ISR). Interestingly, our reporied MACE rates
are less thun those published acoording to lesion loca-
tion for first generation DESs, which range from 17 to
M for ostindfshaft lesions and 19 w0 33% for distalf
hifurcation lesions [7]. Thus, our dats sugpest that
ZESs con be usedd in ULM lesions with oulcomes. simi-
tar to those observed with other DESs,

There were only three cases of ULM ISR, one was
munaged vie PCIL the other two by CABG. For the
PCI come, we found that the Endeavor stent (3.5-mm
diemeter) origmally placed m the LM was under-
sized—despite being postdilted 1o 4.5 mm o produce
m excellent angiographic appesrance during the index
procedure (Fig. 3). On follow-up angiography  there
wis severs [SE. and on IVUS the LM was noted 1o be

E19

Unpmtected Left Main Zotarolimus Stenfing

Fig. 2. Left main bifurcation stenting. [A] Significant stenosis
located in ostial circumflex artery and ostial left antedor de-
seending artery continuing into the distal LM. (B) Following T-
slenting insartion of two Endeavor stents (ZESs)—one 35 = 9
mm® to the left circumilex artery and another 3.5 x 8 mm” to
the LAD extending bach into the LM, with postdilation to 4.5
min with & noncompliant bafloon resulting In excellent angio-
graphic Sppearan ce

mawe thun & mm in disme fer, Gaven this ste diserep-
ancy, incomplete stent apposition likely played o key
rale in the development of ISR i this cuse, o risk fac-
tor well known (o be sssociated with ISR in other stud-
ies [2223]. As the patient was having chest pam dur-
ing follow-up sngiography, the ISR lesion was tempo-
rarily. manaped by balloon dilatation, The following
day. o lurper dismeter (6.0 mm) bare metal stent wis
inserted m the LM, pmviding excellent mpgiographic
and somographic results, For the first CABG revascalar-
ization case, the mymplomatic patient presented for
stundard  surveillunce angiography  which  revealed
severe ISR of the Cx and LAD stents and modernte
ISR of the ULM stent. In the second case. the patient

Chihetenzzdom and Canchovasobar Interventioms DOT 10.1002 ool

Puhlished on behal§ of The Socety for Cardiovesouber Angiosmaphy and Interventions (SCAT)L

235



E2D Simard et al

Fig. 3. In-stent restencsis (SA) of a left mein (LM stent [A)
Index LM lesion displaying --80% siencais of distal LM
segment extending into the prodmsl left anedor descending
artery prior o intervention. [B) Excellent angiographic appear-
ance following insertion of 30 » 3.5 mm" Endeavor stent post-
dilsted to 4.5 mm |G Follow-up displaying significant [95%)

Caithedenzation and Canchovascular Indervengons DO 10 1002 oo,

ISR of index stenl (D] Following insertion of G.0-mm bare metal
stent with excellent resulta (B} Intravascular ultrascund [WUS)
performed at follow-up |corresponds to pand ©) displayling
irseompete stent sppoailion to veeeel wall with reduced | umisal
diameter [F) Fnsl 1VUS post regtenting of the vesssl (comre-
spands to panel D) with increesed haminad o ameter.

Pohlished on hehalf of The Sncety for Cardiovascubr Angiogmphy and Infervemiions (SCATL
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presented with recurrent stable mging and so was rece-
thetertred, revealing a patent ULM sent, but severs
ISR of the ostial Cx and mild stenois of the LAD.
Hence, these cases wem both referred for surgical
infervention. The postoperstive course was uneompli-
cated. with excellent outoomes in clinical follow-up.

Our study shares all the limitations of other retro-
spective  case series. First, the cohort s mlatively
smafl, and hence we cannot extrapolate the data 1o
make browd practos pattern recommendations. Indeed,
many of the patients in this meport had a higher risk
profile that precluded them from surgical revasculoriz-
tion—hence, our series does nol necessarily represent
the elective mansgement of LM stenoses  Second,
given the lack of rendomization it is difficult 10 com-
pare our results o those reported with first generation
DESs a8 both the complementary medical therapies
wnd PCY strategies continue to evolve, Finally, the rela-
tively small sige of this petient seres precludes come-
parison  between  ostinlfshaft and  distal/hifurcation
lesions, though the results oblumed e consistent with
thise observed by other investigators. Nonetheless, to
our knowledge, this is the first repodt 0 demonstrate
un acceplable sufety profile for ZESs for ULM PCL

CONCLUSIONS

Our real world experience with the insertion of
Endeavor (zotarolimus) dmg eluting stents for the
treatment of LM coronary stenoses demonstrites excel-
lent angiographic and short term clinical results with
mily u 7.5% ISR/TLR rate and o 15% rate of MACE
ot an average follow-up of 124 months,
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Abstract

Objeatives: Becent clinical trial suggest an LD-independent supeniority of intensive statin thempy in redudng target
vessel revascularization and pen-procedural myocardial infarctions in patients who undergo percutansous coronary
interventions {PCl). While animal studies demonstrate that statins mobilize endothelial progenitor cells {EPCs) which can
enhance arterial repair and attenuate necintimal formation, the precise explanation for the dinical PCI benefits of high dose
statin therapy remain elusive. Thus we srally assessed patients undergoing PO to test the hypothesis that high dose
Atorvastatin therapy initiated prior to PCl mobilizes EPCs that may be capable of enhancing arerial repair.

Methods and Results: Statin naive male patients undergoing angiography for stent placement were mndomized to
standard therapy without Atorvastatin (n= 10} or treatment with Atorvastatin 80 mg {n= 10} beginning three days prior to
stent implantation. EPCs were defined by flow cytometry (9., surface marker profile of CO45dim/ 34-+/133 -+ 117+ Aswell,
we also enumerated cultured angiogenic cells {CACs) by standard in wiro culture assay. While EPC levels did not fluctuate
over time for the patients free of Atorvastatin there was a 3 5-fold ‘increase in EPC levels with high dose Atonastatin
beginning within 3 days of the first dose {and immediately pre-PCl} which persisted at 4 and 24 hours post-PCl [p<i0.05).
There was a similar rise in CAC levels as assessed by in vitro culture, CACs cultured in the presence of Atorvastatin failed to
show augmentad survival or VEGF secretion but displayed a 2-fold incraase in adhesion to stent struts [p=s0L05).

Conclusions: High dose Atorvastatin therapy pre-PCl improves BPC number and CAC number and function in humans
which may in part explain the benefit in dinical outcomes seen in patients undergoing comnary interventions
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Introduction

Pemutaneos coromry intervention (PCI) & the preferred
revascubirization strategy for patients with coronary artery
dhsemse, Recent dm'r]-:qnsl.ml.‘i with d.rlag -e-]ul.in:_.c stenis I:TJF.H{}
hiave rediced the need for revascularization compared to
balkvon amgnoplasty and lare metal stents (BM5) resulting in
less owed for repeatl revascubarization, Curment sirategies for
reddicing it-stent teointims formaton commonly exploit the
antproliferative and ami-infammmatory eTects of paclitaxel and
srolimns, Unforpomitely, the negative effect of thess disgs on
stemt strut endothelializton may be dire dee tooan Dereased
risk of misdden stem IJ'JnmlL-:ni:.UE Clinical ard animal sudies
aggest a role for drodating endothelial progenitor celk [EPCs)
in reconstiuting the endothelivm and reducing  necindmas
formation following injury, [2] deed, the pandty amdfor
imgaited functional apacty of EPCs are mversely asocated
with cardiae rsk factors, cardiovasoular owteomes am] restenosis

3@ PLS ONE | www plosonsong

rates [3 4] In animal sudies, intervention . that enhance
mobilzation of EPCa swech as GAOSF, HMG-CoA meductae
inhilitors {abeo known as “stating”) or estrogens unilormly resali
in improved endothelaliation and dimmished neomtioml
foarmad i:m.[rl‘—Tl‘

Stains inchoce a robust mobilization of mudne CD1 T+ +
prgenitor celk and EPCs wa the PIIK/AM pathways and
enhance endothehaliation of imued waeh thenby leading to
attemuation of meomtmal formation [7-10] Moreover, recent
clinicad irak dhow an LDL-Aindependem superiority of inenshe
compand to msderte sain therapy in reducing rget wesel
revastubinization in patents who wndengo PO bracse ooronary
HW‘!I’UHWH“ I.] H‘mﬂr—_ Ih‘ ]1:'!":8# #Jt]:!]x.ﬂa.l.im rc:lr |J:ll' dm‘zl
advaniage of high dose sttin thempy with PCI remming elusive.
Therelore, we pedormed serial asesments of patents undergoing
POT 1o teat the hypothes thad ligh dose Alorvastatn (80 g
therapy mitialed prior to PO mobilizs EPCs that may be cograble
of enhancing anenal repair,

Jamsary 2011 | Voheme &) Baee 1 | 216413
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Methods

Ethics Staterment

The protoce] was approved by the University of Ottova Heart
Istitule Research Ethic: Commiiies (protecol #:04-123) and
Health Canada, All patents pave willen iformed consent and
reseanch was cunducted avcording to the princples expresied in
the: Deeclaration of Hebinkd.

Patients and Protocol

Ouar study was desgned o lomnudinally ames the effects of
statin thempy on patients undergoing POL with stent deployment.
Patentinchziion cotertn mchaded the following: = 1B years of age,
mo treatimenl with a HMG-Co-A redocuse inhibitor in the
preceding 3 months, avaiability for 2 14 day followup blood tet,
and the patert had 1o bescheduled for a coromary angiogram with
possible ad b POI and stent implantagon,  Furthermore, o
exchade the conbunding factor of etrogens in pre- and post-
menopual women, anly maks were incheded in the sudy,
Esclimion eniteria mcluded an amtible condition requinng ergemnt
cardize catheterization, hematological maligmancy, themapy with
G-C5F ar (.’M-CSF, dar ]:n'evi(na statin intolermnee:

Patienty were randomized 0 Atonastatin B0 my per day or
medical therapy without a statin beginning three days prior toa
b uled mg}:@mn. Baseline hhrau‘n':,r tests dtwdieded a
omuplel blood count, HhALC level, Bsting lipid profile, C-
reactive protein (CRP, enthrocyte sedimentation rae ([ESR),
amemment of EPCs by low oyptometry (CD45dm/CD3/
CDU3ACDLLT, and enumeration of audtured angiogenic cells
(CACH. Al of the aforetmentioned tests were nepeated al ume of
anefial catheterization e, at outset of coromry angiographic
procedure and prior to commencement of an ad hae PO, 4 howrs
et PC], 4 bours st Pﬂl, and at H—qh}( ﬁﬂ!:l’““"l.l]l It addhi I."l:lr:1
troponin-T {Tn'T) and creatne kinuse-MB (CKMEB] Fractions wers
messuned pre-procediemal amd at the 4 and 24 hour follow-up Gme
paints b dentify per-prcedural myocardial infuetons (M) as
defined by a3 rie alwnee the upper it of normal,

Statin naive patients were randomized in hkeks ol f; however,
afier the Emt 18 patients had been enmlled B padents had
completed the protscol in the nopstatin control anm and ooly 2
]'.aJ:il;ﬂLw had um]ﬂr. texd the ]:m:w-cx:ﬂ m the statin arm In e statin
amm of the sudy the follkwing patients did not complets the
protocol: T patients withowt CATY 3 patents who wers deemed
mon-revaclanzabll ami 2 ]‘H.'IIT.II: who were mfewed br
coromty anery bypas grafiing Therefore, the statin randomiza-
ton scheme wa redone for a lotd of 40 patiens o be enrolled in
order 1o viek] 10 patiemts completing each study am. As well, 11
healthy controb without clhinically eviderse of CAD were mecruiled
;ur 1:l:4'lq.‘ﬂ.‘r.‘H1m 1:'; 1“’&5’]“ Em ﬂ.'rﬂ CAC !HNQL Hmr P.hlmtq
titially randonnzed in the tal whom were foond o have mormal
corommries wene combined with the 11 bealihy indichab for 2
tostal aof 15 heally control.

EPC and CAC quantification

FEPCs wen assessed by Dow-cytomeiry and CACs by m oo
culture asay, All blood surples for EPC enumeration wemn drawn
'|:r:,l vernmer o arteral paTEa then mﬁxm@ﬂmd with EDTA,

EPCs were enumerated wing a sardardized Dow cytometnic
protocol, Brielly, fve-color Dow cpometry was perfonmed br the
markers G lone $8], Meorochromes POT), OIS (done J133,
Muorochmme ECDY, D133 (dome ASLES, Morochrome PE), and
CDIIT fdone 104D2D, Meorochmome PO, and CD49% (done
SAM I, Dueorochrome FITC) Antibodies were purchased from
Beckman Coulter and studies pedformed on 2 Becknman Couler

-@; PLOS ONE | waww plosonaong

Stents, Stating and Progenitor Calls

C}unﬁw FC 50 Cylometer, Red blood cell ]w:i! was perﬁmwd
wsing IO Test 3 sodution Beckman Coulter] ad samples were
then incubated with appropriate dilutionm of mdbodies. As isatype
controb ane known o mask rare oell populations [12] none were
used 10 this analyns and baeline fomrscence was determmed
u:iﬂg imstained cella. Al re]:um.m] EPC conmnis were a.djm1ﬂ] foar
tostal white: blood cell counts @ determined by standard complete
blood counits in our regional hematology liboratory,

We Wq:l‘im}y defined EPCs as CTE G/ CD 0D AT
CDLIT+. Recogninng that oredating EPCs have historcally
been defined by CD3HKDRH[13, [4] prelmirry stsdies were
performed looking at expresion of KDR and CDLT odl which
demenstrated tha virhally all eells expresmg KDR adso oo-
ex]'ue:suj D117, T]'!ll.n, EDR was 130t incleded i the Bnal ]:u:nr.i
al markers. It s important (o mote that bumen CD45-/CDLLT+/
EDR+ cells can mogrpomte inte $e coronary wecalaturs and
display conal prliferathve potential, suggesting an EPC pheno-
type:[1 3,15] Momoner, ODR5-ACTH 1T+ of cardionascalar ongin
have recently been shown to cexpres CD31, CD34, CXCR4,
amd KDR[13]

Whikl initially tenned EPCs, CACs are now recognized (o be
imvaheed i regndaling angioge ness without directly contibuting o
post-matal weoulogeresh and e are now termed oultred
angiogenc cell. CAC have been exaemively described in e
Tite rature and are laown i T 'm\!r.ldf asaocabed with r.uk Erctiors
for CAD[I6]Indeed, numerous . studies hae highlighted e
importmt mlel CACS play in mepulating the angiogenic and tzee
remusdeling response M ovarous disse states [l 7-19] The
methodology wed Brothe CAD clure asay s previowdy
deseribed [70-23] Brielly, penpheral blood monomadear celb
(5 107) wolated by Fiooll cenmifugation were cultured in EGM-2
mechia (Cambrex) lefor: being dispesed on Bhronectin ooated
]:hh:l, Cell were wzi]:cd at 4 dm_,r: amld 31]]:1-.:?.:11 qﬂh weTe
metintaimed fbr 7 days prior o emumemton, For the jask of
emmneration, CAC: were defined as cells dualy positive. for
AcLIL uptale and wer acngpeuy aggrhutionn [ {UEAT hinding. While
uptake of AcLDL and binding of UEAI nmy son-pecifically
identify mryekoid and epithelial celk, [13,74] we howe previowsly
demorstrated the capacity of these cells 1o Beilitate vascular repair
m gw[l9] and others luvw demonstraed expression of the
endothelial markers KDR, D31, vWF, and LMNOS[13] DIE
AcIDE (25 pg/ml, Molecular Probes] was  incshated  with
cullured CACH for | howr ina el meuhator, Sulssgquenly, celk
were washed and fixed with Cwviolin Buffer [BD) and incubated
with FITC-UEALS pg/ml, Sigma) for 30 mimtes. Plaes of celk
were agamn washed then incuhated with a DAPD owlear
countersian bekre a coverslip was apphed to the well and double
positive celk {CAC) were counted 1n & random high power felds
fkﬂm nuu:ﬂ—x.':m'ﬂm:l.

CAC Functional assays

The effects of Adorvasiatin on CAC survival, VEGF secretion,
amd adberence o bare metal stent stnots were tested vaing 7 day
old CACs. The culorm media for Atoncastaliin teated cells was
suppilemented with (L1 pmed/ T of Alovastatn (Plized or DMS0
{vehicle] combtent with a previooly published stedy, [25]

F‘I’r ciﬂ :In'\l'iwL ﬁlx ]’%‘h‘]’]‘mrr"kh W H:mﬂ-ﬂd md ﬂ*‘
media was changed every 4 daws. Thata am expressed a1 a
pereentage of intal cells. Secretion of VEGF was mearad wing
a2 VEGF ELISA kit (RED systems}, CACs were plated in equal
mmmbers and cullured m VEGE free EMG-2 media for 24 hours.
Sulzeguently, 700 pl of e supematant was isolated and wed in
the ELISA mzy. Stent adbeson studies were pedormed wing
BM S (M eddiromic Micre-Dhiver) that veore cot, Satened, and Boed
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tes thie basttenrm of & well ]'ﬂ.uuﬂ m'mgaTu]:Ie-l u.'.\]]%«n sohrtion such
that the stent strut projected above the 1nhﬁm bae as previously
desribed [21] Seven day okd CACs f!xlﬂ | were reszpended
amd adbemed for 48 howurs. Cells weme stamed with DAPL fixed
annd attached ool emuame sted.

Q-PCR for alpha integrics was performed as previously
destilbaed [19] Briefly, PCR won pedormed wiilizing an anneling
temperatune of 365 degrees Celsiin, The Qhagen OuantiTeat SYBR
PR syibem was wtibimed A per mamebucharer instrectons. All
experime s were perfrmed ing a Roche LightCyoler 480, The
fellowing primer comtbinations were uilted: GAPDHRw (0G-
COTGRAGAAAGCTGOTAAGTAT), GAPDH rev (GUTTOA-
CAAAGTGGTCATTGAGESE), a-lhwd (ADAAGTGACAGE-
GAAGAACCTOCT), a-lrey (TGGGTACAGCACDAGGGTA-
ACCATT), a-2hwd ACTTTATCTCCAGOGGTACAAMGT),
a-Imv (TGGGOCTTATOCCOAATOTGACCAA), o-3hwd (CAA-
AGACAGGOAAADGGUAADGT A), a-Srev (TTATTGGTOG-
CGOTHAGAAGOCTA), a-dhwd AGGELAAGGEAAGTTOC-
AGGTTACA), s4rev ACATGAGGADCAAGGTGGTAAG-
CA} adprobe (AGCATTTATGOGGAAAGATGTGOGGS),
-] (TGOCOTGAGTOCTOOOAATTTE AGA)L, a-fre (ACA-
TGAGGADCAAGG TG TAAGOA)

Statistical Analysis

For statidical procedums, a pvahe of <0,05 wad cormidened
sgnificant. All contimsns varables are expresed @ means +/—
statdard emor of the mean (SEM), Data sormality was fested
i the KolmogoroeSmimov st Two way comparnons wers
done by fleat and the interaction betwesn stin therapy and PCI
1:5! bwli-weary n-.pe:auﬂ BRI TE S ana]]ah of vartance with ]'nﬁwhr.
comparizom done with Bonfermron et he testing. Allernatively,
for nonparametnc statisteal esting a Mann-Whitney Rank Sum
Lesit was wsed. All statistea] procecurss were performed wang the
Sigma Star 5 stanistical package.

Results

Clinical and laboratory profiles

In each group 10 patients completed the protocol receivimg at
least onse stent In wdal, 15 healithy comtrob were analyeed o
comparison — 4 patents who underwent angiograply and had
normal eorotary arteries and 11 bealhy individeals withom
dinkal evidenes of CAD,

OF the 20 patients completing the protocol, all wadervwent
sucoesthul revaxudanzaton with deployvment of at leag one slent,
Baselite charactenstics were simalar between (he treatmem. groasps
including the number and types of sents [DES w BMS} wmed
(Table 1). In terms of adverie events, only ome post-POT MI was
recorded i the sttin group and one patient i the contml anm
was withdrawn fom the sudy alter laving a stoke related (o the
watthe termation ]:T\csued'm'r_ At e ol di:."hmge ]mﬁml.\l received
evidenoebaied medical therapy for CATY feg. wypirin, clopidogre,
[Hhkscker, and an amgotersin comverting eneyme mbihior or
amgiotersin 1T mospor blocker, Table 1), Al patients that
underwent POL commpleted folkow-up and no other adverss events
were mbed i 14 dml,u.

In ennd of baselne bboratory vahses, total white ount,
HbALC levek, C-reactve protein kevels, and cholesteral profiles
wern sinnbr at ageline hetween the grongs, Herwevmer, at fallow-
up the total white count in the statin am was higher
than contrals BEH — 14 w 6.3+ 1.9 Ty cells/ L, p=2001,
Table 2. Furthermere, as expeced both potal and LDL
chislesteral level wene lower o the statin arm 90— 10 v,

-@' PL&S ONE | wwwplosoneong

Table 1. Patient Characteristics.

Control Group  Statin Group  Healthy

In=10] In= 108 in=15]
Chamciessis
Mok 10 1 100 10 {10051 15 100%]
Age m yean 50 595 69 610 {105 344 0128
€08 dass k8 i50%). 7 {romi 0]
CCS ciaces B4 s-iscm‘l 3 () ﬂéﬂ'&]
Predaie 70 EEF.L -0 i) 0o
\Cardiac Bisk Focfors
[E—— ETE- T & jai ol
smaeng 2 {208 2 %) 1T
Famity Hemary 2 {30%) 3 o 21309
Hyperipidema 3{30%] 1 Qo) 1T
Dabetes melitus 220 . 0]
eGFA REM) 25{T L] 107 5
Angiagmem B!
# of sterms deployed (501 12 04 1.6 05
g eheng s me 4 (4050 = (S0
Serare CAD ava ] 2 [20%)
Medicn! Thempy
Cinmdogred 10/ 100 10 {100%)
pEs o100 10 (100
fr biacioar 2 am= 9 )
ACEVARR 9= 10 {100%]
Ao evactaien oo 10 {10
oS Cass - Canadin Camdbovasoiar Society Angea Cas
P - penansas MmNy Fteren Bon.
CAD -~ commasy arery doease.
M - myoardal nfardion.
ACEVARE - angiotensin convesting erzymean giotensn & recepior blociker
eGGFR - estimated glamesubr fitmition @te mbmnd173 me
S0 - standard devastion.
SEM - standard emor of e mamn.
dat10.1371/purmalpone 0016412 001

A64+0— 1.0 and 134707 va, 3,04/= 10 momeol /1L respectively,
piLOT),

Effect of statin therapy on circulating EPC and CAC levels

a) HBaseline Flow Chamcterisdos. CD405dim EPC were
emrmernted at haseline in a total of 47 hﬁdhr‘lh:u]s, 32 with CAD
amd 15 healby controk (Figure 1Al While healthy comrob had
neady three fold more EPC than CAD padenia the difference did
not reach sgmifcance {(12.7+/~27 v 54 —06 cella/pl,
p=007). Patents who had been referred lor angiograply aller
presentng with anacute coroteery syndrome (ACS) n the previoe
14 cays did ot have more EPC at baseine tan non-ACS patenis
(50— [0 v 56 —006 cella/p L, p=0.05)

bl  Serinl Flow ﬂrhmltric Assessment of Cell
Profiles. When kwoking at the effects of PO on mobilization
of EPC we compared the abundance of th cell type at the
Following intervak: thres day prior o catheteriaion, pre
catheterization, 4 hrs, 24 hrs and 14 days. While EPC kb odid
not Puchzle ower bme Tor the pabents who did nol receive
Arorastatin, there w2 3.5-fold increase in EPC levels with high
dose Atomastatin within 3 days of the st dose (mmedisely pre-
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Table 2. Laboratory characteristics of patients.
Control Statin
Group Group Heaalthy pvalue
In=10) =10 In=15]
Bacaline
WEE (SEM) TaE 2024 &3 {15) L
HBATE 0052 D0S) 0057 0003 0053 {0003 NS
Comactve pmain 68{11.4) CEYT. T R
Total choleoerol 53407 22 o) Lo ME
HOL 1003 10 ) 1203 .3
L EEF 11| 9@ 3o S
Ta g 18 (1.3 13 0.8 preas
falowup
wac T a8 {1.4] pan
HBATE 00510001 G054 ooo) L]
Cmaame pown 4587 N7 Ea L]
Tatal choleserol 46 1.0 29 .o pao
HOL 1083 o9 |in M
L T F ] 13 {0.7) pao
Ta L& 05 15an L]
WEE - white biood ool 10° vl
HBATE - hemogibbin A1C
HOL - high densty Bpoprossn mmoil
0L - lpw denary bpopmtesn mmoliL
Ta - maghpcerides mmolfL.
SiM - standasd eswor of the mean.
dal 101371 Soumalpone 001641 14002

PON that persisted a1 4 and 24 houns post-PCI <0005, There
was no effedt seen on EPC kwh cused by PCH (Figore 1B
Additonally, we serially assssed CD4%: expression on cireelating
EPCs and fumd low kel of hasal expression and both the
mumher of CTH%+ ceolls nor the relathve CT4% exqresion was
efferted by statin thergry or PCI {data oot shown).

o} In witre CAC Assessment. CAC were emomeraied by
wtliure assay and yielded simfar resulis o those obtained by Dow
cylommetry, Baelme CAC lkwh were 2-fokd hié'mr in ||ﬂ.'|1.'|.1':,l
comimls compared (o patients with CAD a1 baiedie (e, 388+
=23 LI — LA, p<0.0], Figore 24). Again, there were no
differemces m CAC kwh between pabents with a momt ACS
commpared to those with dimcally stable symploms (p<00%, data
not shownl. Ineresingly, a sgnificanl miemdion was seen
between Awrvastatin therapy and BCE when precathetertaton,
S hour aml 24 e level were amessed 2 oway ANOVA:
p=0006 for Atorasatin and Tone Fom PCL ilemction).
Heowever, m tewe pallenis receiving Alorvastaim, there wa an
earky increae n OAC levels wrtil 24 bowrs poeat-PCT followed by a
tapering off elct — althogh (4 day Jewk  emamed
approxmmatsey 2-bld higher than baseline feg, 4 h 2747 — 15,
24 h: 34706, [44d: [94+/-0.3, Fignre 2B

Effect of statin therapy on function of CAC

Swtn :1:]:Flmu‘.n1.a.1.im of the culiure medn 2t 2 conoe mmation
of 0,1 pM Bilkd 1o aler aorvival of CAC o oie Figere 3D,
p=005). Similady, secretion of the agiogenie opokine VEGF
was unalfecied by culiure in the prewnce of Atorvasatio in the
culture media- (g, 28535 v 329536 ng/ml,
Figure 3C, p=0.05). Finally, CAC adbeson o BMSs was tested

:@ PLES ONE | wwwep kot ong

m uiw by coculbere of CAC in the presence of a bare mestal
comnary stent mumobilized n collagen, After 48 hours oo, oo
culture with Atorvastain augmented CAC attachment o atent by
Z-fold comprared to celk co-oultumed in the ahsence of Alomvasiabin
g, 0T/ —09 ve 4.04/—06, n= 10, p<0.0], Figare JAR).
Ag integring are known o be imponant medubitons of CAC
m!]usdun[m,.'lﬁ-] e 3.'1.':11',!-.-’! ].'rg,r RT-qPﬂR the r.:t]:n'é:ﬂiem of the
21-I subnnig of the Wiegrin Gomdly and found no stnificant
regndlation of mBNA Jevel (=000, data not shown).

Discussion

While 1t 15 empireally mecogmized that stating mery inerease EPC
lewids in patients; the temporal course and profilk of te ol
mobiled by statns o tone of PCIL had nol previowdy been
chamatenzed. Nonetheles, patents undergomy the implantation
of sentd dedgned to tap TN+ cells (g, Genoe endohielnl
prgenitor cell capunng stent) are routmely pre-ineated with high
dose statm theragy with the bope of asgmenied crulumg EPC
levels[2T] Tha shxdy & the frs atergt to prspeciiely
rz.nlhn'im pa.tiﬁ':l: mdﬂ'gning sbel irEerion hgh ddiwie diin
therapy and desribe in 2 senal Bahion the tme course amd extent
of EPC and CAC mohilzaton, Our data demeastrates that 80
milligrans of Atorvastatin per day, beginning three days prior 1o
POIL, & ssaociated with a mobiltztion of both EPC and CAC, As
well, this & the firsd :I.'I.I]':,' o emmmerate the 'hig]!]'y selectve
population of CD3HCDL LT+ ekt progenikors. by Dow
cylometry m pabents undengoing mwasulirkation. Recently o
kit has been Ewmd 1o define a populatiom of homan coronary
vasulir progemitor odb that am capable of regeoerabng
competent coramary vessels and improving coromary bleod
ﬂ;rw.[lﬁ-} Fina.]]y, e demomatrade that stalin freatment i::q’mmﬂ
the lunetonal capacity of CAC, by asgmenting atachment 1o
stenit struts wiing a movel m ool model Bk onpontant (o oote the
this ieresise i EPC adhedion was not due moedulation o member
of the integrin Bmily and smmlar 10 @ 0w olsenation by
Banerjee of ol [278] ocourred withowt a change in VEGF leweh,

Resubs fom the stadier of EPCs and POT oontinee o yield
equvecal or dbcordant resuls [29] This lkely reflects both the
varymg manmer m which EPCs am quantified & well as mitationm
in sdy deigm, For example, the lamgest abedy 1o date was
perirmed by Inoue o al who locked at 40 paients undergoing
Pfﬂ[ﬂ»ﬁ} T]:Iﬂ_,l studied both CD3+ celld l|:|1l,r Terwe CyRamEry and
ougrowth of either endothelial or smooth mede cell GMOS)
from PBMC: at ondtiple time poitis owt 1o one month pest PCIL
They noticed an ssciation betwesn mobilwaten of T34 cell
am] oulgrowth of SMCa with ISR but by lmitng ther Mow
cylomeiny toa ‘nrﬁlr mearker 1J':r::,l ment certamby oxcheded all ezﬂ}l
bore marow defived odb incleding hematpodetic progenition
cella, Milla e4 al. examinined ciroclaing EPC manmber and colony
forming wnit mebfization o 34 patienls asdergoing ekecte
PCLI3L] Similar o our data, they olsened a 3old morese n
cultured cellin the first 24 hours following POT with the mmjonty
of their patents bemy concomitmily reated with setin medies-
tiore. Firally, Egan o al 32} compared 10 patens andergoing
PCI with 13 panents having angogram only and found tha
CXNORE positive cella were mobilized in resporse 10 POT when

companed & amgrgraphy alone. In contrast, our stedy looked o
muliple time points out to two weels after PCT in 4 1ol of 20

patients between hoth arma. Mo importanthy, ower dats 15 the fira
tx rangdomize. patents o stin medications and to senaly sses
ther EPC levels — providing a novel mechanstic link between the
observed dinkeal ouomnes and early statin terapy in patients
undergomg PCL
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Figure 1. Flow eytometric analysis of CD4 Sdim D3 &-CD133-+001 174 endothelial progenitor cells [EPCL Al Sample gating strategy . (B]
B devels, expresied st aach interval a5 3 fatio 1o baseling leyels {1aken three days prior o PO lor patients recsiving and not receiving Aborvastatin

therapy in = 10 per growp), * indicate p<0.05.
st10.137 jewtnal pone 0016413001

Asin the literabgre :ﬂyﬂdiﬂg PCT and F..Pfh, the effect of atatin
thetapy on both inital mebltzation and mantenaxe of EPC
kwk has yiekled sometimes conflicing reuls, Vaa and
collegrues frt reporied an inemase in EPCa (CD34-/KDRS
amd CACs out to 28 das in 30 patients with CAD.[33] Mo
recently, these resuln werne replicated noa small cobort of patents
imate] on - Awmasktin thempy, yelding 2 doshling of
CD5dimACD 3 RKDRA cella at Bur weeks [34] While neither
of these susdies wene modunted or had control growps Er
cotmgparison, their reiulls are wery similar w these olserved inthe
cument shady, Pamdocically, m patienis with CAD Hostov o al,

35] quantified both EPCs amd CACS in a lange non-random ted
cohon and noted a decrease in EPCs during chronic statin therapy
{t:ﬁ}mt:ia]]'y LS }!'g])er dl::‘l-.!]. Sﬁni]‘&r}y, Tesdismenu ¢t al [%}
derved fewer colony forming units from patents on chmnke sain
theragry than a matched cohon, supgesting the initial mobiltmtion
obmerved muay not be seiained over longer periods. However, the
non-rardonmized nature of thee stsdies amd the bk of sandard
chosing certainly ustifies trepidation in doawing fon condusdors,
Data freoon large random teed ptudies of both ealy and longlerm
effects of statin therapy on EPCs & clearly warranted,

Pm']u.]n the ot im—gui:g Em']i:g aaf woar :tull'y wias the #.zr]y
difference in FPC kvels seen with Atomastatin kading — an R
that was oleenced with both Oow optoanery and CAC culture
which persigted for ab least 24 hows poat-PCL However, by |4
chays EPC level had tapered off sonewhal — yet remained devated

:@- PLoS ONE | www plosonsong

relative to hmedine lewh The cuse of the diminution of EPCs by
day 14 43 unckear, Inet perbap suggeds that the moliliztion of
EFCs by statios 13 a fme-Bited, tamient efect, Allernatively,
there may be either no Rinther EPCs mailable o be mobileed or
some other rate-lnmting prces & preventing EPCs from being
generaked amdfor mobilized by sating Interestingly, (here was a
noticeable rie m EPC kewh in the control arm at 14 days, This
likely in part reflects more aggressive momagement of patients
athemackrote: divase and rek factors in patients newly idemified
with CATY. For example, smoking cemtion has been assocated
with aml early and mbizt rise m EPC levels [37] Simlady
complimentary pharmacotherapy nach as angiotersin comverting
ermrymeea [38] or thiaso idinediones gliasones) [39] are dso known
s 1'111:1:3.14 EPC Loveds. 'T']!L'u1 this late e i1 the oomrol ]mJ.ienE:
net Jkedy represents improved risk Factor modification,

It & important o realize that our protoce] & smslar o those
uged in the ARMYTA 0] ARMYDA-ACS [41] and the more
recenlly completed ARMYDA-RECAPTURE [47] studies. Both
ARMYDA and ARMYDA-ACS deinonstrated a dear eduction
in peri-proeedural myocardial mretom in statin mive patim
undergoing PCI for stable coronary artery disease or acute
CATGIATY syndr\cmus ws]:actm]'y when }:n'g]: dose Aorvastann
was niated prior to the procedure. Perlap more dmically
redevant ix the ARMYDA-RECAPTURE study in which the
irnvestigatonrs meloaded patients already on stating with 80 mg of
Atorvastatin amd showed rediections in per-prooedheral myodar-
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dial infarctions. Finally, in the recenily published PCEFPROVE
TT study that compared the Fequency of major advers cardiac
ewms in patents undergoing POT and treated with either
moderate (Pravatatin 40 mg/day] or miensve (Atorvasatin
B0 myg/day) statin therapy there was a clear cut advant gre for the
patients treated in the imemive therapy am [11] For example,
the primary oomposite end point (death rom aoy coose,
myecardial infarcion, docsmented wmishle angina requinng
hospitaliration and revascddarizaton at least 30 daws affer
randomization, and stmoke ) showed 2 23% relative rek reduction
with intensive statin therapy (p=0.001] Moreover, the ntensive
atatin therapy redeced target vesse] revasuliriztion <0001 —
an effect thay pemisted p= 0,015) after adjusting for 30-day on
tremtment serun LIM-C and CRP concentrations. Clearly the
rapid clinical benefits seen in these studies imvolving ntensive
statin therapy suggests a mechanion of action that & independent

:@ FloS ONE | wwow plosaneong

of LDL-kwering. Given the similarities of these studies to our
curretit profoogl, i i atracthe (o bypothesize that the benelitof
acute Atorvastatin kading prior to PCHumay in pan be derived
From the off-nget effecs of statim on EPC mobiliton and
Tametion,

Certainly, our shudy is mot without limitation, For example,
given the widespread wae of statis i patents with nsk Bactons for
established CAD, it proved difficult 1o recneit statin nave patients
for ths study. Therefore, while our sample size dlows = 10
confdentially addres questiona specific to serial changes in EPCs,
it bk sufBoient power i address the relatiomhip between EPC
mobittion prfiks and dinkal oucomes kg, ISR or pert
prscedural infarctons). Furthermore, ghen the relatively smadl
patient pomedaton, it & unckar il ths olsenation is applicable in
popubition: m whon statin therapy bas Biled to show 4 beneht —
such as patients on hemodialys i [43.44]
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In summary, our daa demonstrate sirly benefit of atatin
therapy on EPC oumber and CAC mumber and hosction in
Iumems m&:—g\eﬁng PCI Stedies amwed o undersiam] mechs-
miams by which EPCs are mobiled dunng PCLand the potential
benefits that these cells conler will hkely provide novel tages and
therapies for mmproving chnkad ostcomes m patients wndergeing

revasclariwaion.
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Abstract

Revascularization remains the cornerstone of magagbstructive coronary artery
disease. Although percutaneous coronary intervestitave emerged as the preferred
method of restoring vessel patency, as many as@Qdatients will experience a gradual
re-narrowing of the lumen caused by neointima (dijnation, resulting in a condition
known as in-stent restenosis (ISR). ISR represestgnificant limitation to percutaneous
revascularization — however, abrogating NI formatfollowing stent implantation has
been hampered by an incomplete understanding opdlieogenesis of in-stent lesions.
While numerous mechanisms have been proposed faiexpe pathogenesis of ISR,
data from human and animal models have yieldedlicing results. Herein, we review
key studies of NI development following vasculajumg with a focus on the origin of

cells participating in NI formation.
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Introduction

Ischemic heart disease is a leading cause of ntgrtahd morbidity in
industrialized nations, including Canada [1]. Glally, the mainstay of coronary artery
disease (CAD) therapy continues to be optimal nadmanagement in addition to
coronary revascularization for symptomatically aetory and acute ischemic events.
Currently revascularization is achieved by 2 apphnea, coronary artery bypass grafting
(CABG), initially the preferred method of coronamvascularization, and percutaneous
coronary interventions (PCI). PClIs initially inveld the insertion of a balloon tipped
catheter which upon inflation would re-open an odeld vessel. Following studies
demonstrating improved clinical outcomes in botéhbkt CAD [2] and patients with ST
elevation myocardial infarctions [3], this proceelis now almost exclusively performed
with the insertion of a metallic scaffolding devikeown as a stent [4]. The popularity of
percutaneous approach continues to increase wéh 2 million in-patient angioplasty
procedures being performed in the United Stat&0ib [5, 6]. In Canada, it is estimated
that over 40,000 patients will be hospitalized wath acute myocardial infarction [7] of
which more than 50% will undergo revascularizatif8js

Although the success rates of PCI in achievingetavgssel patency over the long
term are excellent, angioplasty with or withoutnsiteg induces vessel wall changes,
which limit their long-term efficacy. Neointima (Nformation or recurrent intimal
thickening following PCI can result in the formati@f obstructive lesions, ultimately
leading to ischemic symptoms. In-stent restendSIR) is commonly defined as a re-
narrowing of the target lesion greater than 50%thaf vessel diameter [9]. Previous

reports have shown that between 30% and 50% oérgatiwho undergo conventional
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balloon angioplastyequire repeat interventions [10-12hd 10%-30% of patients who
receive a bare-metal stent (BMS) experience ISR 143 Thus, given the prevalence of
coronary stenting, ISR will continue to affect grsficant number of patients.

The introduction of drug-eluting stents (DES), sashsirolimus, paclitaxel, and
zotarolimus coated stents, has greatly decreaseduminal loss and the rates of ISR
[15-17]. Early clinical results with these agent®rev encouraging, demonstrating
significantly improved rates of ISR and target wtsgvascularization. However long-
term follow-up studies have shown higher ratesaté Istent thrombosis with DESs in
which incompletely re-endothelialized segments pmase toin situ thrombus
formation[18]. Due to this potentially catastroplesi@mplication, DESs currently require
long-term dual antiplatelet therapy to preventniediction from stent thrombosis which
is associated with increased bleeding rates [18lisT development of new drug eluting
stents, those that prevent neointimal formation veitlh improved re-endothelialization

kinetics, remains the goal of ongoing researchg2p-

Pathogenesis of neointima formation

While numerous molecular mechanisms have beerulptst in initiating and
propagating intimal hyperplasia, results from batiman studies and animal models have
yielded conflicting results, making the etiology tbese lesions the subject of intensive
investigations and ongoing debate. It is clear fioistological descriptive studies that
there is an initial influx of inflammatory cells lfowed by the appearance of synthetic
smooth muscle cells (SMCs) and myofibroblasts whicbhduce an abundant extra-

cellular matrix (ECM) [24, 25]. Chronically, the pgrplasia of the neointima results in
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obstructive lesions or ISR, which in some casesllt®sin the need for repeat
revascularization.

The “response-to-injury” paradigm, proposed by R{&6] in 1993, has been
adapted to the post PCI vessel and widely accegsteétle most likely mechanism for the
development of NI. In this model, mechanical disiaup of the endothelial cells (ECs)
denudes the native vessel thus initiating the resinogl process. At a paracrine level,
numerous inflammatory cytokines and growth factamsduced by activated local ECs
and circulating inflammatory cells, such as maceg@s and T-cells, stimulates the
migration, infiltration and proliferation of medighscular SMCs into the sub-endothelial
space, ultimately resulting in the generation @& Ml lesion. The local production of
various growth factors such as transforming grovdabtor{] (TGF-] and platelet
derived growth factor (PDGF) [27]are also thoughshift the phenotype of the SMC and
myofibroblasts, such that they produce abundanEGM proteins, which not only
contribute the generation of the space occupyis@ihs but also serve to further facilitate
the migration and proliferation of these cells. Otmne, this process leads to the gradual
growth of the intimal layer of the injured bloodssgel resulting in the loss of lumen
diameter and effective vessel flowigure 1, Panel B.

Even though Ross’s response to injury paradignbkas very helpful in terms of
highlighting the importance of injury and subseduerflammation in initiating NI
formation, numerous reports over the last few ydarse challenged the central tenets of
this model — specifically that the smooth muscléscsomposing the lesion are derived
from the media. More recently, additional mechamisrave been proposed based on the

discovery of vascular progenitor cells which argatde of differentiating into both
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endothelial and SMC phenotypes [28-30]. These @ty stem or progenitor cells are
believed to home to the site of vascular injury,andesponse to growth factors and the
inflammatory milieu, contribute to NI lesions by thodirect cellular contribution,
secretion of ECM, and through secretion of cytokimehich exert a paracrine effect
(Figure 1, Panel ) [31, 32]. Rather than the circulation, others éndnypothesized that
fibroblasts/myofibroblasts and progenitor cellsatad within the adventitial layer of the
damaged vessel, are responsible for generatiore$idris by trans-differentiating in to
SMC-like cells and migrating to the intimgigure 1, Panel IIl). Herein, we will review
key studies and some of the conflicting data welgards to the pathogenesis of NI
following vascular injury. Moreover we will highlig the pathogenesis of NI formation
following percutaneous stent implantation and thgio of the cells which comprise this

tissue.

Role of Medial SMCs

The SMCs of the tunica media are the central mediatf NI formation within
Ross’ response to injury paradigm. Indeed, inigldies into the pathogenesis of NI
formation supported the hypothesis that medial SWdiferation and migration into the
intima is a key step. Clowes et al. reported tmatats, following balloon mediated
carotid artery injury, SMC proliferation peakedthre media and intima at 48 hours and
96 hours, respectively and this proliferative phestarned to baseline following the re-
endothelialization of the artery, within 8 weekspimjury[33]. This group also observed
that the development of NI was strongly associatétt augmented connective tissue

synthesis and accumulation [34]. Further evidenita medial origin of NI SMC has
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been derived from isolated plaques and their @lldomponents. In these studies,
several groups have demonstrated a monoclonal sixgaaf cells within the lesions [35-

37], suggesting that SMC proliferation is initiatedrly by a small number of cells.

However despite these elegant animal models, pajlwlstudies in humans have
repeatedly failed to document significant proliteva [38-40].

In addition to proliferation, a key component ofdRoparadigm is the migration
of SMCs towards the tunica intima. Supporting thsory, a number adhesion molecules
and integrin proteins, mostly located within thait@ media, have been identified which
are believed to be important regulators of SMC atign [41-44]. Osteopontin, a ligand
for integrins @Bs 457 andasB; [46], is expressed and synthesized by a variety of cells
including SMCs [47] and is generally though to bkeg mediator in cell adhesion and
migration [48]. Studies have demonstrated thabfaithg balloon angioplasty and cuff-
induced vascular injury, the expression and syighet osteopontin and its integrin
receptors are increased [49-51]. More importanklg, blockade of osteopontin signaling
with the use neutralizing antibodies [52, 53] ds iteceptor integrins via specific
antagonists has been shown to limit NI formatioa-§]. Similarly, resistin, a protein
linked to inflammation, obesity and insulin resista, has recently been implicated in NI
development in a balloon carotid injury rat modéB][ However, these studies are
hampered in that the molecules are also known tcelgegegulators of inflammatory cell
trafficking in the developing lesion and the effeate clearly not specific to inhibition of
SMC migration alone.

Clinically, studies have also provided evidence lioghing the role of medial

SMC in the formation of NI lesions. In 1993, Hrubetral.[59], using fluorescence situ
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hybridization (FISH) for the Y chromosome, reportdtht in sex mismatched heart
transplants ECs, SMCs and myocytes were all deifrad the donor. Hybridization did
identify some recipient derived cells within theptanted hearts, however these cells
were identified as lymphocytes, macrophages and oslls that the authors concluded
were likely involved in the host immune responsenifarly, Atkinson et al. reported
near identical findings when examining sex-mismattchransplanted human coronary
arteries following transplant coronary artery vdspathy [60]. Using FISH for the Y
chromosome and anti-SMC antibodies, the authorsrteg that in human coronary
artery vasculopathy the SMCs within the NI lesisrese derived from the tunica media
of the donor vessel. Lastly, Glaser et al. [61]aksported that within small to medium
arteries of sex-mismatched cardiac transplantaumans, 94.4% to 99.2% of the SMC
were derived from the donor cells with only a snpetcentage of SMCs being derived
form the host. A caveat to these findings is thithers have noted severe limitations in
terms of accurate detection with FISH [62] and wsial of clinical samples with more
definitive techniques such as PCR has yet to be §&38]. Finally, all of these studies, by
necessity, are performed in transplanted vessetls iatima formation in transplant
vasculopathy may not recapitulate the processfttiatvs mechanical injury as reflected

by higher rates of ISR in transplant vessels [&4, 6

Role of Circulating Progenitor Cells

The concept of the existence of blood borne EC\#MIC progenitors has been
postulated as early as 1963 [66, 67], howevert traential contribution to the

development of NI lesions has only recently enjogednaissance. Over the last 20 years
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a gradual accumulation of evidence has challengedimple model of medial SMC
proliferation and migration into the intimal lesidDareful review of these studies
suggests that the medial SMC may not be the onlyceoof the cells present within NI
lesions and that possibly circulating vascular prowr cells, from either bone marrow

(BM) or non-bone marrow sources, almost certaidy & key role in lesion formation.

The earliest studies that strongly inferred a pnitge contribution used Dacron
grafts in primates, dogs, pigs and sheep [66-712¢s€ investigators noted that SMCs in
organizing arterial thrombi, first appearing on theninal surface. Stump et al.[66], was
the first to demonstrate the existence of blooche@MC progenitors following
implantation of Dacron grafts in the aorta of pigfter 7 days, these grafts became
covered with ECs and VSMC-like cells despite theibaof the graft precluding the
migration of medial cells. Similarly, Feigl et[@2], observed the presence of fibroblast-
like and myofibroblast like cells within organizitigrombus on the luminal surface of the
graft a finding that has been replicated [71]. jn@ampbell et al. [73] also
demonstrated that circulating progenitor cells waesent in rabbits and rats, capable of
generating the various layers of an artery withemsplanted silastic tubing. Within 2
weeks the tubes resembled blood vessels with am liming of nonthrombotic
mesotheliatells, which they regarded as the "intima", a "raétayer consisting of
smooth muscle—likeells (myofibroblasts), collagen, and elastin, &ndlly an outer
collagenous "adventitia". These early studies uivegally demonstrate the ability of
SMCs to arise independent of medial input, but viegely overlooked in initial models

of intimal hyperplasia.
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The ability of circulating progenitor cells to geate various cell lines resembling
the different layers of an artery has also beenahstnated in clinical context by Wu et
al. [74]. Following removal of a 26 month-old Dagraxillo-femoral bypass graft from a
patient, they identified smooth muscle like celighwn a “pseudointima” in addition to a
layer of endothelial like cells on the luminal sa¢ of the graft. These descriptive
studies are the earliest to demonstrate the cgpafdilood borne cells to form the most
rudimentary components of a vessel wall and prowvr@éutable evidence regarding the

potential of circulating cells to give rise to syatic SMCs.

More recently, experimental studies have furtheplicated progenitor cells in NI
generation. Campbell and Campbell [75] reportet 8MCs of the normal adulessel
wall display a more differentiated and contragiteenotype, while the SMC within the
NI contain larger cell bodies that contains synthahd secretary organelleSloreover
these "synthetic" SMCs were shown to produce aoeteextra-cellular matrix
componentand express lower levels of the smooth muscle—peontractile proteins.
Interestingly, synthetic SMCs have also been shimdbe more responsive to growth
factors, such as PDGF[76, 77], and TGH78]. This distinct phenotypic difference
between native medial SMC and those present witlaNI was believed to be to the
result of genotypic change in response to the Vasayury and the subsequent
inflammatory response [79]. However, recent ingggtons have actually identified
progenitor cells capable of differentiating intalih&C and SMC in response to specific
growth factors [80, 81], thus providing direct exndte of a role for progenitor cells in
both NI formation and vascular repair. Yamashitalef82]first identified a population

of embryonic derived stem cells, capable of diffieiging into EC and SMC, which they
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labeled as vascular progenitors. These cells wagralide of generating vascular cells in
response to VEGF and PDGF. Moreover, Simper ¢83].subsequently identified a
population of cells within the circulation of adsltcapable of differentiating into SMC
like cells. The authors isolated this group of mmundear cells from the buffy-coat of
blood and reported that in response to PDGF thelteexpressed smooth muscle cell-
specifica-actin, myosin heavy chain, and calponin. To datgmains unclear if these
cells represent a distinct progenitor populatiamfrcirculating endothelial progenitor
cells which are thought to reduce NI formation [88] or if they simply represent

alternative differentiation of a common progenitor.

Subsequently, there have been numerous experingtathés that have supported
the hypothesis that progenitor cells directly cimite to NI. Perhaps the most
compelling evidence that intimal lesions can fomthe absence of medial SMCs comes
from transplant arteriosclerosis (TA) models. I3 %®lissonnier et al. [86] demonstrated
that in rat aortic TA, NI lesion formation was theal pathological process proceeded by
the sequential, immune mediated destruction of gnatial and medial SMCs. This was
one of the earliest studies to demonstrate thedtom of NI lesions despite immune
mediated destruction of medial cells. Bigaud ef8d] also demonstrated that within 7-
days of aortic allograft transplantation in ratsrthis a significant decrease in medial
SMC function and that by day 28 there is a marksd bf medial SMCs (up to 75%).
This loss of medial SMCs is coupled with a sevaflaimmatory response, both occuring
prior to NI lesion development in the grafts. Thilg proliferation of existing medial
SMC fails to explain the formation NI lesion innisplanted vessels and these

observations require an alternative source of éetlgesion development. Other studies
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have since confirmed that in models of vascularrinpsing wire or balloon injury in

mice, rats and rabbits, NI and luminal narrowing pireceded by a significant degree of
apoptosis within the medial layer [88, 89]. Thegamece of apoptosis and not
proliferation within the tunica media following umy also argues against a medial source

of cells.

Saiura et al. [90] were the first group to provitieect evidence implicating that
recipient cells were the major cellular source Afdllowing heterotopic cardiac
transplantation between wild type mice and ROSAZ&nwhich constitutively express
theLacZ gene. They reported that 30 days post-transpfanmild type hearts in to
ROSA26 mice, 86.2% of the cells within the NI exgsed_acZ, while only 10.6% of
medial cells wer&acZ positive. In contrast, when ROSA26 hearts wenesjpéanted into
wild type mice, only 2.3% of the NI cells and nga&85% of the medial cells stained
positive forLacZ. The authors concluded that it is recipient cafld, not the donor
medial SMCs, that are mostly responsible for gemegdesions. Hillebrands et al. using
sex-mismatched cardiac and aortic transplantatonahstrated that as much as 86% to
90% of the SMC within the arteriosclerotic lesioarev derived from the male recipient
and not from the female donor [91, 92]. As welk thvolvement of recipient derived
cells has also been confirmed by numerous othempgro rat models [93-95]. More
recently, in a rabbit model of allograft transpktidan with and without stent
implantation, our group, using quantitative polyasa chain reaction (Q-PCR)
assessment of Y chromosome, demonstrated that 72% oells within the NI lesion of
the allograft body were recipient derived; notalbys percentage increased to 81.5%

following implantation of a stent in the allograftery [63]. These studies provide
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qualitative and quantitative evidence supportirgrible of circulatory derived cells in the
development of NI and suggest that therapies tagétese cells may be important for

improving clinical endpoints.

Origin of Circulating Progenitor Cells

Given the emerging evidence that circulating pragewcells are important in NI
development, considerable effort has been spadettify the repositories of these cells
within the body. Numerous studies using various e®df vascular injury suggest that
the BM is an important reservoir. Han et al. iniji@emonstrated that the following
vascular injury, the BM can serve as a complemgrganrce of smooth muscle like
cells, which contribute to vascular healing anddbeelopment of NI lesions [96]. Using
female mice transplanted with BM from male dontingy reported that nearly 56% of
the LJ-smooth muscle actin positive cells within the Ndrev derived from the BM. Sata et
al. [97] have also demonstrated that BM derivetsagére mostly responsible for the
development of NI lesion in vascular remodelingfijury, graft vasculopathy and
atherosclerotic plaques, using wild type mice whd bindergone BM transplantation
from ROSA26 or transgenic mice that ubiquitouslpress green fluorescent protein.
They reported that following injury, graft vascuédpy and atherosclerosis, that nearly
63%, 88% and 42-58% of the cells within the NId@sivere derived from the recipient’s
BM, respectively. Furthermore these cells also esged various smooth muscle cell
markers such as smooth muscle myosin heavy chaBMA, calponin and caldesmon.
Diao et al. [93] have reported that BM derived€eBMCs and ECs contributed to NI

hyperplasia following vein grafting in mice. Thegrdonstrated that BM-derived cells
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incorporated into the endothelial layer of the gaaid that by 16 weeks the endothelial
integrity was fully restored. More importantly, thathors noted that ~20% of SMCs
within the NI lesion at 16 weeks were derived frihra BM, since these cells expressed
both GFP and smooth muscle myosin heavy chain.ribatibn of BM derived cells to
neointimal SMCs has also been reported by numerthes groups, using different
animal models of vascular injury [98-100]. In &His body of literature usinign vivo
animal models supports that circulating cells @drteast in part, contribute to lesion

formation following vascular injury.

Perhaps most importantly, the role of BM deriveliisda the development of NI
lesions has also been demonstrated in humans.cEagtlal. [L01] examined diseased
and non-diseased coronary arteries from deceasehisavith CAD who had previously
undergone sex-mismatched BM transplantation. Thi@oas, using immuno-
histochemistry andh-situ hybridization, reported that within diseased viseearly 10%
of the SMC within the NI lesion where derived froine BM, while in non-diseased
arteries BM derived cells made up less than 0.2%reMecently, Inoue et al. [102]
established that stent implantation in patients W@AD was associated with a significant
increase in the mobilization of BM derived CD34-piws cells, which reached a
maximum circulating level 7 days following the pedlcire. As well, they noted that
cultured mononuclear cells differentiated into bettdothelial-like and smooth-muscle
like cells, with a higher rate of smooth-muscleslgells in patients who developed
restenosis. Interestingly, Schober et al. [103jeh@go previously reported that an
elevated CD34-positive cell count following eleeti?Cl was associated with a higher

rate of ISR and that elevated CD34-positive cdtisraoronary stenting constitutes an
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independent risk, a finding which suggests a pegatle for their involvement in

neointimal hyperplasia.

Although there is a significant amount of publislesttlence supporting the role
of the BM and BM derived cells in the generatioNbfesions, a significant portion of
the host derived cells within the NI (~15-90%) aegeivked from non-bone marrow
compartment. These findings raise the possibilitgroas yet undetermined source of
circulating progenitor cell population and a numbkexperimental studies have
suggested non-marrow derived progenitors play@ifgignt role in the development of
NI [104-106]. For example, Hu et al. [104], in ause model of TA following aortic
allografting, demonstrated that although reciparived cells were the source of SMC
within the NI, there was no BM involvement in lesifmormation. Hillebrands et al. [105]
have also previously reported a very limited ineohent of BM derived cells in
endothelial replacement in TA. In fact, they repdronly a 1-3% contribution from the
BM to ECs in their model. More recently, this graalpo demonstrated that non-bone
marrow derived cells were important in the formathdl following experimental stenting
in a rat model of ISR [106]. Using BM transplanbatibetween human Placental Alkaline
Phosphatase (hPAP) transgenic rats and wild type) féts, they reported that 4 weeks
post-stent implantation only a small number of hR®Bitive cells within the NI lesion.
Moreover, none of the hPAP positive cells withia thl expressed smooth muscle actin
and hPAP positive cells where found to express Cantbidentified as infiltrating

leukocytes.

Although a large body evidence exists supportirgrdte of non-bone marrow

derived progenitor cells in NI formation; the exbattation of these cells is currently
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unknown. Nonetheless several possible sourcesliemmreinvestigated such as vascular
pericytes, the liver, the spleen, the intestinesthe vascular system. Pericytes, which
partially surround EC within the microvasculature derived from a mesenchymal

origin and contain smooth muscle specific protsumsh smooth muscle specific isoforms
of actin and myosin [107, 108]. Moreover, thesésdehve also been shown to be capable
of differentiating into a variety of cell types,cduas SMC [109-111]. The liver has also
been shown to contain a population of non-myogeaal stem cells which could
possibly give rise to SMC like cells and cardiomytes in rats [112]. More recently,
Aicher et al. [113] reported that the intestinadteyn and liver represent a rich source for
mobilized tissue-residing progenitor cells capaiflgenerating various vascular cell

lines in response to appropriate stimuli. Finalye spleen has been reported to contain a
population of mononuclear cells that under appedprstimuli, demonstrate an EPC
phenotype and are capable of regenerating ECsrirgginormal vascular function and
reducing NI lesion formation following arterial ury [113, 114]. These studies confirm
that in addition to the BM, a variety of other stes of vascular progenitors exist. With
the development of double transplant models anarsophisticated methods for

tracking cellsn vivo we will undoubtedly gain greater insight into theerse origins of

cells that comprise neointima following vasculgurg.

Role of Adventitial Cells:

The final proposed mechanism of NI formation inwdv fibroblasts and
progenitor populations residing within the adveatiThe adventitial layer had long been

considered just a supporting layer within the blaedsel, whose main function was to
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provide nourishment to the muscles of the medirlaHowever, the role of adventitia
as a source of cells, specifically adventitial diblasts and progenitor cells, as well as
cytokines which can influence NI formation is receg greater attention [115]. Within
the tunica adventitia, fibroblasts are the preda@amin population. They are a
heterogeneous population, capable of adapting bwticturally and functionally to a
changing environment such as the inflammatory nespahat occurs following vascular
injury [116]. Additionally, these cells can develepnthetic and contractile phenotypes,
like SMCs, which are referred to as myofibroblasatious growth factors such as TGF-
0, PDGF, tumor necrosis factar(TNF-o) and basic factor growth factor (bFGF) have
been shown to stimulate proliferation and diffel@mdn of these cells [115]. These
newly generated myofibroblasts can express &hittin, similar to SMCs within the
intimal layer [117].

Thus, given this potential for adventitial fibrostamyofibroblasts to contribute to
vascular remodeling following injury, a number tdidies have investigated their role in
the context of vascular injury [118-122]. Shi et [dl18] reported that within 3 days of
porcine coronary artery injury, the adventitia umgdes a rapid hyper-proliferative
response as measured by BrdU uptake, exceedinglisatrved in the injured medial
layer. This rapid proliferative respond was alssoagted with increased expression of
the SMC markerg-SM actin within adventitial cells — a finding whigeaked at 7-14
days post injury. Finally, the authors also notecreased transmigration of adventitial
cells towards the medial layer and to the NI, whisese cells made up a significant
portion of the cells within the newly formed lesioBimilarly Scott et al. [119]

demonstrated that following balloon injury to tledt lanterior descending and circumflex
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artery in swine, significant early cellular prolif¢ion was identified within the
adventitial layer as compared to the medial layéis group further demonstrated the
migratory potential of adventitial cells by admieisng BrdU between 2-3 days post
balloon induced coronary injury, when proliferatisras highest within the adventitia.
They reported that >40% of the cells within the \Wére BrdU positive and likely of
adventitial origin. The migratory capabilities afveentitial cells were further highlighted
by Li et al. [120] who reported that Lac-z expragsfibroblasts, introduced into the
adventia of rat carotid arteries immediately follogy balloon injury where detected
within the media and the NI 7 days post injury.diyy Siow et al. [121] reported that
Lac-Z expressing fibroblast can transmigrate thiotige media, expressSM actin and
participate in the formation of NI lesions. Thegelings have been confirmed by other
groups using adenoviral beta-galactosidase tagg@dimoblasts in the adventitia which
could then be traced to the NI, within 2 weeksmgastric vein grafts to femoral arteries
in rats and autologous saphenous vein grafts ore@ne model [122].

Several important studies have also identified jpufation of resident progenitor
cells within the adventitia layer which demonstrégatures of SMCs and can contribute
to NI lesions. Hu et al. [123] reported that theeditia contains a large population of
stem like cells, expressing various progenitor raeksuch as Sca-1, c-kit, CD 34, and
Flk-1. Notably, in response to PDGF these cell papans are able to differentiate into
SMC like cells and when Lac-Z expressing cells wemasplanted to the adventitial side
of vein grafts, B-Gal + cells were identified withthe NI lesions. Zhang et al., [124]
using a mouse model of vascular injury, demongddratesignificant increase in the

number of Sca-1-positive cells in the adventitia a@he peripheral circulation 1-week
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following injury. This increase in the levels of &t positive cells was associated with
increases in intimal cell proliferation which magve contributed to vasculeemodeling
and SMC-rich neointimal lesion formation. Thus, plgpions of fibroblasts and
progenitor cells reside in the adventitia whichvarious models have been shown to
contribute to NI formation; however, whether or reotsimilar mechanism exists in

humans and their overall contribution to NI lesformation remains to be elucidated.

Conclusion:
ISR complicates coronary artery stenting in up @%63of cases and represents a

major limitation in the treatment of patients witbstructive CAD. Here we have
reviewed three proposed mechanisms of NI generéditowing vascular injury and the
evidence supporting each. The question of whetheobISR in humans is similar to that
observed in experimental models remains controalerdiowever, what is clear is that a
number of cell types exhibit the potential to diffietiate into a SMC phenotype and at
least in some models, each shows the potentiarttafly contribute to the NI. Certainly,
NI formation is a complex process and rather thay ane source of cells, the
pathogenesis likely involves numerous sources wiashlt in the final lesion. Moreover,
this complexity has undoubtedly contributed to diest results and obviates any single
model from fully explaining the pathogenesis of flimation. More than anything, this
review highlights the need for further research dadelopment of new models to better
understand the processes ongoing in the post injasgel wall to help develop new

therapeutic targets and improve clinical outcomes.

267



A Circulating Progenitor Cells

@ Circulating

I }aéJ tory Cell: Pragenitor Cells ==
Inflammatory Cells o 77’,"{‘
= - - e '7 e 57 2

Lumen

IEL Intima EC

Adventitia EEL Media

Cc Adventitial Cells

B Medial SMCs

/2 nftammatory cets = ) inftammatory celts -
e L g g
T L ‘__ ! /) -

Lumen
Lumen

e R

IEL Intima EC

Adventitia EEL Media IEL Infima EC

Adventitia EEL  Media

Figure 1: Models of neointima formation in coronaryarteries. Damage to vascular
endothelial cells (EC) leads to infiltration of lehmatory cells and subsequent
pro-inflammatory cytokine release (blue rods), h&sg in neointima formation
via three postulated mechanisr) Circulating Progenitor Cells —Cytokine
release stimulates influx of circulating progenitefls then differentiate under the
influence of cytokines and growth factors (red stamto a smooth muscle cell
(SMC)/myofibroblast phenotype with a secretory pgitgpe. Production of
extracellular cellular matrix (ECM, grey stars) triloutes to NI volume(B).

Medial Smooth Muscle Cells Inflammatory cell inflaxd cytokine release
stimulates proliferation and migration of medial GMthe internal elastic lamina
(IEL) towards the intima. Once in the subendotheice SMCs acquire a
synthetic phenotype producing an abundant E) Adventitial Cells —
Cytokine release stimulates migration of adverfiimbblast cells across the
external elastic lamina (EEL), through the tunicadia, and across the IEL to the
intima. These migratory fibroblasts then differatgiinto SMC-like cells known
as myofibroblasts with subsequent ECM secretioreutite influence of pro-
inflammatory cytokines and growth factors.
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Abstract

Allograft coronary disease is the dominant cause of increased rsk of death after aardiac transplantation, While the
percutaneous insertion of stents is the most efficadous revascularization strategy for allograft coronary disease there is a
high incidence of stent renarrowing. We developed a novel rabbit model of sex-mismatched allograft vascular disease as
well as the response to stent implantation. in situ hybridization for the Y-chromosome was emploved to detect male cells in
the neointima of stented allograft ard the population of recipient derived necintimal cells was measured by guantitative
polymerase chain reaction and characterized by immunchistochemistry. To demonstrate the partidpation of circulatory
derved cells in stent nesintima formation we infused ex wivo labeled peripheral blood mononuclear cells into native rabbit
carotid arteres iImmediately after stenting. Fourteen days after stenting the neaintima area was 58% greater in the stented
i non-stented allog raft segments {p=0.02). Male cells were datected in the necintima of stented female-to-male allografts.
Reciplent-derived cells constituted 721257 and 81.5=4.2% of neosintimal cell papulation in the non-stented and stented
segments, respectively and the corresponding proliferation rates were only 2.7 +0.5% and 23202% Some of the radpient-
derived nevintimal cells were of endothelial lineage. The ex vivo tagged cells constituted 9.0=04% of the cells per high
power feld in the stent neointima 14 days after stenting. These experiments provide important guantitative data reganding
the degree to which host-derived blood-bome cells contribute to necintima formation in allograft vasculopathy and the
early response to stent implantation.
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Introduction

Ihe artery wall consists of three lyers; the (inner) intima, the
media and the ©uter] adventitia. Non<lieased human coronary
arteries normally have a modes layer of imimal thickening jor
neaintima, NI that comigs of an ascumulaton of smooth mede
cells (SMOR) and exrracellular rarax] 1], Cuarrently, it & believed
that medial SMC proliferation and inward migration, as well as
the transmigration and retention of bleod bame inflammatory
cells play key roles in trandorming a benign N1 inw the ohsiroetive
lesions thar are wen in athercsclerotic coronary artery disease
(CAD), as well as allograft eoremary disease (ACLY thar occurs
after heart transplantation[2, 3], Like garden variety CAD, ACD
can ulimately lead 1o life threatening dinical sequeae, and the
mist common revascularization strategy for either of thes entities
imvalves the imertion of metallic seaffolding devices known as
stentz. While stent renareowing due o recurrent N1 formaton

{alo know as in-stent wstenoss or 1SR) oceurs in up m 5-30% of

CAD leions (depending on the stent and/or dng coating on the
stent}[4,5], ISR & a mare {requent and serious problem for ACD
lesionaf 3 69, For example, Simpaon and colleagues report 6 and

12 month ISR rates of 41% and 53%; respectively, with 539% of

stented p:u:irlu: dy iug ar undergoing repeat cardiae ransplanta-

'@_ PLoS OME | www.plosone.org

tion within approdmately 2 years of their fis ineervenmion| 9],
The hswopathology of ACT is characterized by inflamma oy cell
infilirates with SMC accumulation and hence & more akin o ISR
than the complex atheroscleotic lesions, Indeed, Jonas and
calleagues recently demonstrated thar angiographic progresion
of ACIY and ISR lesions in allograff coronary aneris ooreeate
and share himaological feanmes|3].

I'he pathogenesis of ACD is incompletely understood, and
debate lingers over the wlatve importanee of immuone f8, pon-
e factors, as well as the arigin of N1 eelk. Unfortunately,
experimental studies involving a variety of animal models of
nampl:mul:ian hawve Juudn(‘n‘l discordam resulis @see review by
Hillebrands ¢tal [ 10]), Indesd, there is critcal coneern when high-
resnlution conforal or deconvalution microscopy 5 wot wed to
track cell lineage n allogra fis (see edivorial by Hoofnagle o al{11])
Regardless ol thew experimental studies, one cannot ignore
otservations from a handful of mportant human sudies that
suggtest that hoat eells participate in allogralt disease. For ecouple,
in 171 Kenedy and Weisanan|12] used anti-sera divected
against donor and host HL-A antigens to suggest hoat cells were ar
least partially responaihle for N1 formation n & human cardiae
allograft coronary artery. Together with ar least five larger and
maore sophisticated stdies of human cansplantation, thew &

March 2008 | Volume 3 | lsue 3 | 1854
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already irrefutable evidence that exwacardiac celk engraft both
non-diseased or diseased arteries of allografis{13-17).

Henee, while there is information availa ble about the imolemeni
ol hest-derived cells in allograft N1 formation, many questions
remain. For example, the precie degree o which hest celk populae
the allograft NI has only been asessed semiquantiatively by
sampling a relatively small number of cedb in just a handful of
artenies, Certainly, a more comprehensive quantitative assesment ol
the degree to which blood horne host cell paricipae in K1
formation & required before we can assign a level of ggnificance 0
thise cells in the pathogenesis af allograti vascular disease, and
determing the need to develop therapeutic strategies o inhibit their
partcipaton. Theretore, the goals of the current study are 1o address
the following questions using a rabbit model of allograft vasculopathy
angd the response o stentimplantation: i) what is the arigin of N1 cells
in allografts with or without stenis? i} 10 what (precise) degree do
recipient ¢elk comribute o the N1 formation? and iii) what is the
identity of the N1 cells that populate the allograft NE?

Results
Model of Allograft Vascular Disease and Stent NI
Formation

New Zealand White (NZW) rabbits were used for these
experiments because their carorid amery is similar in ealibee w0
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human coronary areries and hence suiable for both surgical
tmnsplanmion aod stent deployment, Allogmifiing of a female
carotid arery 10 a make mcipient {n= 46, and vice versa (n= 6, was
perfirmad (Figure 1A-F, Movie 81 and 52 available anline),
Two weeks after stent deployvment rabhits were euthanized and
vasgular tisues were harvesed for analyses. Towml plasna
cholesteral Jevels increased almost fourfold  after 5 weeks of
ingeating a cholmteral-enriched diet g, baseling 36,7220 mg/
dl. and at euthamasia: 2002152 mg/dL).

Immunocytochemical and Histomorphological
Characterization of NI

A madest NI was present in all nomestented and stented
allografts segmentz a5 well as stented native carctid  arteris
(Figure 24 & B). In norrstented native camtid arteries a NI was
abaent (data not shown). In non-stented allografi segroenss the K1
largely consised of an almos equal mix of SMCs and
macrophage: (Figore 2C). As well a minor infltration of
Iymphocytes was presens in the allograft NEcongstem  with
previows dederiptions of the early N1 phase of ACD[I0]. The
allograft stent N1 was distiner friom non=stented allograft segments
a5 well as the stent Nl of native carotid arenes. Specifically, in the
stent N1 of 7/12 allografts more than 50% of the celk failed to
label with SMC, macrophage ar lymphocyie markers. Inthe N1 of

Ablograft
Stent MNaliva

Stznt

F

Figure 1. Sex-mismatched rabbit common carotid allograft medel. (A-C) Donor carotid antery acting as an dllograft to the redplent's
comman cratd anery. Tianium dips were used to ligate redplent anery. After transplantation the redplent carotid was cut in the middle and the
cefebral croulation was restored in the allograft Theee weeks later, a 5670 stent (3.0 diameter= 12 mm length) was deployed in the middle of the
aliograft. () Photo of microsurgery showing the bypass allograft anastomosed to native common canotid. (Bl Anglogram of the allograft after stent
imsplantation. (F} Patent allografi (without contrast dye} showing the radiopaque stent located in the middle of the graft. A stent iz also present in the

contralateral native carotid antery.
do 10,137 1 joumalpone 001 854 g0
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Stented Allograft

Allograft Stent Neaintima

Stented Native Artery

e

W =

Figure 2. Morphologic and immunchistochemical study of allogmft, stented allograft and native arery. A & B: HEE stained tssue
secthon shown at =20-40 fop row] and =200 |second row) magnifications with ® denoting location of stent struts removed post-mortem. C Dual
labeling for the macrophage marksr RAM-11 fbrown) and the SMC marker =5MA [blue) demonstrates similar basal NI location of macrophages with
owverlying ShCs. Note that larger aflograft stent Ml has a large number of cells that do not labd with ether of these cell markers [ Labeling for the
endothelial specific marker GSL -84 {brown) shows immunopositive cells within the NI particudarly in the stent Nis of the allograft and native artery.

Orange amow heads delinsare the internal elastic lamina
Gok10.137 1 joumal pone 00018540 00

the remaining stenied allografin 4 were dominated by macro-
phages and 1 by SMCs In contrast, the NI of stented native
arteries gy consisted of SMCs with macrophages that were
confined w0 the peri-arut nsmiecondatent with our previous
description of stent N1 formation in native mbbit carotid
arteriesf 18], Griffonia Simplicitolia Lectin l-solectin B4 (G551 1-
B4) was wed 1o identify cells of endothelinl lineage as it is well
recogmized as a reliable endothelial macker| 19,20]. As expected,
the luminal endathelivm of non-gented allografi segments was
imact and mmunclbeled for the endothelial marker GSL 1114
(Figure 21, However, we were surprised to find seattered within
the M1 ofthe non-stented and stented allograti segments, a0 well 2
stented native arteries multiple cells that were immunopositve for

7@&, PLOS ONE | www.plosons.org

this endotheial marker—yer did not appear to be part of vasa
vagorum (Le,, o organized cellular nework encornpassing red
blood cells).

While a modest N1 formed in the allografis N1 aren varied
arcording 10 the ocadon within the allograft Figure 3A) At the
allograft anastomoric sites (the ends of the allogm that were
sutured to the caritid anery) the N1 area was 59% larger than in
the pon-stenied  body of the allograft (1052013 mm® oo
0662007 mn”, respectively, p=<0,05), Interestingly, the area of
the N1 at the site of stent inplanation was 14014 mm® and
approximately 56% larger than the adjacent noe-stenied allograft
segment (p="005), In contrast, the N1 generated in respose 1o
stenting  the  oontmalueral  (native]  carotid  artery was
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Figure 3. Characteriztion of Ml formation in stented allograft.
A: The Wi area of the allograft at the site of stent implantation,
anastomoses, and the adjacent non-stented allograft body segment,
n=12, *p=0005) B Low level of proliferation in the non-stented body
of the allograft and stented allograft segments. Prolferation at the
anastomoses was higher at the non-stented body of the allograft
{n=12 p=0u002) or stented allograft {n=12, p-=0.001).
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0564004 mm® or only 54% of the allografi stent NI area
(p=0.01) and similar in magnitode o the non-sented allograft N1
found at a distance from anastomatic ses.

As a separate control for this allograft model, we sidied 2
cohort of three rabbit thar underwent sex-memarched carotid
artery transplintation but were euthanized S-oweeks poae-mans
plantation iLe., without stent insertion). A N1 was present in all
three 3 week old allografis, but was much analler than that of the
Sweek  old  swnted  allograbis  (0.087Z0.017 mm®
1L04£0,14 mm®, p<001), The N1 cells of the 3 week ald
allografis conssed mainly of SMCs and macrophages,

To determine the role of proliferation . the NI BrdU
immunalabeling was periirmed (Figure 3B, In the nor-stenied
(n=10} and sented (n= 19 allograft segments the prevalence of
proliferating cells was low 2.7 20.5% and 2520.2%; respective-
Iy}, 'The prolferaton profilke at the anastomoses $6E0,59%,
n=10 was higher than that of the non-stented and stented
allograft sites (p =0,002 and p=2(L001; respectvely]. In the native
carotid artery no sent) profiferation was virmally absent, but at
the ste of gent insertion F6E0.3% of celb were proliferating-a
frequency similar to that found in non-stented or stented allografis
and cerminly ower than thar detected ot the allograft anastomoses
(p<0.001),

'@, PLoS OME | wwwplosone.org
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Origin of Stent Ml Cells

Ta assess the contribution of the recipient's cells o sent N1
formation we employed rwo technigues, Firar, by uing Fluorescent
i it hyhridization (FISH] for the Y chromosome male recipient
cells were detected i the N1 of the non=stentod aegment of a
female-toermale allogralt (Figure 440, the N1 in the allograft sem
(Figure 4B}, and in the media of the proximal natve artery
(Figure 4C). Similar w0 other reports{ 17 21) the sensitivity of
FISH 1o defect male cells was limited (eg, we detecied only
20,022.6% of positive cells in pure male tismue-depite adequate
hyhridization as reflected by parallel use of 2 control probe specific
for histone-H3 idata not shown),

Second, Laser capture microdisected (LOM) was wed to
preciedy isolue sen N resue (Figore 4D) and quantitative
polymerase chain reaction (X PCR) asesment of Y dhromosame
copy number relatve 1o that of an antesormal gene was employed
to determine the pereentage of host or donor cels mvabved in NI
formation, The Nls ranged in area from approximately 0.48-1.48
i’y and had an average cell dendty of 6,083 cells/mm®; henee
between 2,454 and 93005 cells were sampled on each tissue dide
using LM, Fignre 4E shows the lineariy of 2 sample standard
curve e GAPDH, Both the set-determining region Y SRY) and
GAPDH reactions were inesr over a one million fold range for the
concentration of the standard plasmid, Furthermaore, the correla-
rion coefficient for SRY and GAPDH were excellent (17 value
range; (199100 and 0,98-1.00; respectively], Hence, using this
technique and the appropriate caleulations we were ahle to
determine the origin of cells in the X1 of both male and fernale
arteries. Kxamination of nine native carofid artery samples (5
female and 4 male) revealed that %6 526.6% of the cells were al
recipient arigin (Figare 4F). The contribution af recpient cells to
the allograft NI i non-stented sepments (n="1 was 7L1257% af
cells. In the larger NI of the allograft stents {n = 10} 81.524.2% of
the cells were of recpient origin, Therefore, by inference
approgimately 27 9%  of the noresenied  allograft N1 cells
originated from the allograft, while only FR.5% of the sent NI
cells in the allogmfn were derived from the vesel wall Gren the
relatively low proliferation profile in the allografi N1, thee data
suggest that host eoll engrafiment plays 2 major vole in allograft W1
formation.

Differentiation of Circulatory Cells: In Vitro and In Vivo

To wst whether the GSL B4 immunoposinve N1 celk
{described above) may be hos-derived cells thar differentiace
trom an endothelial 1o 2 SMC or monocyie /macrophage lineage
we cultured rabhit peripheral blood monoiodear cells PEMCS
on fibronedin-coated plates in EGM-2 media, Similar to human
PBMCs muaintained in culture for seven daya[22] the adherent
rabhit FEMCs on day 7 in culwe were positive for both Dil-
ac LML upake and G3L FB4 hheling but negative for hoth a-
smooth musde actin (SMA] and BRAM-11T  mmunolabeling
(Figure 5A). However afier 28 days the majority of celb
expresed o-8MA or RAM-11 bt did not show DikaclDL
uptake or GSL -84 immunaolabeling (Figure 5B Hence, thess
in piten dlatn suggest that PEMCs are capable of tmnsdiferentiar-
ing from an EC lneage w0 either SMCs or monocyte!
macrophages,

Similarly, w0 directly determine if dreulatory cells engraft sien
NI rabbit PBMCs tagged s-mno with the luorescem dye PKH26
(Figure 6A! were scectively injected into native caroid arteries
immediately after sient mplantton, Fourteen days after sem
implaniation PRH26-agged el constituted 9020 4% of stent
N1 cells per high power ficld (HPY) (Figure 6B-D).
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Figure 4. A-C: FISH hybridization with an SRY specific probe in the Nl of a female-to-male allograft with or without stent. Blue areas
show DA staining of nucled with green labding of ¥ chromosomes (highlighted with red ammows). The yellow color i due to auto fluorescence of
elaztic fibers. Male cdls [redpient origin} were detectad in Nl of female donor allograft without {A] or with stent (B). Male native carotid artery medial
cells are SRY positive () and were used as positive controk. D: Arcturus Histolhene stained aliograft artenial wall before and after NIl microdi=eced by
LM, M =neointima. £ Sample OPCR standard cune for GAPDH. F: Percent contribution of redipient cells to the NI in aliograft body, allograft sent,

and native vesselsBars represent means = 5EM.
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Discussion

ACLY uhimately leack w fhilure of cardiac trangplans and is
difficulr 10 manage due melractorines (0 Ummne
maodulation  andor a wa i1'|:. of revascularization J'ﬂﬂ“'dun:ﬁ,
including percutanecus ooronary sent insertion, Distinet from
plague rupture in atheroselerotic native coronares, progressive NN
accumulation iz the ubimate cause of ACD as well a3 allografi
ISK[1). ln order 1o improve our undestanding and wreament of
ACD and allografi 15K, we developed a novel ses-mimatched
rabbit model of carotid artery grafting in order 1o quantiacely
sty the eontribution of host w. donor eells during N1 formation,
Using bawh i st hybridizadon for the Y chromosame and (-
PCR for the ¥ chromosome on N1 tasue Bolated with the aid of
LCM we show that hoxt derived celk play a dominant role in the
penezis of allografi N1 formaton, Spectfically, 5 weeks alier
thlgan'lilg; 72.1% of .|]||’|g|'.'|]'l NI cells are al host 'Iligi.ll.
Maoreaver, when a stent is implinted in a3 week old allograh
and the resulting Nl is examined 2 weeks later we note that B1.5%
of the allograft sent NI cells s host derived,

o ifs relative

R LA
'.@, PLaS ONE | www plosone.org

While a numbser of human studies |J|K|m‘5li(umh|\ denanateate
the presence of hoa derived cells in .'|J|:|‘|_l1| aft NI formanonf | 2- l._'_g,
considerable debate linges in the experimental literature regard-
ing thi phenomenon In part, it can be agoed thar the
expermental models are poar mimics of the human condinon,
and while uln‘k’luhh‘d]’:. wrue, this .ﬂ\'m]lil'x_g statement does not do
justice i the plethora ofexcellent experimenial siudies i this field
Space dors not parmit a balneed discwsion of all of these sndies
henee interested readers are referred o oowo excdlent reviews by
Hillebeands o «[10,23], )

In the current smidy we wed two techuigques to detect the ¥
chromesome: FISH on arterial oos sections and (-PCR on
sections af NI cardfully isolated with LOM. While the sensrivity of
FIsH for the Y chromosome & widely recognized o have hmuwl
derditivity (e, varying between |p|'nu5.|nuuh M-50%) [17 21
this ter |'|||I-‘{||1"'|- useful for localization reasons. Chite the oppasite,
{.;I' PCR is 1u|u|ou\ sensitve for ¢|u.mIJJ|-I||_g the perceniage al’
male tisue in chimeric systems wing Y clvomosome specifie
amplicons (eg., Y chromosome detection thresholds as low as
0,125 %—equivalent to 6 copies of the Y chromoscme] [24-27]. We
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Figure 5. Differentiation of droulatory cells [n wira. & Rabbit FBMCs maintained in culture for ¥ days: Dilkad DL labeling {red, left panell; GSL -
B4 labeling lgreen, middie panelt Merged Image showing both Dil-acl DL uptake and G5 1464 labeling in indhddual cells (yellow, right pangll B:
Rabbit PEMCs after 38 days in culture: Di-aclDL labeling ks absent frad, left panell, s-SMA expresion is evident jgreen, middle panell, and some ce
that do not express =-5MA express the maoophage marker, RAM-11 fred, right panel). For both A and B: blue DAPI nuclear counterstain and =
magnification.
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Figure 6. Differentiation of circulatory cells in wivo. A PEMCs labeled in witro with PRH2E dye {red) and DAM nudear counterstain fhlus);
magrification: = 1003, These calls were injected into the carotid artery immediately after stent insertion. B: Cn ction of native rabbit canotd artery
14 days post stent implantation (HEE stain . £: PKH 26 abelled PEMCs {red) were detected in the Ml of stented arteny. [t Some PEH26abelled PEMTs
|red} were also immunopasitive for -SMA (gresn). For panels B-[r amows or auto fluorescence daineate the intemal elastic lamina; *denote sites of
manually removed stent struts magnification: =400,
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examined u far larger number of allografis than the most relevant
previows siudy wherehy the investigators limited their cell sampling
protocol o cells thar were 2-SMA immunopasinve and derived
their conchisions from the analyses of only 21 nuelel harvesed
fram 5 allografis] 28], Incontrast, we pedormed LCM ona ol of
12 allografis (6 male 10 female, and 6 female 1o male), with analyses
performed at 2 specific subsegments within each graft (Le., unstened
hody of graft, and stented mid-segment). As well, wing O-PCR
prowocal with remarkable inearity for the amplification reaction, we
danat rely simply on the presence or atsence of an amplicon, This,
while we acknowledge the pioneering work by other nvestigatars in
thie field, particularck Hilletwands and calleagues, our wark expands
upon the inital smdies and provide a lage data set o daw
quantiative conclisions from.

Undoubtedly, the N1 of the allografts in our sy is the reaul of
hoth the response to stent implantation and the alloimoune
features of vasculopathy; however, this is no different from the
cardiac transplant recipient with ACD who undergoes coronary
stenting. Stenting ulimately sl in inereased N1 formation chat
cammat be explined by excessive prolifemdon, Acually, the
profiferation  rates in dgented or nonesented allografis were
smmilarly low . and eomparable to that of the sterted native
arteris—obacrvations that are congistent wirh our previous sty of
the reaporse to stent implanration in rabbics] 18]

To further demonstrare thar rabbit crculatory el can
papulate and differentiate nito vascular eell within the NI of
aters we  performed  two - additional  experimens.  Firg, we
demoistrated that PBMCs from rabbits can differentiate o sigro
and at day 7 express markers consistent with an endothelial ineage
(DikaclDL upiake, GSL 1-84 laheling). By 4 weeks omomftn the
same cell oo longer express these endothelial cell matkers, but
imsteard showed feanres consiment with either SMCOs or macro-
phages &g, inmunaolabelsd for a-SMA or BRAM-11; vespectively).
Seeond, when PEMCOs are tagged with the fluorescent PRH26 dye
and njected ar dme of natve carotid artery stent insertion, they
conatiite & surprisingly high percentage (9% ) of the sient N1 cell
populaton 14 days later.,

Perhapa the mest intriguing observation fram the current sy
is the detection of cells that express the endothelial lineage marker
GSL -84 19, 20] within the N1 of both non=tened and stenied
allograft segments, a5 well a3 stented natve arteries, be e, these
crls are morphologically similar 10 N1 SMCs, as they are
surrounded by an extracdlular matrix and do nat appear o he
part of an organied vasa vasorum. Certainly, in the pordne
model of stent neointimal formation, SMCs almost exchisively
populate the neointima, thereby raising the pessibilig that these
GSL B4 cell may be unigue 1o the rabbit model[29), While the
imolement of cedls expresing other andothelial markers in
experimentil  lezion: formation & oot novel [3050] oo our
Jnowledge, this & the fivst weport of GSL 1-B4 positive cells within
the N1 of stented arteries, Given our current data as well as that
from other laboratories{32-%] zshowing the differentarion of
PBMCs 1o either endothelial cells, SMCs or macrophage
phenotypes, it & templing 1o speculate that GSL 1-B4 positve
Nl cells are a form of dreulatory progenitor cells that later
differentiates i piee into a SMO or macrophage phenonpe It is
lesa likely thar these cells evenmmally constitute vasa vasorum within
the stent M1 becaus although neovascularzation of atheroscle-
rotie lesions s comman, vas vasorum are exceedingly rare in ISR
lesicnnaf 35].

Finally, there are limitations (o our sudies, First, it must be
remembered that we detected hosi-derived NI cells ar a relatively
early interval in lesion development and it is unclear if these host-
derived cells survive and partidpate in manre lesion fornvation,

:@. PLGS OME | waww.plosons.org
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While Relign and colleagues [36] noed a smilar frequency of
host-derived SMCs in B week ol allogmlis Benteon  and
colleagues [57] found only locally derived cells at 20 and 32 week
okl after allografting. Hence, it is posdble thar the early
engraliment of host-derived cell (perhaps facilitared by apoposis
oflocal vesel wall cells) & later replaced by a regrowth of local cells
that are stimulated by immune-medived inflammation. A second
question relates to the prospect thar host cells from the mative
carotid artery amastomoses migmted inward o colonize the
allografiz; O rabhit model msed isoransplanted carotid segments
that are quite long (30 mm). Given that each stent was 12 mm
long and placed in the middle of the allografi, vascular cells from
the adjacent native carotid artery would have 1o migrate at least
9 mm i a period of oo weeks to reach the marging of the stent, It
iz inlikely that twa weeks is sufficient ime for inwand migmton of
cells from the anastomoses 1o populate the stent KL Moreover, in
our study the N1 of the allogratt body between either anasomess
and the stent 8 approximately 50% analler than that of the sent
itsell, Therefore, i inward migration of mature caratid anery celk
contributed to stent M1 farmation, it is surprising 1o note that the
intervening allograft body shows a “gap’ in the N1 area wlative 1o
that of the more centrally located stented segment, Third, the
engrafiment of e moo PKH2Gabeded cells muo the stent N1 was
remarkably high, and perhaps reflects modifications of these cell
that occurmed while in culiure je.g, upregulaed expression of
integringl. Hence, we must cautiowsly interpret the magnitude of
this observation, yet can acknowledge that this information &
suppartive of the eoncept that blood derived cells can divectly
participate in stent N1 frmation. Finally, one must ask why were
all of the N1 cells no blood borne? Ferhaps one cue might come
from  elegant studies  performed  decades ago  thar clearly
demonstrated the role of tismue wall hypoxda in the genesis of the
NI Esentially, the vasa vasorum of carotid arteries arise from
terminal branches of adjacent aneries {eg, ophthalmicl| 58]
Henee, the harvesting of these arterial allografis ultimately resuls
in dismption of the vasa vasorm and leads to vessel wall hypaoxia—
a phenomenon  previously shown o induce aherosclerotic
legiana[59), Thewtare, it begp the question could the hypaxic
stimulis be a confounding factor that prampis NI expansion by
endogenous. SMCs thar, in effective, partdally minimize the
mvalvement of blood borne (dreulamory) cells?

In summary, our sex-mismatchid carotid allograti rabbic maodel
prewides a newel method to aody N farmaton in ACD and the
response stent implantation i allogm s, Our Sndings suggest that
blood-borne, hos-devived  progenitor cells-including  cells of
endathelial lineage—are important contributors o N1 farmarion
in both these lesions. Hence, moduolaing the  mobileation,
haming, and differentiation of host derived cireulating celk may
provide a new therapeutic target in preventon of ACI and stent
NI formation i allografia,

Materials and Methods

A deniled desription of the methodology (Marerials and
Methods 51) is provided as supporting informa tion,

Sex-Mismatched Carotid Allograft Model

Animal procedums were carried out with the approval of the
University of Onawa Animal Care Commines and folowed the
guidelines of the Canadian Councl on Animal Care, Carotid
artery  transplantations were performed  between  gender-mis-
matched NZW rabbic gblings (2.5-50 kg, Charles River
Lahoratories, Quebec). Six male and six female rabhits were
recipiens of sex-mismatched carotd allografis, Beginning one
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week prior to transplantation the rabhits were &d a 0.5%
cholesteral diet{Harlan Teldad, Madizen, W) that was continued
tll puthannsia. Under general aneshesin, the donor carotd
arterial segment (2.5-5.0 om long) was harvested and the donoe
allowed to recover for subsequent transplantaton or euthanized if
donating a second carotd anery. The recipient rabhit was
heparinized (175 U kg), the right carotid artery expesed, cross
climped over a 3-55 cm segment and indsed longinedinally, The
harvested donor carotid arterial allograft was anastomesed o the
sggment  end-oide with  imerrupted 50 prolme  sunres,
Circulation  was  restored  and  vigowus  pubations in the
allografied carotid arvery without leaking confirmed  suecessful
transplantation. Redpiens were then allowed 1o recover for three
weeks hefore a oohalt chmmum sent (8670, $0x12 mm,
Medironic AVE, Inc., Suntm Ros, CA) was deployed at 6
armgapheres m the middle of the allograft {esperimentl]. As well,
a secand (control] sent was deployed in the contra-laweral native
carotid artery. Immunohistochemistry was performed on tissue
sections in order 0 detect the presence of macrophages, SMCs, T
eells, cells of endathelial lineage (GSL B4 immunopasitive], as
well as proliferatng cells. FISH was performed with a specific
probe for the ¥ chromosome (SRY), LOM intmal thsue was
collected, genomic DNA was Balnied and subjected w0 O-PCR for
SRY and GAPDH genes in arder to asmes Y chromoome copy
number relative o that of an autsamal gene, and therefore,
determine the percentage of host or donoe eels imaolved in NI
formation.
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Abstract

Since their initial description in 1997(Asaharak1997), considerable effort has
been expended defining subsets of endothelial gzular progenitor cells with the
capacity to modulate a host of cardiovascular degandeed, the expansion of
regenerative medicine as a field has led to a pgradhift, from pharmaceutical or
surgical intervention, to the potential use of balted therapies. While preliminary
clinical studies have shown promise, conflictingulées from both preclinical animal
models and small clinical trials reflect, in patlack of consensus regarding the
characteristics, isolation methods, and definitioh&hat constitutes an endothelial
progenitor cell (EPC). Moreover, as our understagaif the mechanisms by which
EPCs modulate cardiovascular repair progress, retkgglegies are emerging to either
enhance the function of transplanted cetlsnodulate endogenous progenitor mediated
repair. Herein we will review highlights of the phaical and clinical data underlying the

therapeutic potential of EPCs for repair followiaderial injury.
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6.1 Defining Endothelial Progenitor Cells

The earliest studies to suggest the existencesaiwar progenitor cells described
implantation of Dacron grafts or silastic tubingarnhe vasculature of various animal
models (Stump et al 1963; Florey et al 1961; Jardaret al 1962; Stump et al 1962;
Pasquinelli et al 1987; Feigl et al 1985; Camplgiéndy and Campbell 1999; Shi et al
1998). These experiments demonstrated the formafiarudimentary vessel wall or
“pseudo-neointima”, comprised of mature endothékals) and vascular smooth muscle
cells (SMCs), independent of input from the natrasculature — leading the authors to
postulate a blood derived source of mature vasceliés. However, it wasn’t until the
isolation and characterization of endothelial protge cells (EPCs) in 1997 (Asahara et
al 1997) that an explosion in the study of vascptagenitors as both markers and
mediators of cardiovascular disease truly begans€guently, the last decade has seen a
rapid progression in our understanding of the fumelatal biology that underlies this
endogenous repair mechanism, with results frony asankll trials showing significant
promise for therapeutic potential.

Paradoxically, as research in the field progreases exponential rate, the very
definition of what constitutes a true EPC continteesvolve (Urbich and Dimmeler
20044a; Urbich and Dimmeler 2004b; Hirschi, Ingramd & oder 2008; Yoder 2009). The
lack of a uniform understanding of the most fundatalequestion — what is an EPC — has
hampered both pre-clinical and clinical studies@sflicting results, at least in part,
reflect a lack of consensus regarding definitidigile it is beyond the scope of this
chapter to review all of the literature regardihg tefinition of an EPC (see Chapter 2),

for the purpose of this chapter we will discusstth@c usingn vitro culture definitions
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ascribed in a recent review by Hirschi and collesgfHirschi, Ingram and Yoder 2008).
Briefly, fibronectin adherence depleted colony forgicells (CFU-Hill), adherent early
cultured angiogenic cells (CACs), and late outgloprliferative endothelial colony
forming cells (ECFCs) will be specifically referest

Similarly, the characterization of an EPC by FAGlgsis of peripheral blood
has evolved with an ongoing debate regarding tipeogpiate gating strategy and panel
of markers needed to ensure both reproducibility gpecificity (Schmidt-Lucke et al
2010; Schmidt-Lucke et al 2005; Fadini et al 2(B@arzi et al 2009). While CD45
negative/dim, CD34+, and VEGFR2/KDR+ markers ameegally accepted to be present
on EPCs, numerous authors have suggested inclas©B133, CD117 (c-kit), CXCRA4,
and CD31 as additional markers of putative EPCaui@Bet al 2009; Brehm et al 2009;
Grundmann et al 2007; Wojakowski et al 2004; Estesd 2010; Peichev et al 2000;
Duda et al 2007). In the absence of clear evidéngaing the use of any one panel of
markers, we have elected to use the term circg&mPC (cEPC) to describe vascular
progenitors enumerated by flow cytometry. Whiletexrdd and cEPC populations
undoubtedly represent distinct lineages of celishehas been termed “EPC” in the

literature and as such will be discussed in theecdrof cardiovascular repair.

6.2 Endothelial Progenitor Cells and the Coronary Atery

Atherosclerosis and development of obstructivewcary artery disease (CAD)
remains a leading cause of mortality and morbigitgeveloped nations (Manuel et al
2003). In addition to pharmacotherapy, the mainsfayeatment for ischemic heart

disease includes revascularization whereby bloma # restored to ischemic
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myocardium. With well over one million proceduresry performed annually,
percutaneous coronary interventions (PCI) with dgmplent of stents has become the
preferred revascularization strategy for patieritt @AD (Froeschl et al 2004}{gure

1). While coronary stenting has greatly reduced #tes of arterial re-narrowing at the
site of intervention, in-stent restenosis (ISR eticurs in 10-30% of patients receiving
bare metal stents (Serruys, Kutryk and Ong 2008)th& development of an intima was
initially thought to arise through proliferation loical SMCs, current therapies target
SMC proliferation and have achieved reduced ratéS® ranging from 5-12.5% (Marx
et al 1995; Marx and Marks 2001; Wessely 2010; &&tral 2007; Moses et al 2006;
Kirtane et al 2008). However, while these therajpedgtvices have improved outcomes
dramatically, they may increase the risk of lagmsthrombosis — a catastrophic acute
closure of the stent due to clot formation on erplostent struts — by delaying re-growth
of the endothelium (Mauri et al 2007; Luscher 2@07). Thus, the ongoing challenge
remains to devise therapies that enable vascutaebstasis, maintaining endothelial
integrity and function, at sites of arterial injusnile simultaneously inhibiting

neointimal formation.

6.2.1. Pre-Clinical Models of Vascular Injury & EPC Mediated Arterial Repair
Interventions designed to increase vessel lumempgtwith either balloon
angioplasty or PCI result in focal denudation & é&mdothelium and subsequent
development of a neointima (NIFigure 1). Rapid reconstitution of the endothelium is
not only necessary for reducing the risk of throsibobut evidence suggests that an

intact endothelium abrogates SMC and extra cellulairix (ECM) accumulation in the
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NI (Kirton and Xu 2010).The first evidence that EP@ay play a role in repairing an
injured artery originated from studies on the dfexf statins in rodent models. Both
cEPCs and CACs were independently reported to feordencorporate into sites of
injury, mitigating NI formation, when animals wereated with statins (Werner et al
2002; Walter et al 2002). However, because of treamitant statin therapy,
improvements in re-endothelialization could noalteibuted to the EPCs alone, and thus
subsequent studies were performed using isolatedrsperived CACs (Werner et al
2003). The authors isolated CACs from mice andWwilhg carotid wire injury injected
1x1C cells at the time of injury and one day later fésg in a 30% reduction in the
intima to media ratio. Interestingly, these celterted only to the injured vessel and were
not found in the contralateral uninjured arterygesiing a specific homing mechanism.
Recently, our group replicated the findings of gasninal paper using CACs isolated
from patients with CAD and demonstrated that imprguCAC function could further
improve re-endothelialization (Hibbert et al 200@nally, estrogens (Strehlow et al
2003), G-CSF therapy (Kong et al 2004), and lef@ichroeter et al 2008) can mobilize
CEPCs or CACs resulting in enhanced arterial rdpaiarious models of vascular injury.
These findings have supported the hypothesis tit@tvientions which improve either
EPC number or function may enhance vascular regyparultimately clinical outcomes.
Thus, results from these pre-clinical models haw¥ided the impetus to investigate

clinical interventions specifically designed to mtate EPC biology.

6.2.2. Clinical Interventions and EPC Mediated Arteial Repair

6.2.2.1. Statin Therapy
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Early studies in patients with CAD noted both higlesels of cEPCs and CACs
with statin treatment as well as a robust mobilaratiuring initiation of therapy
(Llevadot et al 2001; Vasa et al 2001). Since tlheereased numbers of EPCs have been
observed with statin therapy in patients with sgsg®AD (Schmidt-Lucke et al 2010),
pre-PCl, in the setting of acute myocardial infanctLeone et al 2008), and post
coronary arterial bypass grafting (Spadaccio @040). In addition to simply increasing
the number of cEPCs and CACs isolated from patiastésin therapy also appearss to
regulate qualitative properties of circulating peagors. Notably, members of the
integrin family of extra cellular matrix receptdrave been shown to be upregulated by
statin therapy which may in part improve adhesiotha site of arterial injury (Walter
and Dimmeler 2002; Chavakis et al 2005). This iparticular importance as cEPCs and
CACs from patients with CAD can have impaired fumeal capacity which may bear
importance on their ability to maintain vessel walimeostasis. For example, it is known
that not only are fewer CFU-Hill (George et al 2p8&d CACs (Hibbert, Chen and
O'Brien 2004) found in patients with ISR, but allkat a decrease in their adhesive
properties is an independent risk factor for degelent of neointima following stent
implantation (George et al 2003). Overall, thesalsobservational studies demonstrate
convincingly that statin therapy is associated Wwitth improved number and function of
EPCs in patients undergoing PCI but all have latckedower to address meaningful
clinical outcomes.

Statins have a number of effects independent of ldiering, including
improving endothelial function, enhancing atheresuic plaque stability, and

modulating inflammation (Liao and Laufs 2005). Té@deiotropic effects may in part
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explain benefits above and beyond what might beebgal by LDL cholesterol lowering
alone. For example, in the PCI sub-study of the PR trial, there was a marked
reduction of target vessel revascularization ingoas treated with high dose
Atorvastatin, an effect which remained after adpgsfor on treatment LDL cholesterol
(Gibson et al 2009). Similarly, the Atorvastatim Reduction of MYocardial Damage
during Angioplasty (ARMYDA) study group has demaastd important early
reductions in peri-procedural infarction by eith@tiating (Pasceri et al 2004) or
reloading patients with high dose statin immediapelor to performing PCI (Di et al
2009). While these larger trials do not specificédist the hypothesis that EPCs can
improve clinical outcomes following PCI, it is attive to postulate a link between the
early and robust mobilization of EPCs with stahiarapy and the observed clinical

benefit.

6.2.2.3. Stent Design

Coronary stents have evolved from mere scaffoédsgthed to prevent elastic
recoll of the artery into highly sophisticated dugjivery systems in which every aspect
— from the alloy used to the polymer coating —asigned to facilitate arterial healing
(Garg and Serruys 2010b; Garg and Serruys 2010a}k, 1t is only natural that as the
potential impact EPCs play in restoring an intatathelium following PCl became
apparent, researchers have attempted to enhaachratint and proliferation of EPCs at
the site of deployment (Padfield et al 2010).

The first stent designed to exploit endogenous Ep@rative mechanisms was

the Genous CD34 antibody coated stent (Aoki eD8b2. In this first in man registry, 16
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patients underwent successful coronary stentiniy @nty a single patient requiring target
vessel revascularization at 9 months of follow-Tip.date, this stent has been studied in
randomized studies of ST elevation myocardial otfan patients (Co et al 2008; Lee et
al 2010) and in a prospective registries of stalA® patients (Miglionico et al 2008;
Duckers et al 2007b) with satisfactory efficacy aafety profiles out to one year.
However, most recently (Beijk et al 2010) data canmy the Genous EPC capture stent
to the Taxus Liberte paclitaxel eluting stent shdwere than double the late lumen loss
(2.14 vs 0.55 mm). In these 193 patients at higk of restenosis, there was also a non-
significant trend towards an increased need fgetavessel revascularization with the
CD34 antibody coated stent. Thus, while the usendEPC capture stent is promising,
data from larger randomized control trials will ieeded before use of this device is
widely adopted.

Perhaps the most interesting results from theadirstudies of the Genous stent is
the post-hoc analyses in which patients whom appdaenefit most are those with
higher circulating EPC levels (Duckers et al 200Ha}his study, cEPCs defined as
CD45+/CD34+/KDR+/7AAD- were approximately two fatigher in patients treated
with a statin and inversely correlated with late&n loss. As patients with CAD have
fewer EPCs and decreased EPC function (Werner2&Qil; Werner et al 2007; Hill et al
2003), this has led researchers to mandate sketiagy in studies looking at the Genous
EPC capture stent in an attempt to increase retpeligization (Beijk et al 2010).
However, these findings may under-score a majatdimn in therapies targeting EPCs.
That is, in the patient populations in whom thémgdpies are designed to function, EPC

number may be too low or dysfunctional to derive lblenefits observed in pre-clinical
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models. Further studies into molecules which mebikEPCs, such as statins, or targets
which improve survival and paracrine function af tlecruited cells, such as glycogen
sythase kinasel3(Ma et al 2010; Hibbert et al 2009), may ultimgtehprove the

performance of stents designed to improve EPC rtestigrterial repair.

6.2.2.4. Cell Based Therapies

To date, there are no clinical studies investigpéither systemic or intra-
coronary injection of EPCs for reduction in rat€$SR or late lumen loss following
coronary stenting. Moreover, the relationship betwEPCs, PCI and ISR continues to
yield discordant and sometimes confusing reswdyireflecting both the
inconsistencies by which EPCs are defined as wdlhatations in study design.
Banerjeeet al.(Banerjee et al 2006) looked at 38 patients andnenated ECFCs. While
they observed a mobilization of ECFCs induced by, B@ authors noted that this
seemed to be independent of serum VEGF levels asdestricted to those patients
undergoing elective procedures. In contrast, @haf. noted a 37% increase in Hill-
CFUs in 20 patients having PCI with all of theitipats having had a recent non-ST
elevation myocardial infarction (Garg et al 2008ally, Eganet al.(Egan et al 2009)
compared 10 patients undergoing PCI with 13 patibaving only angiography and
found that CXCR4 positive cEPCs were mobilizedesponse to PCI alone, suggesting
that vascular injury is necessary to induce madilon. While these findings strongly
support the notion that the vascular injury indubgd®Cl mobilizes EPCs, none of the
aforementioned studies were adequately poweredesigned to assess the association

between EPCs and ISR.
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The first study to examine the relationship betwe®Cs and ISR was performed
by Inoueet al. (Inoue et al 2007). They enumerated cEPCs (defaisedD34+ cells),
CACs and outgrowth of smooth muscle progenitorscatid noted an association between
mobilization of CD34+ cells, outgrowth of SMCs ahe ultimate development of ISR.
Interestingly, others had previously noted a stromigelation between CD34+ cell levels
and late lumen loss following PCI (Schober et 20However by limiting their flow
cytometry to a single marker these investigatockioted all early bone marrow derived
cells including hematopoietic progenitors makingifficult to draw conclusions. The
largest study to date was conducted by Pelliecgh. in 155 patients undergoing PCI for
stable angina (Pelliccia et al 2010). Paradoxidhlgy too noted an association between
elevated cEPCs (defined as CD45-/CD34+/KDR+) aimdcal ISR which developed in
30 patients. Thus, while animal models purport negative benefit with regards to the
vascular endothelium, in humans when either CAGE=HCs are mobilized following
vascular injury there seems to be at least an edswtbetween mobilization of CD34+
cells and development of ISR. Thankfully, clinisdlidies using intracoronary injection
of cultured cells have not demonstrated the adwareats that may have been predicted
by these observational trials. Specifically, theTAMI trial (Lunde et al 2006; Beitnes et
al 2009), the REPAIR-AMI trial (Schachinger et 808), and the study by Janssehs
al. (Janssens et al 2006) all performed intra-coromegtion of mononuclear derived
cells without increased rates of ISR. While thasediss do not directly address the
potential benefit of a cell based therapy, the erpental data provides a rationale while

these clinical trials demonstrate an acceptabletygatofile in patients undergoing PCI.
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6.3. Future Directions

Therapies which augment re-endothelializatiorofwihg vascular injury, such as
in the context of PCI, are necessary to improveraithealing and ultimately enhance
clinical outcomes. Clearly, we are only beginniadetter define the involved cell
populations and the underlying mechanisms whicimpte their mobilization, homing,
and incorporation into the arterial wall. Whilastconceivable that cell based therapies
may show benefit, it stands to reason that as nderstanding of the biology of EPCs
improves, pharmacologic interventions or devicegtvimodulate this endogenous repair
mechanism represent the most likely manner in wkiels will make the leap from

bench to bedside.
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Il. Normal Healing

Figure 1. Role of EPCs in vascular healingArterial cross section (upper panel)
displaying vascular anatomy composed of outer aitisdayer with fibroblasts and
extracellular matrix (ECM), medial layer with smhahuscle cells, and inner endothelial
cell (EC) layer. Erythrocytes (RBCs), leukocytesB®5), and endothelial progenitor
cells (EPCs) circulate within the vessel's lumRegion (A) Normal arterial vessel with
intact endotheliumRegion (B) Atherosclerotic lesion containing a fibrous cap an
cholesterol crystals lined by endotheliuRegion (C)Atherosclerotic lesion treated via
insertion of metal stent, compressing the plaquigevdenuding the endothelial layer in
this region. Re-endothelialization then occursB#Cs adhering to the vessel wall where
they differentiate into endothelial cells (EPC-EE) or secrete paracrine factors which
promote re-endothelialization by local mature ElGsver panels illustrate time lapse
healing of stented region (@).Poor Healing due to diminished EPC numbers and/or
function results in incomplete re-endothelializatwith exposed stent struts and
neointima formation. This delayed arterial homesisteesults in in-stent restenodis.
Normal Healing displays completely re-endothelialized stentedrs&g with no

exposed struts or neointima formation owing to ER@bers and/or function stimulating
normal arterial homeostasis. Adapted from Pad#elal. 2010.
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Chapter 6

Coronary Physiology and Atherosclerosis

Edward R. M. O'Brien, M.D. Benjamin Hibbert, M.DHoward J. Nathan, M.D.

KEY POINTS

1. To safely care for patients with coronary artisease in the perioperative period, the climcraust understand how the
coronary circulation functions in health and digeas

2. Coronary endothelium modulates myocardial blidma by producing factors that relax or contrdwt tinderlying vascular
smooth muscle.

3. Vascular endothelial cells help maintain thedity of blood by elaborating anticoagulant, filwlytic, and antiplatelet
substances.

4. One of the earliest changes in coronary adexgase, preceding the appearance of stenosks,lass of the vasoregulatory
and antithrombotic functions of the endothelium.

5. The mean systemic arterial pressure and ndaiétstolic pressure may be the most useful andbiglimeasure of coronary
perfusion pressure in the clinical setting.

6. Although sympathetic activation increases myaiehoxygen demand, activation @fadrenergic receptors causes coronary
vasoconstriction.

7. It is unlikely that one substance alone (@denosine) provides the link between myocardiahbmitsm and myocardial blood
flow under a variety of conditions.

8. As coronary perfusion pressure decreasesnttes layers of myocardium nearest the left venlaicoavity are the first to
become ischemic and display impaired relaxationcmdraction.

9. The progression of an atherosclerotic lesiginslar to the process of wound healing.

10. Lipid-lowering therapy can help restore endihé&inction and prevent coronary events.

When caring for patients with coronary artery disgdhe anesthesiologist must prevent or
minimize myocardial ischemia by maintaining optirnahditions for perfusion of the heart.
This goal can be achieved only with an understandinthe many factors that determine
myocardial blood flow in both health and disead@s Thapter begins with an overview of
the structure and function of coronary arteriespi®Rgrogress has been made in the last
several decades in the understanding of the plogsiaf blood vessels, particularly the role
of the endothelium in maintaining flow. Followingig overview is an analysis of the major
determinants of coronary blood flow. Physiologic mivarmacologic interventions alter
myocardial flow by their effects on these factofree section on coronary pressure-flow
relationships explains the important concepts dbragulation and coronary reserve.
Studies of the coronary circulation are sometimesnterpreted because of an inadequate
understanding of the complex interrelationships mgnite heart, the coronary circulation,
and the peripheral circulation. The discussionathpphysiology begins with a description
of the process of atherosclerosis and the curmiérstanding of how this disease evolves
and causes clinical events. Next, the anatomy amdobynamic effects of a coronary
stenosis are explained. Coronary collateral funcdod development are reviewed here.
These concepts are the basis of predicting howifisgmtly the stenoses seen on
angiography impair myocardial perfusion. The tomé€ the final section is the
pathophysiology of myocardial ischemia. Here the&cepts learned in the preceding
sections are applied in an analysis of clinicahésunic syndromes. The final section
highlights future directions in the treatment ofaary artery disease.
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ANATOMY AND PHYSIOLOGY OF BLOOD VESSELS

The coronary vasculature has been traditionallidéw into three functional groups:

large conductance vessels visible on coronary gngpdy, which offer little resistance to
blood flow; small resistance vessels ranging ie §iam about 250 to 10m in diameter;
and veins. Although it has been taught that afesi{precapillary vessels less than 50
um in size) account for most of the coronary resistarecent studies indicate that under
resting conditions 45 to 50 percent of total corgnaascular resistance resides in vessels
larger than 10@m in diametel?? (Fig. 6-1). This may be due, in part, to the feddy
great length of the small arteries. During inteplsarmacologic dilation, the proportion

of total coronary vascular resistance due to laageries and veins is even gredt@he
regulation of tone in coronary arteries larger thBAum in diameter plays an important
role in delivering adequate myocardial perfusio®ne of the early changes in coronary
artery disease is a diminished ability of the ehdbtim of epicardial coronary arteries to
dilate in response to increased flow (see EndatheDerived Relaxing Factors, below).
Advances in technology have enabled measuremethte ineating heart, of diameters of
coronary vessels as small asyib. It is becoming evident that, in response tovemi
intervention, different size classes of coronargsets can change diameter with different
intensity or even in opposite directioh$This heterogeneity of response according to
vessel size would be an important consideratiqerédlicting the effects of vasoactive
agents on myocardial perfusion. For example, a thragdilated large vessels and
collaterals but not arterioles would be benefitigbatients with coronary disease (see
Coronary Steal).

The Normal Artery Wall

The arterial lumen is lined by a monolayer of ehébal cells that overlies smooth
muscle cells (Fig. 6-2). The inner layer of smawilscle cells, known as the intima, is
circumscribed by the internal elastic lamina. Begwéhe internal elastic lamina and
external elastic lamina is another layer of smantiscle cells, the media. Outside the
external elastic lamina is an adventitia that &rsely populated by cells and
microvessels of the vasa vasorum.

The Intima

Traditionally, the intima has been considered tlsmimportant layer of the artery wéll.
The intima can vary from a single endothelial lay@ra more complex structure of an
endothelium overlying a patchwork of extracellutaatrix and vascular smooth muscle
cells. As part of the normal development of mamgdaarteries, smooth muscle cells
populate this space and form a neointima. Thisiskffform of intimal thickening consists of
layers of smooth muscle cells and connective tigheethickness of which may vary
considerably. For convenience, the intima:medie nat often measured, and the normal
range is 0.1 to 1.0. How this benign intima forms ot well understood. Presumably, the
intima represents a physiologic adaptation to ceamg arterial flow and wall tension. The
intima is made up of two distinct layéré\s seen by electron microscopy, the inner layer
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subjacent to the luminal endothelium contains aondhnce of proteoglycan ground
substance. Smooth muscle cells found in this lageusually distributed as isolated cells in
a sea of matrix, rather than in contiguous lay&riew macrophages may also be found in
this layer underneath the endothelial monolayee ®bter, musculo-elastic layer of the
intima is adjacent to the internal elastic lamind aontains smooth muscle cells and elastic
fibers.

The Media

In normal adult arteries, several smooth musclestddpopulations with distinct lineages
exist within the medid.These diverse cell populations likely fulfill diffent functions in
order to maintain homeostasis in the artery wallc Example, in response to pressure
elevations, an increase in smooth muscle cell mag®xtracellular matrix may be required.
Alternatively, for arteries to be able to stretabttblongitudinally and circumferentially,
smooth muscle cells with variable orientations yabskeletal fibers must be present. These
distinct cell types may be important not only inalle but also in disease. In certain
experimental models of neointimal formation, pei#tion and inward migration of
subpopulations of medial smooth muscle cells ottlihe biologic determinants of medial
smooth muscle cell diversity are unknofwn.

The Adventitia

The adventitia, the outermost layer of the artellwnormally consists of a sparse
collection of fibroblasts, microvessels (vasa vasyt nerves, and few inflammatory cells.
The majority of the vasa vasorum that nourish timei layers of the artery wall originate in
the adventitia. Traditionally, the adventitia hagib ignored and is not thought to play a role
in vascular lesion formation. However, more recgaties have elucidated the role of the
adventitia as not only a source of inflammatorysciel the development of atherosclerosis,
but also a hub for paracrine signaling that camtaad vascular homeostasis in a variety of
vascular disease¥.

Transmembrane and Transcellular Communication

Blood vessels respond to a multitude of neural,draimnand mechanical stimuli in fullfiling
their role in homeostasis. When norepinephrineassd from adrenergic nerve terminals in
the adventitia, binds to receptors on the vasanaroth muscle cell membrane, a series of
events take place, culminating in a change in Velssaeter. Much progress has been made
in understanding this transmembrane signaling stheediscovery of cyclic adenosine
monophosphate (CAMP) in the late 1950s. Hormonesileting in the blood must interact
with receptors on endothelial cells before the mgsgseaches the vascular smooth muscle
cell. The mechanism of communication between telsbeen one of the central themes of
biologic research in the last decades. Future gtateting of cardiovascular disease will
likely be based on identification of abnormalitie$ the molecules involved in
transmembrane and transcellular communication. i&f limtroduction to these topics is
provided here.
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Figure 6-3 illustrates examples of pathwaysrafismembrane signaling. Up to five
components can be involved: receptor, G protefiectfr producing a second messenger,
phosphorylation of regulator protein, and the cqoseat change in cell behavior. G proteins
(guanine nucleotide binding regulatory proteing)rmade up of 3 subunits, (3, y) and float
in the cell membrane. On contact with a ligand{pemecomplex, guanosine diphosphate
(GDP) on the alpha subunit is replaced by guanosipbosphate (GTP). The activated
alpha subunit then dissociates from the beta-gaoon®lex and can interact with several
membrane targets (Fig. 8)3 For example-receptor activation results in the activation of
Gs (s = stimulate), which will stimulate the syntlsesif CAMP by adenylyl cyclase.
Muscarinic receptor activation activates a (G= inhibit) protein that inhibits adenylyl
cyclase. A single G protein can interact with mtiran one effector. In this way the G
protein can be a branch point for the regulatiomattiple effectors in response to a single
signal. These proteins have already been implicatetiuman disease: Cholera toxin
covalently modifies Gso that it becomes persistently active in stinmdgadenylyl cyclase
in intestinal epithelial cells, likely causing tbevere diarrhea of cholera.

Several second-messenger systems have bemctehaed. G can directly enhance
conductance through calcium channels, with theeamd intracellular calcium acting as
second messenger. The cyclic nucleotides, cAMPgaiachosine monophosphate (GMP),
act as second messengers. Their intracellulamaistiterminated when they are cleaved by
phosphodiesterase enzymes, which, in turn, are ra@golated by stimuli and second
messengers. The breakdown products of membranehpbinssitide consititute another,
more recently recognized, set of second messehyérsresponse to agonists such as
vasopressin, G protein is activated, leading tovatidn of the membrane-associated
enzyme phospholipase C. This enzyme cleaves phaodyimmsitol 4,5-biphosphate on the
inner leaflet of the plasma membrane, producingsitab 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). Both are second messeng&3.diffuses through the cytoplasm and
mobilizes calcium from intracellular stores. DAGn@&ns within the plasma membrane and
activates protein kinase C, which modulates celludativity by phosphorylating
intracellular proteins. In many cell types actigatiof the same receptors that control
phosphoinositide breakdown also results in theditoen of arachidonate and/or eicosanoids
(prostaglandins, leukotrienes, and thromboxands).résultant change in cell behavior can
be the opening of an ion channel, contraction taxegion of smooth muscle, secretory
activity, or initiation of cell division (see Chap).

Endothelium

Although the vascular endothelium was once thoofglas an inert lining for blood vessels,
it is more accurately characterized as a very ectiNstributed organ with many biologic
functions. It has synthetic (Table 6-1), and mdtal{dable 6—2) capabilities and contains
receptors for a variety of vasoactive substancabl€T6—3). Functions of the endothelium
that may play an important role in the pathophysgjgl of ischemic heart disease are
discussed.

Endothelium-Derived Relaxing Factors
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The first vasoactive endothelial substance to Iseosered was prostacyclin (B1a
product of the cyclooxygenase pathway of arach@anid metabolism (Fig. 6-4 and Box
6-1)1* The production of PGis activated by shear stress, pulsatility of fltngpoxia, and a
variety of vasoactive mediators. Upon productioledves the endothelial cell and acts in
the local environment to cause relaxation of thdedlying smooth muscle or to inhibit
platelet aggregation. Both actions are mediatethéytimulation of adenylyl cyclase in the
target cell to produce cAMP.

BOX 6-1 Endothelium-Derived Relaxing and Contracting Fams

Healthy endothelial cells have an important roleniodulating coronary tone by producing

Vascular Muscle Relaxing Factors

« Prostacyclin
« Nitric oxide
« Hyperpolarizing factor

Vascular Muscle Contracting Factors

« Prostaglandin bl
* Thromboxane A
« Endothelin

In 1980, Furchgott and Zawadzki observed thatpresence of an intact endothelium
was necessary for acetylcholine-induced vasodiati®ince that time it has been shown
that many physiologic stimuli cause vasodilation dtynulating the release of a labile,
diffusible, nonprostanoid molecule termed "endatimiderived relaxing factor" (EDRF)
(see Fig. 6-4) now known to be nitric oxide (NOItrid oxide is the basis of a widespread
paracrine signal transduction mechanism wherebyceldype can modulate the behavior
of adjacent cells of different tyg&!”NO is a very small lipophilic molecule that caadiy
diffuse across biologic membranes and into thesoytof nearby cells. The half-life of the
molecule is less than 5 seconds so that only tte Environment can be affected. NO is
synthesized from the amino acid L-arginine by N@tlsgse. In vascular endothelium the
enzyme (eNOS or NOS3) is always present (constguind resides in the cytoplasm. Its
function depends on the presence of'Gand calmodulin as well as tetrahydrobiopterin.
Serine phosphorylation is important for prolongetivey. The enzyme is activated in
response to receptor occupancy or physical stimualéTable 6-3). When NO diffuses into
the cytosol of the target cell, it binds with thene group of soluble guanylate cyclase,
resulting in a 50- to 200-fold increase in produetdf cyclic GMP, its second messenger. If
the target cells are vascular smooth muscle agllqdilation occurs; if the target cells are
platelets, adhesion and aggregation are inhibitedascular smooth muscle cGMP leads to
activation of protein kinase G which phosphorylatesious intracellular target proteins,
including the myosin light-chain regulatory sulivemd proteins that control intracellular
calcium?®

It is likely that NO is the final common effectonolecule of nitrovasodilators
(including sodium nitroprusside and organic nisatsuch as nitroglycerin). The
cardiovascular system is in a constant state ofeaghsodilation that is dependent on the
generation of NO. The molecule is more importardantrolling vascular tone in veins and
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arteries compared to arterioles. When the miaroktion dilates in response to metabolic
myocardial demand (e.g. exercise) increased florgutih epicardial coronary arteries
increases shear stress at the endothelium. Hus te release of NO which causes vascular
smooth muscle relaxation and dilation of the cotahae vessels, thereby facilitating the
increase in flow. The importance of the loss aé tmechanism in atherosclerosis is
underlined by the fact that in this situation mtran 50% of the resistance to flow in the
coronary circulation resides in vessles larger ti@® um in diameter (Fig. 6-1).
Abnormalities in the ability of the endotheliumpmduce NO likely plays a role in diseases
such as diabetes, atherosclerosis, and hypertefidforThe venous circulation of humans
seems to have a lower basal release of NO andcegased sensitivity to nitrovasodilators
when compared with the arterial side of the cirboie™.

Many agents, such as acetylcholine and norepiimeg) can cause contraction when
applied directly to the vascular smooth muscle nramd instead of relaxation, which
occurs when it is applied to the intact endotheliiiiig. 6-5). The net effect of neural or
humoral stimuli depends on a combination of diedfgtcts mediated by binding to vascular
smooth muscle receptors and indirect effects du¢h¢oligand binding to endothelial
receptors causing NO release from the endotheliuthe presence of healthy endothelium
vasodilation usually predominates. When the erdiotin is absent (injured vessel) or
diseased (atherosclerosis) vasoconstriction mdkidaet effect. NO has important roles in
neurohumoral regulation of vascular tone, in préwgnintravascular platelet aggregation,
and in the structural adaptation of blood vesseth¢ demands of blood flow and pressure.
Knowledge of it’s role in inflammation and atheresosis is rapidly expanding.

In addition to prostacyclin and NO another, lesslwnderstood, pathway for
receptor mediated or mechanically induced endatimetierived vasodilation exists that is
associated with smooth muscle hyperpolarizationth Bepoxyeicosatrienoic acid (a
metabolite of cytochrome p450) and®4 have been suggested as possible endothelium-
derived hyperpolarizing factor(s) (EDHF$}:>®> Smooth muscle relaxation is a result of
hyperpolarization of the myocyte which leads to rdased intracellular calcium
concentration. EDHF mediated vasodilation can leekled by inhibition of calcium
dependent potassium channels. EDHF may have arrtempoasodilator role in the human
coronary microcirculatiofi’

Endothelium-Derived Contracting Factors

Contracting factors produced by the endotheliurugie prostaglandin £lthromboxane A
(via cyclooxygenase), and the peptide endothelimdoEhelin is a potent vasoconstrictor
peptide (100-fold more potent than norepinephfiejith remarkable similarities to the
toxin of the burrowing asp. Both have potent corgrzonstrictor activity to which the
strong cardiac toxicity and lethality of the toxare attributed® Three closely related 21
amino-acid peptides have been identified: endatHel(ET-1), ET-2, and ET-3. The
primary product of vascular endothelium is ET-1 athiis synthesized from prepro-
endothelin-1 within vascular endothelial cells ke taction of endothelin converting
enzyme. It is not stored, but rapidly synthesiredesponse to stimuli such as ischemia,
hypoxia, and shear stress and released predonyiraitiminally (toward the underlying
smooth muscle)’ In vascular smooth muscle cells, ET-1 binds tecéigc membrane
receptors (EX) and, via phospholipase C, induces an increasatiacellular calcium
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resulting in long-lasting contractiofi$lt is also linked via a @rotein to voltage-operated
calcium channels. This peptide has a greater vastading potency than any other
cardiovascular hormone, and in pharmacologic dosesabolish coronary flow, leading to
ventricular fibrillation and deatf. Another receptor subtype, ETis expressed by both
smooth muscle and endothelium and binds ET-1 an® Edqually well (Fig. 6-6). When
isolated vessels are perfused with ET-1 there imiial NO mediated vasodilation due to
binding with Es receptors on the endothelial cells followed bytcmtion due to binding
of ET-1 to ETy receptors on the vascular smooth muscle membra&tadies utilizing
bosentan, a combined EK&nd EE receptor antagonist, have demonstrated that egldoth
exerts a basal coronary vasoconstrictor tone indmstfi  There is evidence that endothelin
may play a role in the pathophysiology of pulmonagd arterial hypertension,
atherosclerosis, myocardial ischemic syndromes, leeart failure> Clinical trials of
bosentan in patients with congestive heart falfusad hypertension have shown promise
but hepatic side effects have limited the dosee$s than 500mg daily, with the primary
indication being severe pulmonary hypertension.

Endothelial Inhibition of Platelets

A primary function of endothelium is to maintairetfiuidity of blood. This is achieved
by the synthesis and release of anticoagulant (argmbomodulin, protein C), fibrinolytic
(e.g., tissue-type plasminogen activator), ancef@ainhibitory (e.g., PGJ NO) substances
(Box 6-2)** Mediators released from aggregating plateletsussita the release of NO and
PGL from intact endothelium, which act together tor@ase blood flow and decrease
platelet adhesion and aggregation (Fig. 6-7), Hyeflushing away microthrombi and
maintaining the patency of the vessel.

BOX 6—2 Endothelial Inhibition of Platelets

Healthy endothelial cells have a role in maintagniine fluidity of blood by producing
¢ Anticoagulant factors: protein C and thrombomodulin

« Fibrinolytic factor: tissue-type plasminogen actora

« Platelet inhibitory substances: prostacyclin andmoxide

With vital roles in modulating the tone of gakr smooth muscle, inhibiting platelets,
and processing circulating chemicals, it seemgs thed endothelial cell dysfunction would
cause or contribute to ischemic syndromes. Theegidence of endothelial dysfunction in
atherosclerosis, hyperlipidemia, diabetes, and tgpsion®> Procedures such as coronary
artery surgery and angioplasty disrupt the endotimel The role of endothelium in the
pathophysiology of myocardial ischemia is discussgldw (see Dynamic Stenosis).

DETERMINANTS OF CORONARY BLOOD FLOW

Under normal conditions there are four major deteamts of coronary blood flow:
perfusion pressure, myocardial extravascular cossme, myocardial metabolism, and
neurohumoral control. Changes in myocardial pesfusiaused by different interventions
can be explained by analyzing the effects of thateeventions on these four factors.
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BOX 6-3 Determinants of Coronary Blood Flow

The primary determinants of coronary blood flow are
« Perfusion pressure

« Myocardial extravascular compression

* Myocardial metabolism

« Neurohumoral control

Perfusion Pressure and Myocardial Compression

Coronary blood flow is proportional to the pressgiradient across the coronary circulation
(Box 6-3). This gradient is calculated by subtragtiownstream coronary pressure from the
pressure in the root of the aorta. The determinaifodownstream pressure is complicated
because the intramural coronary vessels are cosgulesth each heart beat.

During systole the heart throttles its owndolaupply. The force of systolic myocardial
compression is greatest in the subendocardialdayérere it approximates intraventricular
pressure. Resistance due to extravascular compmessireases with blood pressure, heart
rate, contractility, and preload. Because it isid@ift to measure intramyocardial pressure,
the relative importance of these factors is comrsial>®>’ Flow is impeded both by direct
compression and by shear caused by twisting ofless the heart contracts. Myocardial
extravascular compression is less in the right nadat where pressures are lower and
coronary perfusion persists during systole (Fig8)6+ pathologic conditions associated
with pulmonary hypertension, right coronary flonsasies a phasic pattern similar to left
coronary flow. Under normal conditions extravascatampression contributes only a small
component (10% to 25%) to total coronary vascudaistance. When the coronary vessels
are dilated by pharmacologic agents such as digayrade or during ischemia, the effects of
extravascular compression on myocardial perfusi@coime more important (see
Transmural Blood Flow).

With each contraction the intramural vessedssgueezed and blood is expelled forward
into the coronary sinus and retrograde into theaggial arteries. The large coronary arteries
on the epicardial surface act as capacitors, afgangith blood during systole and expelling
blood into the coronary circulation during diastSl€oronary capacitance likely explains
the findings of Bellamy, who reported that flow time proximal left anterior descending
coronary artery of the dog ceased when arteriaspre decreased below 45 mmildt
was suggested that flow throughout the coronarmgulgtion stopped at pressures far in
excess of the pressure at the coronary sinus pféssure at which flow stopped was termed
critical closing pressure or zero-flow pressure (Py). This had important implications in the
calculation of coronary resistance because thetaffedownstream pressure would be P
and not the much lower coronary venous pressurss. iShanalogous to a stream with a
waterfall, where flow rate over the waterfall degeron the drop from the source to the
waterfall edge and is unaffected by the distancéhéobottom of the falls. It was later
suggested that flow through the intramural coromwassels continues after coronary inflow
near the ostia (measured by Bellamy) has ce€88édhere is evidence that antegrade
movement of red blood cells in 20r arterioles continues until coronary pressurenly a
few mmHg higher than coronary sinus presétifthe concept of a critical closing pressure
greatly in excess of coronary sinus pressure isgtnly not valid in the coronary circulation.
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Although the true downstream pressure of trer@ry circulation is likely close to the
coronary sinus pressure, other choices may be apmepriate in clinical circumstances. In
patients with coronary artery disease, the subemd@d layers of the left ventricle are at
greatest risk of ischemia and necrosis (see TramdrBlood Flow). Because this layer is
perfused mostly when the aortic valve is closeel nlost appropriate measure of the driving
pressure for flow here is the average pressureeiraortic root during diastole. This can be
approximated by aortic diastolic or mean presdiressures monitored in peripheral arteries
by routine methods in clinical settings can diffem central aortic readings. This is due to
distortion of the pressure waveform as it is preped through the arterial tree and
inaccuracies associated with the hydraulic andtrel@c components of the monitoring
system. Under these conditions the mean artegsbkpre may be the most reliable measure
of coronary driving pressure. The true downstrearessure of the left ventricular
subendocardium is the left ventricular diastoliegsure, which can be estimated by
pulmonary artery occlusion pressure. When the ngintricle is at risk of ischemia (e.qg.,
severe pulmonary hypertension), right ventriculaasublic pressure or central venous
pressure may be more appropriate choices for dogamtpressure.

Myocardial Metabolism

Myocardial blood flow, like flow in the brain andckedetal muscle, is primarily under
metabolic control. Even when the heart is cut affrf external control mechanisms (neural
and humoral factors), its ability to match bloaalflto its metabolic requirements is almost
unaffected®> Because coronary venous oxygen tension is nofr&lto 20 mmHg, there is
only a small amount of oxygen available throughreaased extraction. A major increase in
cardiac oxygen consumption (MDcan occur only if oxygen delivery is increased by
augmentation of coronary blood flow. Normally flamd metabolism are closely matched
SO thgt over a wide range of oxygen consumptioar@y sinus oxygen saturation changes
little.

Despite intensive research over the past skdecades, the mediator or mediators
linking myocardial metabolism so effectively to negodial blood flow is still unknown.
Hypotheses of metabolic control propose that vasdaine is linked either to a substrate
that is depleted, such as oxygen or adenosineogytate (ATP), or to the accumulation of
a metabolite such as GOr hydrogen ion (Box 6-4). Adenosine has beengseg in both
categories. Feigi has proposed six criteria for a chemical transmltetween the cardiac
myocyte and the coronary vascular smooth musdle cel

1. The transmitter is released under apprepdanditions and can be recovered from
the tissue under those conditions.

2. Transmitter substance infused into the etartissue should faithfully mimic
physiologic activation.

3. The biochemical apparatus for productionhef proposed transmitter is present in
the tissue in an appropriate location.
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4. A mechanism for inactivation and/or uptalethe transmitter is present at an
appropriate location in the tissue.

5. The action of various inhibitors and bloxki agents on synthesis, release,
target-organ receptor function, or transmitter fivation should have effects
consistent with the hypothesis. Blocking agentsikhgive the same effect
whether the transmitter is released physiologicailgrtificially applied.

6. Quantitative studies should indicate thatamount and time course of transmitter
release under physiologic conditions are apprapriatgive the indicated
effect.

Many potential mediators of metabolic regulatiomehbeen propose€d Although NO has a
role in many coronary vasoregulatory pathways gsdaot fulfill the role of metabolic
regulator as blockade of NO synthase does notthkkeincrease in myocardial blood flow
associated with an increase in myocardial oxygename> The arguments for oxygen,
carbon dioxide, and adenosine are briefly examined.

BOX 6-4 Myocardial Metabolism

Several molecules have been proposed as the limlebe myocardial metabolism and myocardial blood/fincluding

« Oxygen

« Carbon dioxide

« Adenosine

Current evidence suggests that a combination af Factors act together, each with differing impoxte during rest, exercise,
and ischemia, to match myocardial oxygen deliverggmand.

Oxygen

In order for oxygen to regulate coronary flow thyhua direct vascular action, the coronary
smooth muscle would have to be more sensitive ¢& & oxygen than the working
cardiocytes. Coronary microvessels in vitro doretax until PQ is below 5 mmHg, a level
well below the average B®f 20 mmHg in cardiac muscle cytoddf’ with myocardial
oxygen consumption held constant, increases inartxygen content cause coronary flow
to decrease while decreases in arterial oxygerenbnause flow to increase. These changes
could explain only 40 percent of the increase awflobserved with tachycardilt is
undecided whether the constancy of myocardial axygmsion is the cause or the
cons%quence of the excellent match between myatanditabolism and myocardial blood
flow.

Carbon Dioxide
The end product of substrate oxidation is;Ci@e formation of which is directly related to
the level of cardiac work. Carbon dioxide is higtlffusible and can easily reach coronary

smooth muscle cells. Unfortunately, it is very idifft to separate the effects on coronary
tone of increasing COfrom concomitant increases in other metabolitestdh et al
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pump-perfused the left main coronary artery of degsl used an oxygenator in the
perfusion circuit to alter coronary arterial PC&hd PQ at a constant level of myocardial
metabolisn® Increases in arterial and coronary sinus PE&lsed increases in coronary
blood flow in the absence of changes in myocardigigen consumption. Interestingly,
there was a synergistic action of PC&hd PQ: The increase in flow with elevation of
PCQ was much greater at low P@nd vice versa. The effect of increasing,Clidwever,

could not completely account for flow changes as$¢ed with an increase in myocardial

oxygen consumption.
Adenosine

Adenosine is a powerful coronary vasodilator v& dttivation of receptors on vascular
endothelium and smooth muscle. In 1963 both Bernd &erlach independently
demonstrated the production of adenosine in isahéeart muscle®>! They hypothesized
that the release of adenosine may serve as a faedigaal inducing coronary vasodilation
and augmenting coronary blood flow in proportionrtgocardial metabolic needs. Initially
it was suggested that adenosine formation was edupl myocardial oxygen tensithTo
explain metabolic regulation by adenosine undehn bormoxic and ischemic conditions, a
substrate theory has been proposed whereby adenmsiduction is linked to the cardiac
energy state by the regulation of cytosolic AMP a@ntratiort” According to this theory,
increases in cardiac work lead to a fall in ATPeptial, which results in a quantitatively
appropriate change in cytosolic AMP concentratieaging to increased adenosine release.
In this way the rate of adenosine production iseeined by the myocardial oxyen
supply/demand ratio. It is likely that adenosiaeises coronary arteriolar dilation through
stimulation of A receptors directly coupled to ATP-sensitive (K* atp) channels and A
receptor-mediated elevation of cyclic AMP / protkinase A which leads to vasodilation in
part by opening of Karp channels®>*

Evidence against the adenosine hypothesiscisnadating. Adenosine deaminase is an
enzyme that, when introduced in sufficient quantitp the myocardium, can significantly
reduce the interstitial concentration of adenosfmainophylline and theophylline interfere
with the coronary dilating effects of adenosineabting on the receptor on vascular smooth
muscle. Experiments using these agents to inhdaihasine effect have shown that resting
coronary blood flow, exercise-induced coronary tdilg autoregulation, and reactive
hyperemia are largely unrelated to adenosing>’~® Measuring coronary microvessel
diameters in beating hearts in situ, Kanatsuka feiuad that when MV@was doubled by
pacing, vessels between 40 and 380 dilated, whereas when a similar increase in flow
was induced by the infusion of adenosine or digyridle at constant MV only vessels
smaller than 15Qm dilated®> Although adenosine does not seem to have an fapaple
in metabolic regulation in the normal heart, ader®blockade has been shown to cause a
decrease in blood flow to hypoperfused myocardiufficgeent to decrease systolic segment
shortening®  Adenosine may have other important roles indsta where there is
evidence of a cardioprotective acti*

Current evidence suggests that a combinafidocal factors act together, perhaps with
differing importance in different situations, to ttia myocardial oxygen delivery to
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demand. The extreme difficulty of designing an expent that can distinguish the effects
of individual factors on coronary blood flow sugtgethat the exact mechanism of metabolic
coronary regulation will not soon be elucidated.

Neural and Humoral Control
Neural Control

The role of neural control in the regulation of rogmdial blood flow is difficult to study
because sympathetic or parasympathetic activatéinrcause profound changes in heart rate,
blood pressure, and contractility. The resultingrades in coronary tone, mediated by
metabolic regulation, can mask the concomitantctliedfects of autonomic nerves on
coronary smooth muscle. Studies of isolated veds®le given results that contradict in
vivo studies in part because of damage to the batioin during preparation. Despite these
difficulties, there is much interest in explorirgetrole of autonomic control, because it is
implicated in the pathogenesis of myocardial isadaem

Coronary Innervation.

The heart is supplied with branches of the sympiathed parasympathetic divisions of the
autonomic nervous system. Thicker vagal fibers iantthe adventitia of coronary vessels,
while fine nonmedullated sympathetic fibers endvascular smooth muscle celfsLarge
and small coronary arteries as well as veins aidyrinnervated. The sympathetic nerves to
the heart and coronary vessels arise from the isupeniddle, and inferior cervical
sympathetic ganglia and the first four thoracicglian The stellate ganglion (formed when
the inferior cervical and first thoracic ganglia ng& is a major source of cardiac
sympathetic innervation. The vagi supply the heétt efferent cholinergic nerves.

Parasympathetic Control.

Vagal stimulation causes bradycardia, decreaseanbifity, and lower blood pressure. The
resultant fall in MVQ causes a metabolically mediated coronary vasaioctiwt. When
myocardial metabolism is held constant, howevemliclrgic coronary dilation is
consistently observed in response to exogenouglcueatine, electrical vagal stimulation,
and reflex activation through baroreceptors, cheggptors, and ventricular recepto$>®
These effects can be abolished by atropine.

In patients with angiographically normal capnarteries the response to intracoronary
acetylcholine injection is predominantly dilatiowhereas in atherosclerotic segments of
epicardial arteries, constriction is observ&tf>°® Acetylcholine injected intraluminally
binds to muscarinic receptors on the endotheliuchstimulates the release of NO, which
causes smooth muscle dilation. Acetylcholine isnowtnally found circulating in the blood
but is released from vagal fibers and reaches trenary smooth muscle from the
adventitial side. Surprisingly, activation of muse®& receptors on vascular smooth muscle
cells causes constriction. Parasympathetic stimunlatnormally causes coronary
vasodilation. This response depends on the abilitiie coronary endothelium to elaborate
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NO and perhaps also EDHF (see earfiefj Parasympathetic control has not been shown to
be important in the initiation of myocardial ischiam

B-Adrenergic Coronary Dilation.

B-Receptor activation causes dilation of both laagd small coronary vessels even in the
absence of changes in blood fI&W/® Studies in animals indicate that bdth and B,
receptors are present throughout the coronarylatron, butf; receptors predominate in
the conductance vessels wherpageceptors predominate in the resistance vesseltiri
canine coronary collaterals respond similarly ® tonductance vesséf<? -Adrenergic
coronary dilation may improve the speed and acguoAcoronary blood flow regulation
during exercisé*

a-Adrenergic Coronary Constriction.

Activation of the sympathetic nerves to the heasults in increases in heart rate,
contractility, and blood pressure, which lead tmarked, metabolically mediated, increase
in coronary blood flow (Box 6-5). This suggestedetirly investigators that the effect of
sympathetic coronary innervation is vasodilatioror&irecent investigation has revealed
that the direct effect of sympathetic stimulatisncoronary vasoconstriction, which is in
competition with the metabolically mediated dilatiof exercise or excitement. Whether
adrenergic coronary constriction is powerful enoughfurther diminish blood flow in
ischemic myocardium or if it can have some berdfigffect in the distribution of
myocardial blood flow is controversial.

BOX 6-5 a-Adrenergic Coronary Constriction

Sympathetic activation causes increased heartaaéractility, and blood pressure, leading to akad metabolically mediated
increase in coronary blood flow. Surprisingly, thieect effect of sympathetic stimulation on thearary vessels is
vasoconstriction, sufficient to restrict the in@ean blood flow and increase oxygen extraction.

Classification.

a-Adrenergic receptors can be classified anatonyica#l pre- or postsynaptic and also
according to their pharmacologic propertiestaando, (Table 6—-4). The receptors can be
further divided into subtypes according to thegnsil transduction mechanism (G-protein
subtype) and second messenger (adenylyl cyclassppblipase C, etc’y.

Presynaptica-Receptors.

a-Receptors on cardiac sympathetic nerve terminat$iate feedback inhibition of neuronal
norepinephrine release. Both;- and op-receptors seem to be involved because
exercise-induced increases in heart rate and ctilityacan be potentiated by either
idazoxan ¢.-blockade) or prazociru{-blockade)”

Cardiac Muscle Cells.
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Activation of myocardiab-receptors results in a positive inotropic efféettf in contrast to
B-receptor activation, is associated with prolorayabf contraction. Although normally of
minor functional importance, this effect may seagean inotropic reserve mechanism when
B-receptor—mediated inotropy is impaired (e.g., tlgpwidism, cardiac failure, chronic
propranolol treatmenff. The importance of this mechanism in humans is nmice An
increase in inotropy due to stimulation of myocakdireceptors would result in increased
MVO, and a metabolically mediated coronary dilation.

Coronary Endothelium.

Binding of norepinephrine te,-receptors on vascular endothelium stimulatesdtease of
NO, which acts to relax vascular smooth muscle. diothelium can also act to limit the
effect of norepinephrine by metabolizing it. In seeways the endothelium modulates the
direct constrictive effects ofi-adrenergic activation. Abnormal endothelial fuotiin
atherosclerosis may predispose to excessiadrenergic constriction and is implicated in
the pathogenesis of myocardial ischemia (see Dyn&ienosis).

Coronary Resistance.

The magnitude ofi-adrenergic vasoconstriction that occurs in theomary bed is small
compared with that which occurs in the skin andlet&k muscle. In the presence of
B-blockade, intense sympathetic stimulation reswitonly a 20% to 30% increase in
coronary resistanc@.Mohrman and Feigl examined the effect of sympatleetivation on
coronary flow in the absence pblockade’® The net effect ofi-receptor vasoconstriction
was to restrict the metabolically related flow mase by 30%, thereby increasing oxygen
extraction and decreasing coronary sinus oxygetentan

Epicardial coronary diameter changes littlerirdy sympathetic ~stimulatioff.
aiAdrenergic andi-adrenergic receptors are found throughout thenamyocirculation;
however, a; seem to be more important in the large epicardedsels whereas;
predominate in small coronary vessels less thanub®Gn diametef® Studies of mature
coronary collateral vessels in dogs have geneiaillyd to provide evidence ofreceptor—
mediated vasoconstrictidn. Following heart transplant, patients demonstratetesser
increase in myocardial blood flow following a cqitessor test in denervated regions of the
heart?® The authors argue that this was not due to ineteamyocardial metabolism
secondary to myocardi@treceptor activation. They suggest that sympathetiervation
has an important role in coronary vessel dilationng stress.

Exercise.

a-Adrenergic coronary constrictor tone during exacis exerted predominantly by
circulating catecholaminé$.Numerous studies indicate that myocardial blood filuring
exercise is limited by-vasoconstrictiori® In a study of exercising dogs, Huang and Feigl
found that despite an increase in total coronamy fh ana-blocked region of myocardium,
flow to the inner, subendocardial layer was dinfie®? These results suggest a beneficial
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effect of a-adrenergic coronary constriction on the distrimutof blood flow within the
myocardium.

Myocardial Ischemia.

Buffington and Feigl demonstrated the persistenck oeadrenergic coronary
vasoconstriction distal to a moderate coronaryasienduring norepinephrine infusiéh.
Investigations in dogs have demonstrated thatpamary reserve is depleted by increasing
stenosis severity, the response to sympatheticulstiion shifts from a metabolically
induced coronary dilation to coronary constricfoff. These observations suggest that
sympathetic coronary vasoconstriction limits corgrizlood flow even during myocardial
ischemia, when autoregulatory reserve is exhaljsesdCoronary Reserve, below). There is
no consensus as to the importancesefvs oz-receptors in ischemic myocardidthUsing
constant flow coronary perfusion in anesthetizedsgdNathan and Feigl compared the
transmural distribution of myocardial blood flow wrblocked and intact regions of
myocardium during hypoperfusidh Surprisingly,a-blockade diverted blood flow from the
subendocardium to the subepicardium. This sugdkatsi-vasoconstriction had limited
flow more in the subepicardium, thereby producimg aanti-steal effect and improved
perfusion of the more vulnerable inner layers efl#ft ventricle. Chilian and Ackell found
similar results in exercising dogs with an artilctoronary stenosfé.On the other hand,
work from Heusch and colleagues demonstrated inggk®ubendocardial perfusion distal
to a severe coronary stenosis with-receptor blockad®® This controversy is
unresolved® a-receptor blockers have not been shown to havéearahe treatment of
myocardial ischemia in patients with coronary grthsease.

Studies in Humans.

Studies indicate that there is littteadrenoceptor-mediated tone in resting hunians.
Clinical studies have failed to provide convinciagidence thaw-adrenergic coronary
constriction plays an important role in Prinzmetahriant angina (angina with ST-segment
elevation at restf During sympathetic activation, however, there iddence that
a-vasoconstriction can precipitate myocardial isclaemoy further narrowing diseased
coronary arteries. This has been shown during is@nexercise, dynamic exercise, and
with the cold pressor t&€30*%°%9"%see Dynamic Stenosis).

Humoral Control

A complete understanding of the effects of cirénfasubstances on the coronary vessels
would require determining their effects on largesus small coronary vessels while
separating direct effects on coronary vessels fthanges in tone mediated by changes in
myocardial metabolism. This is further complicalbgdthe critical role of an intact vascular
endothelium in modulating these responses (see tk#ldon, above). Some of the
better-studied agents are discussed briefly below.

The peptide hormones include vasopressin (AYFADH), atrial natriuretic peptide
(ANP), vasoactive intestinal peptide, neuropep¥idand calcitonin gene-related peptfde.
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Of these, AVP and ANP have been the most studidthsl been demonstrated in dogs that
AVP, in concentrations 3 to 30 times those foundsiressed patients, can cause
vasoconstriction sufficient to produce myocardsghiemia?’ In large coronary arteries the
dilator response (via NO) likely exceeded the airtst responsé& This was due to
constriction of the small-resistance vessels. lIysmtogic concentrations, AVP acts
primarily as an antidiuretic hormone with littlfeft on the coronary circulation. ANP can
cause endothelium-dependent coronary dilation, ibuhot known to have significant
vascular effects in physiologic concentratiéfis.

Angiotensin-converting enzyme (ACE) is presamtvascular endothelium and converts
angiotensin | to angiotensin Il (All), which causesronary vasoconstriction. All also
facilitates release of norepinephrine from prestinapdrenergic nerve terminals. ACE
inactivates bradykinin, which can attenuate vassicmtion via NO stimulation. Thus, ACE
inhibition can reduce coronary tone by suppresaimhdormation and degrading bradykinin
and perhaps also by decreasing norepinephrine seeleRespite these theoretical
considerations, ACE inhibition has not been showibe of benefit in human myocardial
ischemia other than through control of afterlG3d.

Prostacyclin (PGJ and thromboxane (TxA are synthesized from arachidonic acid in a
reaction catalyzed by cyclooxygenase. P&bkynthesized in the vascular endothelium and,
in addition to inhibiting platelet aggregation, irneés vasodilation (see Endothelium-Derived
Relaxing Factors). TxAis mainly synthesized in platelets and causeglptahggregation
and vasoconstriction in the presence of damageznilaasendothelium. In response to XA
the intact endothelium releases NO causing botbdiasion and platelet disaggregation, a
mechanism to maintain patency of normal vessebs Eselothelial Inhibition of Platelets,
above). Unlike platelets, the vascular endothelzan synthesize proteins de novo, and
thus cyclooxygenase acetylation by aspirin adnmatisin has a lesser effect in reducing
vascular PGl than platelet TxA Other than in platelet-vessel interactions and
inflammation, prostaglandins are not known to hamamportant role in the regulation of
coronary blood flow” Serotonin (5-HT) is another platelet product tean cause
endothelim dependent dilation of coronary arterggsels smaller than 1@dn but causes
constriction of larger epicardial coronary arteff&s

Histamine receptors are present in the coronargel®s H receptors are located on
vascular smooth muscle cells of large and smallor@ny arteries and mediate
vasoconstriction. Hreceptors are located on smooth muscle cellstefi@ges and mediate

vasodilation. H receptors are also located on vascular endothedinch can mediate

vasodilation via stimulation of NO release. Inigatis with vasospastic angina and
endothelial dysfunction administration of exogenbissamine can cause vasospasm.

CORONARY PRESSURE-FLOW RELATIONS

Autoregulation
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Autoregulation is the tendency for organ blood fimwemain constant despite changes in
arterial perfusion pressut® Autoregulation can maintain flow to myocardiumveet by
stenotic coronary arteries despite low perfusi@sgure distal to the obstruction. This is a
local mechanism of control and can be observesbilated, denervated hearts. If myocardial
oxygen consumption (MV§) is fixed, coronary blood flow will remain relagély constant
between mean arterial pressures of 60 to 140 mrAldgre 6-9 illustrates that at a given
cardiac workload the level of flow (determined btabolic regulation) is maintained
constant over a broad range of pressure by autetegu

To study autoregulation, coronary perfusioespure must be varied while holding
MVO, constant. This is difficult in the heart since fjiag aortic pressure changes both the
perfusion pressure for the coronary arteries aedafterload of the left ventricle. Thus,
changes in aortic pressure inevitably change MVThis problem is overcome by
cannulating the coronary arteries and perfusinghtheth a pump. However, even when
heart rate and aortic pressure are held constaviQJAMthanges with changing coronary
pressure. This is because myocardial contractlity metabolism increase when coronary
pressure is raised above the normal autoperfusetl [ehis phenomenon is known as the
Gregg effect and may be explained by the "gardese'hbypothesis of Lochner, whereby
engorgement of the coronary vasculature elonghtemiyocardial sarcomere length during
diastole and contractile strength is increased tduge Frank-Starling mechanism (for a
detailed review see Fefgland Greglf?.

In addition to the Gregg effect, two othemes complicate studies of autoregulation:
collateral flow and myocardial oxygen extractidmpressure is lowered in the left coronary
artery and not in the right, there will be a pressgradient for flow from the right to left
coronary artery via collateral vessels. Flow measyoroximally in the left coronary artery
will then underestimate flow reaching the myocamlilNormal coronary sinus oxygen
tension (CSQ is below 20 mmHg. Dole observed that autoregutatvas effective when
CSQ was below 25 mmHg, but was completely lost whet©C&ceeded 32 mmHg®
Autoregulation can be intensified by vasoconstict(increased oxygen extraction) and
attenuated by vasodilation (decreased oxygen eimdl’’ The degradation of
autoregulation witho-receptor blockade suggests a benefit of adrenecgionary
vasoconstrictio®®

Early reports indicated that autoregulatiotess effective in the right ventricle than the
left. More recently it has been suggested thateaszs in right coronary pressures may
produce large changes in MYQOperhaps due to an exaggerated Gregg effect. When
changes in myocardial metabolism are taken intowatg autoregulation in the right and left
ventricle is similar®*1°

Quantitation of the degree of autoregulatiarsimnvolve a comparison of the observed
change in vascular resistance to the change istaese that would have occurred in the
absence of flow autoregulation. Some degree ofregitation exists when the relative
change in flow AF/F) is less than the relative change in pressdR/R). From these
definitions, Dole has derived an autoregulatiorexithat can be used to quantify the effects
of different agents on coronary autoregulatiyri**
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Three theories have been proposed to expdaomary autoregulation: the tissue pressure
theory, the myogenic theory, and the metabolic h€8 The tissue pressure hypothesis
proposes that changes in perfusion pressure rasudirectionally similar changes in
capillary filtration and therefore tissue pressuimethis way extravascular resistance would
oppose changes in flow with changes in perfusia@sgure. Experimental evidence has
shown, however, that there is no relationship betnwthe degree of autoregulation and the
magnitude of change in tissue pressure. Arteriaasin muscle contracts in response to
augmented intraluminal pressure; this is knownhasnyogenic response. Recently, this
response has been demonstrated in coronary agteriolthe presence and absence of
functioning endothelium® The argument for myogenic regulation of corondmyfis that
myocardial metabolic changes are not rapid enoogxplain large decreases in resistance
following coronary occlusions for one or two headts. However, myocardial metabolic
events have been shown to occur during the cotiraesimgle cardiac contractidf: The
metabolic theory of autoregulation proposes thabreary arteriolar tone is determined by
the balance of myocardial oxygen supply and demamdincrease in flow above the
requirements of metabolism would wash out metadslior cause accumulation of
substrates, and this would be the signal for arrogpjate change in coronary tone.
Although metabolic regulation and autoregulatioe aeparate phenomena, they may
therefore have a common underlying mechanism. Métakegulation is discussed above
(see Myocardial Metabolism). For an instructiveg@idimensional, graphical analysis of
the interrelations among coronary artery pressumggcardial metabolism, and coronary
blood flow, see Feigl et af°

Coronary Reserve

Myocardial ischemia causes intense coronary vestamil Following a 10- to 30-second
coronary occlusion, restoration of perfusion presssiaccompanied by a marked increase
in coronary flow. This large increase in flow, whican be five or six times resting flow in
the dog, is termeteactive hyperemia. Figure 6-10 illustrates that the repayment volisne
greater than the debt volume. There is, howeverpverpayment of the oxygen debt
because oxygen extraction falls during the hypeaéthiThe presence of high coronary
flows when coronary venous oxygen content is higgsests that mediators other than
oxygen are responsible for this metabolically iretlicvasodilatio® The difference
between resting coronary blood flow and peak flawirdy reactive hyperemia represents
the autoregulatory coronary flow reserve: the ferttapacity of the arteriolar bed to dilate
in response to ischemia. In Figure 6-9 the flovemes is the vertical distance from the
autoregulating pressure-flow curve (open or clasezes) to the non-autoregulating curve
(triangles). The reserve is greater at higher gerfupressure and lower M\dOUnlike
cannula-perfused preparations in which these dagaohtained, in the clinical setting
increases in pressure increase both perfusing ygpeesshd MVQ. Reactive hyperemia
responses have been used in animals and humaststiate coronary reserve in conditions
such as obstructive coronary disease, aortic gtgnoand left ventricular
hypertrophy'’**8119 (see Critical Stenosis). The myocardial fractiofiaiv reserve is
calculated by dividing the pressure in a coronaysel distal to a stenosis during maximal
pharmacological dilation by the aortic root pressurThis ratio (FFR) can be easily
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measured in the angiography suite and has beemmended as a useful index of the
functional severity of coronary stenoses of intafi@@ morphologic severity on
angiography as well as a measure of residual atistnufollowing intervention$?’ Indeed,
the relevance of a reduction in the FFR is highédhn a recent randomized control study
which demonstrated improved clinical outcomes irRF§uided percutaneous coronary
interventions as opposed to angiography alte.

It has been generally accepted that the coyomaistance vessels are maximally dilated
when coronary perfusion pressure is reduced seffiigi to cause myocardial ischemia. In
fact, agents such as adenosine, carbochromenj@analdmole can cause further increases
in coronary flow in the presence of intense isclagmvhen autoregulatory reserve is
believed to be exhausted. This pharmacologic vksodireserve is greater than the
autoregulatory vasodilator reserve. If flow to isehc myocardium can be increased by
pharmacologic dilation of resistance vessels, seeai these agents should reverse ischemic
dysfunction and metabolism. Arteriolar dilators &éawn general, not been found to be
beneficial during myocardial ischemia. Coronarydoldlow in the different layers of the
ventricle must be reviewed to understand why (B®}.6

BOX 6-6 Transmural Blood Flow

« When coronary perfusion pressure is inadequaténtte third of the left ventricular wall is thedt region to become ischemic
or necrotic.

« During systole, intramyocardial pressure is higlireste inner layers of the ventricle, and thigniets perfusion to that region.
« In eccentric hypertrophy, this effect is exaggetatend the subendocardium is at increased riskcbemia.

Transmural Blood Flow

It is well known that, when coronary perfusion gree is inadequate, the inner one third to
one quarter of the left ventricular wall is thesfiregion to become ischemic or necrdffc.
This increased vulnerability of the subendocardinay be due to an increased demand for
perfusion or a decreased supply, compared witlodter layers. There has been extensive
study of the transmural distribution of: oxygen swmption, utilization of oxidizable
substrates, activity of glycolytic and mitochonteazymes, tissue contents of endogenous
substrates, high-energy phosphates, lactate, mefof contractile proteins, and fiber stress
and fiber shortening. In general, these studieisanel that if such differences exist between
the layers of the left ventricle, they are unlikdyexceed 10% to 20%%°1t is likely that
preferential underperfusion of the subendocardigmthie primary determinant of its
increased vulnerability.

Regional blood flow in the myocardium is us$patletermined using radioactive
microspheres. These plastic beads, labeled witdiaisotope, are injected into the blood
stream. The assumption is that they will mix untity with blood and be distributed in
proportion to blood flow, as if they were red blamls:** Because they are rigid and larger
than red cells (9- or 15-micron diameters are Ubgudiosen) they are trapped in the
microcirculation. At the end of an experiment tleat can be divided into small blocks and
the amount of radioactivity in each piece measurealgamma counter. The blood flow to
each block of tissue will be proportional to thener of microspheres in each piece, which
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can be determined from its radioactivity. By usthfferent radioisotopes as labels, several
sets of microspheres can be injected during anriexest, giving "snapshots” of what flow
was at the time of each injection. It is diffictdt reduce the variability of the technique
below 10%*?°Using this technique, subendocardial blood flodioisnd to be about 10%
greater than subepicardial blood flow under norgiadumstances. This gives a normal
subendocardial/subepicardial or inner/outer (I/@o8 flow ratio of 1.10. This ratio is
maintained at normal perfusing pressures evenaat rages above 200 beats/min.

If coronary pressure is gradually reducedpr@gfulation is exhausted and flow decreases
in the inner layers of the left ventricle beforbégins to decrease in the outer layers (Fig. 6—
11). This indicates that there is less flow reservehe subendocardium than in the
subepicardium. The limits of autoregulation willpgad on the level of cardiac work (see
Autoregulation) and on the experimental conditidnsconscious dogs the mean coronary
pressure at which evidence of subendocardial isehappeared was 38 mmHg at a heart
rate of 100 beats/min, and increased to 61 mmHg0@at beats/min. Subepicardial flow
during tachycardia did not fall even at pressureslav as 33 mmHY®° Because
subepicardial flow is rarely inadequate, a subeantbal/subepicardial blood flow ratio
close to 1.0 indicates adequate subendocardial #o@ an appropriate matching of
myocardial oxygen supply to oxygen demand. Forrgason the I/O ratio is often used as a
measure of the adequacy of myocardial blood flow.

Three mechanisms have been proposed to explidecreased coronary reserve in the
subendocardium: differential systolic intramyocatdipressure, differential diastolic
intramyocardial pressure, and interactions betvggstole and diastole. Because the force of
systolic myocardial compression is greatest inirther layers of the ventricle and is low at
the subepicardium, it was believed that the outgers of the heart were perfused
throughout the cardiac cycle while the subendouardivas perfused only during diastole.
The subendocardium would have to obtain its efibre during only a portion of the cycle
and, therefore, would have to have a lower resistaRecent studies, suggesting that there
may be very little systolic flow even to the oulayers, argue against this explanatith.
The second mechanism is based on the high corgmesgures observed when coronary
flow has ceased during a long diastolg, (Bee Perfusion Pressuré)The shape of the
pressure-flow relation during a long diastole sstgethat B is higher in the
subendocardium. This would mean that perfusionspresfor the subendocardium is lower
in diastole compared with the outer layers of mydicen. Available evidence suggests that
Pz is not high in any layer and unlikely to be mohart 2 to 3 mmHg higher in the
subendocardium than in the subepicardithtoffman proposed an interaction between
systole and diastole as the explanation for theeased vulnerability of the subendocardium
to ischemid® 2’ During systole, intramyocardial pressure is higbugh throughout most
of the ventricular wall to squeeze blood out ofititeamural vessels and into the extramural
coronary veins and arteries. Because the compeestwce is greatest in the
subendocardium, vessels here are the narrowestiaystole. At the beginning of diastole
blood will be directed first to vessels with thevist resistance, the larger vessels in the
subepicardium, and last to the most narrowed \v&a&sdhe subendocardium. In this way,
should the duration of diastole or the diastoliafymon pressure be reduced, the
subendocardial muscle would receive the least flepaan presents an interesting analysis
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of the interaction between arterial pressure ancefof contraction as an intramyocardial
pump>® Although this theory is compatible with existingaence, support for it will remain
indirect until it becomes possible to measure phagssures and flows in separate layers of
myocardium.

When the left ventricle hypertrophies in resgm to a pressure load (aortic stenosis,
hypertension), myofibrillar growth outstrips theptiary network, resulting in decreased
capillary density and increased diffusion distanddse net effect is to reduce coronary
autoregulatory resenté® The transmural gradient of reserve is exaggermsedtell, so that
the subendocardium is at increased risk of ischemthe hypertrophied heart compared
with normal*®

In addition to the transmural gradient of c@xy reserve from outer to inner layer of the
left ventricle, there is also marked variation @fserve between small regions of
myocardium within a layer® This heterogeneity of flow reserve may explain why
pharmacologic reserve exceeds autoregulatory mes@ee Coronary Reserve). During
hypoperfusion regional myocardial blood flow is esed, but in all layers some small
pieces of muscle will have no flow reserve left itadjacent pieces can have substantial
reserve. Fewer pieces will retain reserve in theesdocardium than in the subepicardium.
The increase in flow in response to an infusioad#nosine is due to increased flow in the
small regions with reserve, with no change in ttaeent fully dilated regions-*321%
These findings suggest that ischemia causes maxigranary vasodilation and that
increases in flow with adenosine or dipyridamoldus to dilation of vessels in nonischemic
regions. Contrasting evidence is provided by Duneke Bach&* who used a balloon
occluder to simulate a coronary stensosis in esiagidogs. The occluder was adjusted to
maintain distal coronary pressure constant at 43HmmDuring exercise an intracoronary
infusion of adenosine increased blood flow to afbrardial layers and improved regional
systolic segment shortening. Although this is emne of vasodilator reserve in ischemic
myocardium the constant distal pressure preparali@s not faithfully mimic a coronary
stenosis because it makes transmural steal impogsiee Coronary Steal). In general
pharmacologic dilation of resistance vessels has pgbtential to worsen ischemia by
producing coronary steal. Dilation of larger peattig vessels (50 — 5Q0n in diameter)
with nitrovasodilators could preferentially decreasesistance to blood flow to the
subendocardium, and this may, in addition to faabler effects on the systemic circulation,
explain the usefulness of nitrates in the treatroéangina’

ATHEROSCLEROSIS

The atherosclerotic lesion consists of an excessmeamulation of smooth muscle cells in
the intima, with quantitative and qualitative chasgn the noncellular connective tissue
components of the artery wall and intracellular arttacellular deposition of lipoproteins
and mineral components (e.g., calcium) (Box 6-7). d&finition, atherosclerosis is a
combination of atherosis and sclerosis. The latdem, sclerosis, refers to the hard
collagenous material that accumulates in lesiomsisusually more voluminous than the
pultaceous "gruel” of the atheroma (Fig. 6-12).
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Stary and colleagues noted that the earliest @dtecthange in the evolution of coronary
atherosclerosis in young people was the accumalatib intracellular lipid in the
subendothelial region, giving rise to lipid-filledacrophages or "foam celf§$* Grossly, a
collection of foam cells may give the artery wdlketappearance of a "fatty streak.” In
general, fatty streaks are covered by a layertatirendothelium, and are not characterized
by excessive smooth muscle cell accumulation. Aerlastages of atherogenesis,
extracellular lipoproteins accumulate in the musealastic layer of the intima, eventually
forming an avascular core of lipid-rich debris tlgtseparated from the central arterial
lumen by a fibrous cap of collagenous materialnk-ocalls are not usually seen deep within
the atheromatous core, but are frequently founidegperiphery of the lipid core.

Atherogenesis

Certain human arteries are more prone to develmy@dclerosis than others. For example,
the coronary, renal, and internal carotid arterssswell as some areas of the aorta, are
known to be common sites for lesion formatthin the Pathobiological Determinants of
Atherosclerosis in Youth (PDAY) study, the aorta aight coronary arteries of 1378 young
people aged 15 to 34 years who died as a restifiwwha were studied® Two-dimensional
maps of lipid-laden fatty streaks as well as filsrqalaques were made for each vessel.
Although atherosclerosis is usually clinically sileuntii middle age or later, these
investigators found that the disease process bagiadolescence or childhood. Moreover,
fatty streaks and fibrous plaques do not occuraarg in the circulation, but follow a
well-defined distribution pattern. For examplethe right coronary artery fatty streaks were
found with the highest probability in the proxim2lcm of this vessel, which closely
parallels the distribution of raised fibrous lesorlowever, in the abdominal aorta, where
aortic lesions are commonly found, the high prevadeof fatty streaks did not always
correlate with the prevalence of raised fibrousoles Therefore, at least in the aorta, the
role of childhood fatty streaks in the developmaradult fibrous lesions is uncertain.

BOX 6-7 Atherosclerosis

* The atherosclerotic process begins in childhoodeatudescence.

« The progression of an atherosclerotic lesion hasyrsamilarities to the process of wound healing.

« Inflammation, lipid infiltration, and smooth musgieoliferation have important roles in atherogesesi

« Impairment of endothelial function is an early cemsence of atherosclerosis.
Statin therapy has been shown to improve endottiehiation, impede development of atherosclerosisd in some cases
may reverse established disease .

The atherogenic stimuli that promote the progressioearly lesions to clinically relevant
stenoses are not known. Currently, the developaietronary artery disease is associated
with various risk factors. Dyslipidemias, hypertens diabetes mellitus, cigarette smoking,
and a family history of premature coronary artersedse are known to correlate with
premature vascular disease. The association betlygeéndisorders and atherogenesis is
best understood, and will be discussed below. tnfately, little is known about how the
remaining risk factors may contribute to lesionalegment.
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Historically, there are two classical theories thiesogenesis. According to von Rokitansky's
thrombogenic (or encrustation) theory, fibrin ie thitiating factor in lesion developméfit.
Later, Duguid expanded on this theory by suggedtiad atherosclerosis is the result of
altered fibrinolysis; whereas more recent stud@gehdocumented the overexpression of
prothrombotic factors, such as plasminogen activatibitor-1, in atherosclerotic
plaques>"1® Alternatively, in 1856, Virchow's imbibition (onsudation) theory proposed
that atherosclerotic lesions were the result &rett vessel wall permeability’ Variations

of this theory have been suggested by others ahduglport the concept that the
accumulation of various plasma components, inctydipoproteins, may be important
during lesion formation. For example, Ross and Gltnblended the concepts of these
original hypotheses into the "response-to-injurypdthesis in which both lipid infiltration
and thrombus formation play important roles in athenesis? Similarly, Schwartz and
colleagues compared arterial narrowing in atheeostt arteries with the process of wound
healing**! This perspective has advantages, as it allows léfantorial process such as
atherosclerosis to be broken down into componehta more completely understood
process such as the biology of a skin wound. Famgke, wound healing of any form
begins with the formation of a clot (fibrin- andronectin-containing gel) that fills the
wound and provides a provisional matrix for inflaatory cells, fibroblasts, and newly
formed microvessef§***3This is followed by the proliferation and migratiof fibroblasts
into the wound** By day 7 after injury, microvessels grow into tiese of the wound and
form granulation tissue. As the wound matures andergoes contracture, these blood
vessels regress and fibroblasts disappear. Follpwasorption of microvessels, tissue
hypoxia develops and likely plays a role in the pietion of the final scarring proce¥s.
As discussed below, there is now ample evidenseiggest that many similar events take
place during arterial wound healing; however, &emisclerosis is a chronic process, it is
likely that vascular lesion formation involves itelat levels of inflammation with ongoing
cycles of injury and repair over many ye#fs-46-147

Arterial Wall Inflammation

A number of studies have demonstrated the presehoeonocytes/macrophages and T
lymphocytes in the arteries of not only advancesioles but also early atherosclerotic
lesions of young adult§®'*® Moreover, in experimental atherosclerosis, leut@cy
infiltration into the vascular wall is known to pezle smooth muscle cell hyperplasfa.
Once inside the artery wall, mononuclear cells mlay several important roles in lesion
development. For example, monocytes may transfortm macrophages and become
involved in the local oxidation of low-density lipmteins and accumulation of oxidized
low-density lipoproteins. Alternatively, macrophage the artery wall may act as a rich
source of factors that, for example, promote aalliferation, migration, or the breakdown
of local tissue barriers. The latter process célldissue degradation may be very important
for the initiation of acute coronary artery syndesras loss of arterial wall integrity may
lead to plaque fissuring or rupture.

Normally, the endothelium exhibits a low affinityrfcirculating leukocytes. Therefore, the
transmigration of leukocytes into the artery wallshoccur as a facilitated process. The
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release of proinflammatory cytokines such as iet&ih-1 may promote the expression of
leukocyte adhesive molecul®4 For simplicity, the interaction between leukocyaes! the
endothelium can be considered to involve threesdtérirst, leukocytes in the blood
stream must loosely associate and roll along thetbelium—a process that is mediated by
selectins expressed on endothelial c&fisSecond, firm adhesion of these leukocytes to
endothelial cells occurs via the interaction betwigegrins, such asf; (also known as
very late antigen-4 or VLA-4), expressed on leukesy and counter-receptors, such as
vascular cell adhesion molecule-1 or VCAM-1, on athdlial cells* Finally, the
transmigration of leukocytes into the subendothefipace is mediated by various
migration-inducing factors, such as monocyte chétramant protein-1 or MCP-?

Dysfunction, discontinuity, or injury of the endetial cell monolayer has been postulated
to play a significant role in facilitating the tiamigration of leukocytes into the intima and
the development of intimal hyperplasia. Howevee, fiiemise that regrowth of a healthy
endothelium will limit neointimal accumulation iadonsistent with the results of several
independent lines of investigation. For examplexperimental models smooth muscle cell
proliferation is not increased in arterial regiatevoid of an endotheliufi® Moreover,
restoration of the endothelium, as might be achideseeding endothelial cells back into a
denuded artery, does not decrease neointimal adatiomuafter vascular interventiof¥.
Therefore, the presence of an endothelium in theadumen of an artery and resistance to
intimal growth do not appear to be inextricablykéd. Finally, it is important to note that
the endothelium is not restricted to the centnaldn, as the artery wall is also invested with
a rich supply of microvessels (i.e., vasa vasortifiy>******The vasa vasorum are likely
another portal of entry for inflammatory cells irtftee artery wall, particularly since the
expression of certain adhesion molecules is masaeddnt in the endothelium lining these
microvessels than that of the central arterial e

Role of Lipoproteins in Lesion Formation

The clinical and experimental evidence linking gydemias with atherogenesis is well
established and need not be reviewed here. Howneegxact mechanisms by which lipid
moieties contribute to the pathogenesis of athemasis remain elusive. Although the
simple concept of cholesterol accumulating in grtealls until flow is obstructed may be
correct in certain animal models, this theory isawrect for human arteries.

Much of the pioneering work in understanding chigles metabolism is based on seminal
observations by Goldstein and Brown.The work of these two investigators focused on
low-density lipoprotein (LDL), the so-called badro of cholesterol, and the absence (or
deficient forms) of the LDL receptor that are s&eriamilial hypercholesterolemia (FH).
Patients with FH have high levels of LDL cholestenod suffer from accelerated forms of
atherosclerosis as cholesterol moieties enterahia an alternate route. In the absence of
a functional LDL receptor, LDL cholesterol is oxdd and taken up by scavenger receptors
of monocytes and macrophages resident within ttezyawall. Steinberg and others have
integrated this data into a theory of atherogengsit highlights the central role of LDL
oxidation and the formation of lipid-laden monosyie fatty streak$>*
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One of the major consequences of cholesterol adatiomin the artery wall is thought to
be the impairment of endothelial function. The éhdtium is more than a physical barrier
between the blood stream and the artery wall. Undamnal conditions, the endothelium is
capable of modulating vascular tone (e.g., viaongroxide), thrombogenicity, fibrinolysis,
platelet function, and inflammation. In the present traditional risk factors, particularly
dyslipidemias, these protective endothelial fumgiare reduced or lost. It is important to
note that the loss of these endothelial-derivecttians may occur in the presence or
absence of an underlying atherosclerotic plague,naay simply imply that atherogenesis
has begun. Aggressive attempts to normalize attlerosic risk factors (e.g., diet and
lipid-lowering therapies) may markedly attenuatelathelial dysfunction—even in the
presence of extensive atherosclerosis. A numbeclinical studies now demonstrate
dramatic improvements in endothelial function, aallvas cardiovascular morbidity and
mortality, with the use of inhibitors of 3-hydro®ymethylglutaryl coenzyme A
(HGM-CoA) reductase, or "statin&>'°®**" Future studies may help clarify the exact
mechanisms by which dyslipidemias (and other askdrs) alter endothelial function.

Smooth Muscle Cell Proliferation, Migration, and Arterial Remodeling

The dominant cell type in atherosclerotic lesia$he smooth muscle cell, and as lesions
progress the number of smooth muscle cells in tteeyawall tends to increase. Therefore,
smooth muscle replication must occur at some timéng atherogenesis. Perhaps the first
line of evidence that cell replication occurs imtan arteries is from the observation that
atherosclerotic plaques contain monoclonal celugaipns. Elegant studies by Benditt and
Benditt demonstrated that groups (or clones) d$ ¢kat arise from a single progenitor cell
are present in tissue from atherosclerotic coroaasries of women who were deficient in
glucose-6-phosphate dehydrogenase (G-6*Dys G-6-PD is an X-chromosome-linked
enzyme that has two isoforms, cells would expreggane isoform, with the other isoform
being suppressed on the inactivated X chromosorherelore, groups of cells in an
atherosclerotic plague that contain only one isofaf G-6-PD are likely the result of
proliferation of a single progenitor cell. More estly, Murry and colleagues studied the
monoclonality of atherosclerotic plaques using Xoohosome inactivation patterfis.
Using the polymerase chain reaction they examirtezl monoclonality of plaques
according to the methylation pattern of the humadragen receptor gene, a highly
polymorphic locus on the X chromosome for which 96%6vomen are heterozygous.
These investigators noted that diseased as wealloasal arteries contain monoclonal
populations (or patches) of cells. Therefore, tepgculated that the monoclonality of
plaqgues might be due to expansion of a pre-exigmogoclonal patch of cells, rather
than mutation or selection of individual cells ietartery wall.

Little is known about when and why cells prolifieran the artery wall. However, it
is known that early in life there is a rapid expansn neointimal smooth muscle cell mass.
Sims and Gavin described the accumulation of irtismooth muscle cells in the left
anterior descending coronary artery of neondfeg)sing electron microscopy, these
investigators demonstrated interruptions in therirdl elastic lamina in coronary arteries
where a neointima had form&d. These interruptions in the internal elastic lamane not
present in all human arteries. Indeed, the inten@ahmary artery, which typically is devoid
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of atherosclerosis, has an intact internal eldastiena. Therefore, it has been suggested that
medial smooth muscle cells migrate inward througtaks in the internal elastic lamina to
expand and form a neointima. The frequency andegegf smooth muscle cell replication
in adult coronary arteries have been examined bypus investigators. The majority of
these studies have demonstrated very low replicatites in tissue from both normal and
diseased arterid&®*>"*1®\Whether these low cell replication rates are sigffit to
gradually result in advanced lesions, or if sparduirsts of replication occur in response to
injury, is unknown. Finally, it is recognized tlmbgrammed cell death, or apoptosis, occurs
in the artery wall’® Therefore, the accumulation of cells in the arteayl is a function of
not only cell proliferation but also apoptosis.

The role of smooth muscle cell migration in aduliranary artery disease is poorly
understood. It has been suggested, however, kiedibroblasts that migrate into the base of
a wound, arterial wall smooth muscle cells migrateard to expand plague mass. Smooth
muscle cell migration into the intima has been istidn various animal models of
neointimal formation (e.g., rat carotid artery midde The majority of these models
demonstrate the inward migration of medial smootiscte cells after normal arteries are
subjected to balloon injury. A number of growthtéas (e.g., platelet-derived growth factor)
have been shown to play an important role in fatiiig smooth muscle cell migration in
these modelS.""®*"® Unfortunately, the clinical relevance of these eipental
observations remains to be clarified, as the mif@ucell migration in complex human
lesions appears to be very different from thatafmal animal arteries that are subjected to
injury. More information is required regarding tfaetors that regulate smooth muscle cell
migration, as well as why smooth muscle cells diffetheir propensity to migrate after

injury.

Finally, it is important to point out that the kiup of atherosclerotic plaque does not always
translate into the formation of arterial obstrustit”? For example, Glagov noted that
human vessels can accumulate massive amounts efostlerotic plaque without
encroaching on the central arterial lumen. Insteétiyminal expansion of the artery wall
may occur until 40% of the area encompassed bintamal elastic lamina is occupied by
plague, thereafter no further enlargement may ocmd luminal narrowing may ensue.
While this form of compensatory enlargement is mefit to as remodeling the term is
confusing as it holds different meaning in diffarenntexts (Fig. 6-13 and 6-14§:81-182
For example, remodeling has also been used toidedte arterial response to changes
in blood flow (e.g., during pregnancy or in the natl period) or pressure (e.g.,
hypertension}®® In addition, remodeling has been invoked as a d@yponent of the
response to arterial injury — however, with quitdifierent meaning®* In animal models
of arterial injury as well as studies of human camy arteries that have undergone
angioplasty (or percutaneous transluminal coromauyioplasty, PTCA), “shrinkage” or
constrictive remodeling of the artery wall is a orafleterminant of lumenal narrowing,
while neointimal formation plays a minor role iristprocesg®>186:187.188,189,190,191,192

How arterial wall constriction is accomplished dnywsome but not all arteries undergo

compensatory dilatation in order to preserve lua@a is incompletely
understood®*!%+1%° Blood flow and shear stress are known to plagiteal role in
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remodeling. The response of arteries to chronerations in blood flow are endothelium
dependent?®*” For example, Langille and O’'Donnell demonstratethbbit carotid
arteries that decreased blood flow results in mamg of the vessel diameter that is
unchanged with papaverine and likely due to stmattthanges in the artery wall.
However, when the endothelium is removed from thvessels the response to reduced
blood flow is abolished. In atherosclerotic agsrihat contain a rich network of
endothelial cell-lined microvessels or vasa vasotiuerole of the endothelium in
regulating remodeling may be very import&fit:#°-%°

Assessment of Atherosclerosis by Intravascular Ulasonography

A detailed description of both diagnostic and tpergic procedures performed in the
cardiac catheterization laboratory is given elsawlie this text. However, given that
an integral understanding of the anatomy of themary artery and the
atherosclerotic lesion is necessary for the appatgpmterpretation and use of these
technologies, a brief review of new developmentsvuasive assessment of
atherosclerosis by intravascular ultrasonograptiy8) will be included here.

Standard coronary angiography gives operators adtmensional
representation of the lumen. By examining artenesultiple views the operator
estimates coronary stenoses by comparison of theriidiameter at the point of
maximal narrowing to adjacent disease free segmeoisever, as discussed earlier,
development of the atherosclerotic plaque reswitonly in luminal encroachment
but also arterial remodelirf§* — meaning significant disease may be overlooked on
traditional angiography. Thus, technologies, si&matavascular ultrasonography,
are becoming more prevalent in the assessmentrohaxy disease.

Intravascular ultrasonography of coronary artewas first popularized in the
1990's**? with subsequent refinement of catheter delivestays and
commercialization making it now common place in thedern catheterization
laboratory. Compatible with most guiding cathetév&JS probes are delivered to
the coronary arteries via standard angiographynigales and both manual and
mechanical pullback of the IVUS probe allows oparato assess real-time cross-
sectional images. Complementary software can thew asers to generate either
longitudinal or three dimensional reconstructiohthe interrogated vessel.

IVUS images demonstrate remarkable fidelity to sresctional histologic
specimens and permit accurate visualization andurement of the intima, media,
and in some instances the adventitia (Figure 6A%¢rial remodeling with
significant intimal hyperplasia but relatively iotdumen diameter can thus identify
occult disease not otherwise appreciated on stdradagiography. One landmark
paper has noted that even if only minor luminagurlarities exist, atherosclerotic
disease can be demonstrated throughout most atseels in the coronary circulation
suggesting luminograms may be simply the tip ofatierosclerotic iceberg
Indeed, IVUS is now commonly used to more accuyajahntify lesions in cases of
intermediate severity lesioA%’or in regions that are otherwise difficult to asses
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standard angiography such as left main diseaseedsIVUS allows operators to
assess arteries following percutaneous interveritionot only adequate stent
deployment but also for complications, such agiaftdissection, which can be
missed on standard angiograpffy.However, IVUS is not limited to simply
documenting and quantifying atherosclerotic burddaque composition can also be
assessed qualitatively and classified based orsticompedance allowing
differentiation between fiboromuscular “soft” lesgmrdense “fibrous” lesions, and
“calcified” hyperechoic lesion$® Although not yet reliably predicted, ongoing
studies are aimed at identifying which plaquesanénerable” or susceptible to

rupture, thus causing acute vessel closure and angiat infarction?°”2%

PATHOPHYSIOLOGY OF CORONARY BLOOD FLOW
Coronary Artery Stenoses and Plague Rupture

Coronary atherosclerosis is a chronic disease diegtlops over decades, remaining
clinically silent for prolonged periods of time (B6-8). Clinical manifestations of coronary
artery disease occur when the atherosclerotic plagass encroaches on the vessel lumen
and obstructs coronary blood flow causing anginikerAatively, cracks or fissures may
develop in the atherosclerotic lesions and resulidute thromboses that cause unstable
angina or myocardial infarction.

BOX 6-8 Pathophysiology of Coronary Blood Flow

« In the majority of patients experiencing a myocakrdifarction, the coronary occlusion occurs atgte of <50% stenosis.
« Plague rupture leads to incremental growth of cargstenoses and can cause coronary events.
« Plaque rupture occurs at the shoulder of the pladiexe inflammatory cells are found.

Patients with stable angina typically have leswiith smooth borders on angiography. Only
a minority of coronary lesions are concentric, n@sting a complex geometry varying in
shape over their length. Eccentric stenoses, wilimaining pliable, musculoelastic arc of
normal wall, can vary in diameter and resistanceegponse to changes in vasomotor tone
or intraluminal pressure. The majority of humanocmry stenoses are complidftThe
intima of the normal portion of the vessel wallaien thickened, making endothelial
dysfunction probable (see Dynamic Stenosis, beldnv)contrast, patients with unstable
angina usually have lesions characterized by owerhg edges, scalloped or irregular
borders, or multiple irregularities. These compidastenoses likely represent ruptured
plaque or partially occlusive thrombus or b8thOn angiography these lesions may appear
segmental, confined to a short segment of an otbemormal proximal coronary artery. At
autopsy, however, the most common pathologic fopdsrdiffuse vessel involvement with
superimposed segmental obstruction of greater isg@Erin a diffusely narrowed vessel,
even modest progression of luminal narrowing casigeificant. In such a patient, rating
the significance of the obstruction by the perogataf diameter reduction relative to
adjacent vessel segments will underestimate itsiplogic importancé™??*® Therefore,
understanding the characteristics of atherosctepdtiques is of central importance to the
management of acute coronary artery syndromes.
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The intuitive notion that the severity of coronanyery stenoses should correlate with the
risk of complications from coronary artery disedses been disproved by several key
investigations. Ambrose and colleagues reviewedctitenary angiograms of 38 patients
who had had a Q-wave myocardial infarct in therirebetween serial studi€$.On the
pre-infarct angiograms, the mean percentage steapgiie coronary segment that was later
responsible for infarction was only 34 percent. ifirty, Little and colleagues reviewed the
coronary angiograms of 42 patients who also hax ghocedure performed at an interval
prior to and after myocardial infarctiGfr. Total occlusion of a previously patent artery was
observed in 29 patients, yet, for 19 of these aszlarteries, the degree of stenosis was less
than 50% on the initial angiogram. Therefore, altffothe revascularization of arteries with
critical stenoses in target lesions is appropsatedicated in order to reduce symptoms and
myocardial ischemia, the risk of further cardiaergg remains because atherosclerosis is a
diffuse process and mild or modest angiographioosies are more likely to result in
subsequent myocardial infarction than are severeses.

With this background comes the question of pradictwhich arterial segments with
minimal angiographic disease will later develop raitical stenoses? Clues to the answer
for this question are emerging from careful patbamostudies of lesions by Davies and
Thomas?'® Superficial intimal injury (plaque erosions) amtirhal tears of variable depth
(plaque fissures) with overlying microscopic mutiatombosis are commonly found in
atherosclerotic plaques. In the absence of obsteutdminal thrombosis, these intimal
injuries do not cause clinical events. Howeverrufison of the fibrous cap, or plaque
rupture, is a more serious event that typicallulissn the formation of clinically significant
arterial thromboses. From autopsy studies it issknthat rupture-prone plaques tend to
have a thin, friable fibrous c&p’ The site of plaque rupture is thought to be tfeikter of
the plaque, where substantial numbers of mononuegidlammatory cells are commonly
found?® The mechanisms responsible for the local accuinnlaif these cells at this
location in the plaque are unknown; presumably, eouogte chemotactic factors, the
expression of leukocyte cell adhesion moleculed, specific cytokines are involvéetf-?*°
Moreover, macrophages in plaques have been shoexptess factors such as stromelysin,
which promote the breakdown of the extracellulatrimaand thereby weaken the structural
integrity of the plaqué> Currently, no effective strategies have been desido limit the
possibility of plaque rupture; however, as discdsbelow, aggressive lipid-lowering
therapy may be a helpful preventative measure.

Hemodynamics

If accurate angiographic assessment of the geonmétry coronary stenosis is made,
hydrodynamic principles can be used to estimate piwgsiologic significance of the
obstructior??® Energy is lost when blood flows through a stendssause of entrance
effects, frictional losses in the stenotic segmant] separation losses due to turbulence as
blood exits the stenosis (Fig. 6-16). The equatretating stenosis geometry to
hemodynamic severity is:

AP =1Q + 8@

346



whereAP is the pressure drop across the stenosis, @ wothme flow of blood, f is a factor
accounting for frictional effects, and s accounts $eparation effects. Based on the
Poiseuille law for laminar flow:

f = <nu>8r n LA, I/ AS

wheren is the blood viscosity, L is stenosis length, i# the cross-sectional area of the
normal vessel and s the cross-sectional area of the stenosis. @paration or turbulence
factor

s=<nup k// 2<ed> (<nuA, // A<ed> - 1§

wherep is blood density and k is an experimentally debeech coefficient. Thus, frictional
losses are directly proportional to the first poveérstenosis length but are inversely
proportional to the square of the area (or foudivgr of diameter). Separation losses are
particularly prominent because they increase wighsguare of flow. Even at resting flows,
more than 75% of energy loss is due to this turlmdevhen blood exits the stenosis. Except
for very long stenoses the frictional term can bglected® Thus, the amount of energy
loss or pressure drop across the obstruction iseseexponentially as flow rate increases.
For this reason, exercise, anemia, and arteri@daodilator drugs (e.g., dipyridamole) are
poorly tolerated in the presence of a severe senegure 8—17 illustrates that although
resting flow is unaffected until coronary diametereduced by more than 80%, maximal
flow begins to fall when diameter is reduced by 50%

Resting flow in Figure 6-17 remains constatwemen diameter decreases because the
coronary arterioles progressively dilate, therebgucing the resistance of the distal
coronary bed sufficiently to compensate for théstasce of the stenosis. As the severity of
the stenosis increases further, the arteriolarda@dno longer compensate and flow begins
to fall. This is an example of autoregulation: nesis severity increases, distal perfusion
pressure falls, arterioles dilate to maintain flantil autoregulation is exhausted (in the
subendocardium first) and flow becomes pressurerdigmt. As illustrated in Figure 6-9,
the distal pressure (or stenosis diameter) at wiloehbecomes pressure dependent is lower
at low levels of myocardial metabolism (MYOThe interpretation of normal resting flow
can be difficult in the presence of coronary artdigease. A coronary artery supplying
blood through collaterals to a large mass of myaiaan will require high resting flow rates
and even a mild stenosis may be flow limiting.

The termcritical stenosis is frequently used. This is usually defined asoeowary
constriction sufficient to prevent an increase lowf over resting values in response to
increased myocardial oxygen demaffdsThis is a greater degree of obstruction than an
angiographically significant stenosis, which is algu defined as a reduction in
cross-sectional area of 75%, which is equivalers 0% decrease in the diameter of a
concentric stenosfs? A critical stenosis is demonstrated experimentalyblunting or
abolishing reactive hyperemia (see Autoregulatidh)s is evidence that autoregulation has
been exhausted in at least the inner layer of mgaga (see Transmural Blood Flow). It
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should be noted that the critical nature of theades is relative to the resting MOIf
oxygen demand decreases, some coronary autoreguleserve will be recovered and the
stenosis will no longer be critical. The failure tecognize this fact has led to
misinterpretation of studies designed to demorestratonary steal (see later).

Coronary Collaterals

Coronary collaterals are anastomotic connectiongjout an intervening capillary bed,
between different coronary arteries or betweendbras of the same artery. In the normal
human heart these vessels are small and haveolittie functional role. In patients with
coronary artery disease well-developed coronatateshl vessels may play a critical role in
preventing death and myocardial infarction. Indinal differences in the capability of
developing a sufficient collateral circulation isdaterminant of the vulnerability of the
myocardium to coronary occlusive dise&%eThere is great interspecies variation in the
ability of the collateral circulation to support ovardial perfusion after acute coronary
occlusion: Pigs and rats have very little colldtenaulation and infarct almost all the area
at risk whereas dogs and cats with better collaaten will infarct less than 75% of the
area at risk? In the guinea pig, collaterals are so well devetbthat coronary occlusion
does not even decrease myocardial blood flow. ThAeralso differences in the location of
collateral vessels: in dogs collaterals develog marrow subepicardial zone, at the border of
the potentially ischemic region, whereas in pigikease subendocardial plexus develops in
response to coronary occlusion. In the presencerohary disease, humans exhibit a small
number of large epicardial collateral vessels anderous small subendocardial vessels.

In response to coronary occlusion, native ramnp collateral vessels do not passively
stretch but undergo an active growth process ththinn8 weeks, in the dog, can restore
perfusion sufficient to support normal myocardiahdtion even during exercise. Human
collaterals have a tortuous corkscrew-like pattesible on angiography. This may be due
to an embryonal pattern of vascular developmentreviengitudinal growth of smooth
muscle cells occurs at the same time as radialtgrdw the non-growing adult heart this
increase in length results in tortuogty. There is much interest in discovering the factor
that control collateral vessel growth in the hopproviding therapy for patients who cannot
be revascularized otherwise. Arteriogenesis referthe transformation of preexisting
collateral arterioles into functional arteries watlthick muscular coat and the acquisition of
viscoelastic and vasomotor properfigs. Fujita and Tambaf& provide an overview of the
process: a high-grade coronary stenosis decre@gakintra-arterial pressure resulting in
an increased pressure gradient across the preagxisollateral network. Increased
collateral blood flow results in increased shegesst at the endothelium which upregulates
cell adhesion molecules. This leads to adherencen@iocytes which transform into
macrophage and the production and release of grdadtors such as granulocyte
macrophage colony stimulating factor (GM-CSF), oeyte chemoattractant protein 1
(MCP-1), and basic fibroblast growth factor (bFGBngiogenesis is not directly related to
collateral vessel development but refers to thdiferation, migration, and tube formation
of capillaries in the central area of ischemic segf?’ The development of a treatment to
promote collateral growth in patients with intrdateacoronary artery disease is currently a
subject of intense investigation.
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Evidence in dogs suggests that mature corooahaterals respond differently to
neurohumoral stimulation than normal coronary sserCollaterals do not constrict in
response tar-receptor activation, but do dilate in responsetoor f,-agonists. They
constrict in response to prostaglandin PGF,) and angiotensin I, but less so than normal
vessels. Remarkably, collateral vessels constrigtsponse to vasopressin to a much greater
extent than normal vessels. In vivo studies in dodEate that levels of vasopressin present
during stress (hemorrhage, cardiopulmonary bypasgh diminish flow to
collateral-dependent myocardium. This is likely ¢ha¢h to constriction of collateral vessels
as well as enhanced vasoconstriction of the resestaessels in the collateral dependent
myocardium’’ It is possible that the endothelial cells of bdipes of vessel are
dysfunctionaf® Relaxation in response to nitroglycerin was enbdndhis is a further
mechanism for the beneficial effects of nitroglyjeein coronary artery disease. The
deleterious effects of coronary arteriolar dilatsteh as adenosine and dipyridamole are
discussed below (see Coronary Steal).

It has been estimated that, in humans, perfuga collaterals can equal perfusion via a

vessel with a 90% diameter obstructi®h.Although coronary collateral flow can be
sufficient to preserve structure and resting myaiearfunction, muscle dependent on
collateral flow usually becomes ischemic when oxydemand rises above resting levs.
It is possible that evidence from patients withiaaginderestimates collateral function of
the population of all patients with coronary artatisease. Perhaps individuals with
coronary obstructions but excellent collateral@atiremain asymptomatic and are not
studied.

Pathogenesis of Myocardial Ischemia

Ischemia is the condition of oxygen deprivationawpanied by inadequate removal of
metabolites consequent to reduced perfusib@linically, myocardial ischemia is a decline
in the blood flow supply/demand ratio resultingmmpaired function. There is no universally
accepted "gold standard" for the presence of mywaischemia. In practice, symptoms,
anatomic findings, and evidence of myocardial dysfion must be combined before
concluding that myocardial ischemia is preséntConclusive evidence of anaerobic
metabolism in the setting of reduced coronary blébod (relative to demand) would be
convincing. Such evidence is extremely difficult tbtain, even in experimental
preparations.

Determinants of Myocardial Oxygen Supply/Demand Rab

An increase in myocardial oxygen requirement beytimel capacity of the coronary
circulation to deliver oxygen results in myocardsthemia (Box 6-9). This is the most
common mechanism leading to ischemic episodes ionih stable angina and during
exercise testing. Intraoperatively the anesthegisiomust measure and control the
determinants of myocardial oxygen consumption aradept the patient from "demand"
ischemia. The major determinants of myocardial exygonsumption are heart rate,
myocardial contractility, and wall stress (chamlpessurex radius/wall thickness).
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Shortening, activation, and basal metabolic requargs are minor determinants of MyO
(Fig. 6-18).

An increase in heart rate can reduce suberdiatgerfusion by shortening diastole.
Coronary perfusion pressure may fall due to redwsystiemic pressure or increased left
ventricular end-diastolic pressure. With the orafetschemia, perfusion may be further
compromised by delayed ventricular relaxation (éesed subendocardial perfusion time)
and decreased diastolic compliance (increased vigfitricular end-diastolic pressure).
Anemia and hypoxia can also compromise delivergxyigen to the myocardium. Several
indices of myocardial oxygen supply/demand ratisehbeen proposed to guide therapy.
The rate-pressure product (heart ratsystolic blood pressure) gives a good estimate of
MVO, but does not correlate well with ischemia. A patieith a systolic pressure of 160
and heart rate of 70 has a much lower likelihootdfiemia than a patient with a pressure
of 70 and rate of 160 although both have a ratsspre product of 11,200. The ratio of the
diastolic pressure—time index (DPTI) to the systpliessure—time index (SPTI) was devised
to estimate subendocardial perfusion and takesactount determinants of oxygen delivery
(Fig. 6-19)*3*%*2%When blood oxygen content was included, the ingesame a good
predictor of endocardial flow in animals with notncaronary arteries. More recently the
ratio of mean arterial pressure/heart rate has pegposed as a correlate of myocardial
ischemia®*® In dogs with moderate to severe coronary stensgsglic shortening was best
with high pressures and low heart rate and wortt M pressure and high heart rate. None
of these indices has proven to be reliable in linecal setting. Their major value is to bring
attention to the important variables determining slupply/demand ratio. These variables
should be measured (or estimated) and controltididually.

BOX 6-9 Determinants of Myocardial Oxygen Supply/Demand Ratio

The major determinants of myocardial oxygen congiongare
* Heart rate

« Myocardial contractility

» Wall stress (chamber pressuwreadius/wall thickness)

Dynamic Stenosis

Patients with coronary artery disease can havahlarexercise tolerance during the day and
between days. Ambulatory monitoring of the ele@rdigram has demonstrated that
ST-segment changes indicative of myocardial iscagmithe absence of changes in oxygen
demand, are commd#’ These findings are explained by variations oveetin the severity

of the obstruction to blood flow imposed by corgnstenoses.

Although the terrhardening of the arteries suggests rigid, narrowed vessels, in fact most
stenoses are eccentric and have a remaining arengbliant tissue (Fig. 6-20). A modest
amount (10%) of shortening of the muscle in the @iant region of the vessel can cause
dramatic changes in lumen cali& This was part of Prinzmetal's original proposal to
explain coronary spasm. Maseri suggests that tira $gasm should be reserved for
"situations where coronary constriction is bothafpsufficiently profound to cause transient
coronary occlusion, and is responsible for revésaiitacks of angina at rest" (i.e., variant
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angina)**® Although this syndrome is rare, lesser degreeshstruction in response to
vasoconstrictor stimuli are very common among p&ieith coronary artery disease.

Sympathetic tone can be increased by the madsor test (immersing the arm in ice
water), or isometric handgrip testing. In respotmsehis maneuver coronary resistance
decreased in normal subjects but increased innpatrgth coronary disease, some of whom
experienced angirfa’ This increase in resistance appears to be medigtegreceptors
because it can be prevented by phentolamine. Studgng quantitative coronary
angiography have documented reductions in calibediseased vessels in contrast to
dilation of vessels in normal subjedt$’®® Zeiher et al showed that the same vessel
segments that constricted with the cold pressdr dks® constricted in response to an
infusion of acetylcholiné®® Because the normal, dilatory, response to acetijfeh is
dependent on intact endothelium, these findinggestgthat the abnormal response of
stenotic coronary arteries is due to endothelisfudyction.

Animal models of coronary vasospasm demonstitzié enhanced vascular smooth
muscle reactivity may also underly vasosp&SmRho, a GTP-binding protein, sensitizes
vascular smooth muscle cells to calcium by inmbgitmyosin phosphatase activity through
an effector protein called Rho-kinase. Upregufatbthis pathway may be a mechanism of
coronary vasospasm. Interestingly, Rho-kinasebitdts have been shown to block
agonist- induced vasoconstriction of internal tbaraartery segments from patients
undergoing coronary artery surgéf§.

It has also been noted that, in patients wethronary disease, some of the
angiographically normal appearing segments alspores abnormally*® It seems likely
that, during the development of coronary atherossle, endothelial dysfunction precedes
the appearance of visible stenoses. In patients aitgiographically smooth coronary
arteries, Vita et al. found that an abnormal respdo acetylcholine was correlated with
serum cholesterol, male gender, age, and famitpryi®f coronary diseag&! The normal
dilation of epicardial coronary arteries in respotesincreased blood flow (shear stress) has
been shown to be absent in atherosclerotic ve¥sdis.well, it has been demonstrated that
patients with coronary disease respond to serowwitin coronary vasoconstriction instead
of the normal vasodilatory resporf§&?*’ The concentrations of serotonin used were within
the range found in coronary sinus blood of patiesith coronary disease. Very high
concentrations of serotonin may be found on theo#matium at the site of aggregating
platelets*® All these findings point to the central role ofdethelial dysfunction in the
abnormal coronary vasomotion of patients with atselerosis’® (See Endothelium).

Coronary Steal
Steal occurs when the perfusion pressure for adilated vascular bed (in which flow is
pressure dependent) is lowered by vasodilationgarallel vascular bed, both beds usually

being distal to a stenosis. Two kinds of coronamalsare illustrated: collateral and
transmural (Fig. 6-21).
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Collateral steal in which one vascular beg),(Bistal to an occluded vessel, is dependent
on collateral flow from a vascular bed fRupplied by a stenotic artery is shown (Fig 6-
21A). Because collateral resistance is high, tharkrioles are dilated to maintain flow in
the resting condition (autoregulation). Dilationtbé R arterioles will increase flow across
the stenosis Rand decrease pressure. B R3; resistance cannot further decrease
sufficiently, flow there will fall, producing or weening ischemia in the
collateral-dependent bed. The values of all thestaesces, including collaterals, and the
baseline myocardial metabolic state will deterntiogv powerful the vasodilator stimulus
must be to produce ischemia in the collateral Badure to recognize this has confounded
studies of vasodilator drugs. If collateral vessats very well developed or M\iGs low,
sufficient autoregulatory reserve may remain in ¢o#ateral-dependent bed to maintain
adequate myocardial blood flow even with the adstiation of a moderately powerful
vasodilator.

Transmural steal is also illustrated (Fig ®@RINormally, vasodilator reserve is less in
the subendocardium (see Transmural Blood Flowjhénpresence of a stenosis, flow may
become pressure dependent in the subendocardiumautoregulation is maintained in the
subepicardium. This is illustrated in Figure 6—Where at a perfusion pressure of 50
mmHg, flow has fallen in the subendocardium whilee tsubepicardium retains
autoregulatory reserve. Dilation of the subepi@rditerioles, R will then increase flow
across the stenosis {JRcausing P to fall and resulting in decreased flow to the
subendocardium as subepicardial flow increases.

The ternsteal is most appropriate when the vasodilation is ahdgea pharmacologic
agent (adenosine, dipyridamole) producing "luxdlgiv (beyond metabolic requirements)
in the vascular bed with coronary reserve)(Rhe same redistribution of blood flow also
occurs during exercise in response to metabolicakyliated vasodilation. The study of
coronary steal demonstrates well the complex ieleionships among the determinants of
myocardial blood flow.

FUTURE DIRECTIONS

There is a major need to not only identify but dleat the vulnerable nonstenotic plague
that is prone to rupture. Although angiographydisal for imaging the lumen of arteries,

it provides little information about the atherosolec process within the vessel wall.

Unfortunately, newer imaging techniques, such &awascular ultrasound and electron
beam computer tomography, have yet to evolve agipaapredictive modalities that can

be used to manage patients at risk for acute coyosymdromes secondary to plaque
rupture.

Interestingly, clues to the biology of plague ruptware indirectly emerging from
clinical trials with statins, in that these triadhow very modest reductions in the
angiographic degree of vessel stenoses but comdystdemonstrate a significant
decrease in acute ischemic events well before fiieete of LDL cholesterol lowering
should appear. For example, the MIRACL trial dentaied that treating only 38
patients with acute coronary syndromes with highed@torvastatin could prevent one
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recurrent infarction, refractory angina, or dealtearly as thirty days following the index
event. ?*° Similarly, the ARMYDA*° ARMYDA-ACS®', and ARMYDA
RECAPTURE®? studies have demonstrated that acute treatmeht Atibrvastatin in
patients undergoing percutaneous coronary inteikvent results in reductions in
periprocedural myocardial infarctions when starfedt days before the procedure.
Certainly given the impressive clinical benefiterh is much interest in exploring the
pleotrophic effects of statins that extend beyapdl llowering and understanding how
plague stabilization is occuring>#>*

Most recently there has become a renewed focuheradventitia of the coronary
artery and its role in initiation of inflammatiom ithe vessel wall and subsequent
development of atherosclerosig>*While much effort has been devoted to studying the
intima and media in development of vascular lesitims adventitia is just now garnering
the focus it may deserve. The adventitia is uniguéhat it houses the vaso vasorum
which provides nutrients, vasoactive factors artd as a portal of entry for inflammatory
cells into the media and intima of epicardial cagnarteries. As well, the adventitia is
unique in that it alone supplies all neural inputhe vessel wall — an input that has been
implicated in plaque progression and destabilizatfd® Supporting this notion of an
“outside-in” hypothesis to the development of atiseferosis is that changes in the
adventitial vaso vasorum often precede intimal geaff’ In addition to atherosclerosis,
the adventitia has also been implicated as a safreells in neointimal development
following vascular injury such as balloon angiopjas®® Given the dynamic nature of
the adventitia in disease and the unique role ivese in vessel homeostasis our
understanding of adventitial biology is lacking.

There is also a growing need to better understaeddle of vascular progenitor cells
in both arterial repair® and lesion formation following vascular injuiy). Studies
suggest that endothelial and smooth muscle celieapto be derived from multiple
sources such as circulating stem and progenitts, @d well as tissue-resident progenitor
cell populationg>2%°21 A" humber of observational clinical studies haveensely
correlated endothelial progenitor cell (EPC) numéed cardiovascular risk fueling the
hypothesis that impaired progenitor cell mediatepair of arteries is a risk factor for
atherosclerosis and clinical evenf8??®* Moreover, reports of the involvement of
vascular progenitor cells in the pathogenesis bénovascular lesions are also emerging.
For example, observations from organ transplamntatioighlight the involvement of a
blood-borne population of human vascular cells isvedopment of transplant

. 264 . :

arteriosclerosis. Circulating EPC levels have also been found tofdweer or have
impaired adhesion capacity in patients who devétegtent restenosis compared with
patients with patent stents or an absence of CARP?®® Hence, taken together, the
emerging data suggest that vascular progenitos oadly play a critical role, not only in
maintaining the artery wall but also in ensuringttappropriate repair mechanisms occur
in the face of injury. Therapeutic strategies ttamget EPC mobilization, homing, and
differentiation may prove beneficial. Already eatlinical trials have suggested potential
benefit of progenitor cell transplantation followimyocardial infarction in improving
left ventricular ejection fractidfi’ and a combined clinical endpoint of death, recurre
myocardial infarction or revascularizatiéll. While these early clinical studies are
promising, significant progress in our understagdime role vascular progenitors play in
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the pathogenesis of a wide variety of vasculaolesiremains hampered by the absence
of a clear definition of what constitutes a trusa@ar stem celf®

354



10.

11.

12.

References

Zweifach, BW, Lipowsky, HH: Pressure-flow f@as in blood and lymph
microcirculationIn Berne R, Sperelakis N (eds): Handbook of Physiglog
Section 2: The Cariovascular System, Volume Ilictdcirculation.
Baltimore, William & Wilkins, 1984, pp251-307

Marcus, ML, Chilian, WM, Kanatsuka, H, Dellsger, KC, Eastham, CL, Lamping,
KG: Understanding the coronary circulation throsgidies at the
microvascular level. Circulation 82(1): 1990

Mulvany, MJ, Aalkjaer, C: Structure and fuoatiof small arteries. Physiological
Reviews 70: 1990

Merkus, D, Chilian, WM, Stepp, DW: Functioghkracteristics of the coronary
microcirculation. Herz 24:7, 1999

Kanatsuka, H, Lamping, KG, Eastham, CL, Deltgpr, KC, Marcus, ML.:
Comparison of the effects of increased myocardigtjen consumption and
adenosine on the coronary microvascular resist&@iomulation Research
65: 1989

Chilian, WM, Layne, SM, Eastham, CL, Marcud,:Meterogeneous microvascular
coronary alpha-adrenergic vasoconstriction. CitcateResearch 64: 1989

Schwartz, SM, deBlois, D, O'Brien, ER: Thenat: Soil for atherosclerosis and
restenosis. Circulation Research 77: 1995

Stary, HC, Blankenhorn, DH, Chandler, AB, @GagS, Insull, WJ, Richardson, M,
Rosenfeld, ME, Schaffer, SA, Schwartz, CJ, Wagh&d; A definition of
the intima of human arteries and of its atherosslefprone regions.
Circulation 85: 1992

Frid, MG, Moiseeva, EP, Stenmark, KR: Multipleenotypically distinct smooth
muscle cell populations exist in the adult and &giag bovine pulmonary
arterial media in vivo. Circulation Research 7949

Clowes, AW, Clowes, MM, Reidy, MA: Kinetic§ cellular proliferation after
arterial injury. I. Smooth muscle growth in the @fose of endothelium.
Laboratory Investigation 49: 1983

Clowes, AW, Schwartz, SM: Significance ofeggent smooth muscle migration in
the injured rat carotid artery. Circulation Resbas6: 1985

Maiellaro, K, Taylor, WR: The role of the &iitia in vascular inflammation.
Cardiovasc Res 75:4, 2007

355



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Rana, RS, Hokin, LE: Role of Phosphoinosstitletransmembrane signaling.
Physiological Reviews 70: 1990

Moncada, S, Higgs, EA, Vane, JR: Human aftand venous tissues generate
prostacyclin (prostaglandin X), a potent inhibivdiplatelet aggregation.
Lancet |: 1977

Furchgott, RF, Zawadzki, JV: The obligatarerof endothelial cells in the
relaxation of arterial smooth muscle by acetylammliNature 288: 1980

Ignarro, LJ: Nitric oxide. A novel signaatisduction mechanism for transcellular
communication. Hypertension. 16: 1990

Ignarro, LJ: Biological actions and propertxé endothelium-derived nitric oxide
formed and released from artery and vein. CircatalResearch 65: 1989

Lincoln, TM, Dey, N, Sellak, H: Invited rewecGMP-dependent protein kinase
signaling mechanisms in smooth muscle: from thelatign of tone to gene
expression. J Appl.Physiol 91:3, 2001

Moncada, S, Palmer, RMJ, Higgs, EA: Nitriadex physiology,
pathophysiology,and pharmacology. Pharmacologiealdvs 43: 1991

Harrison, DG, Cai, H: Endothelial controMalsomotion and nitric oxide
production. Cardiol.Clin. 21:3, 2003

Vallance, P, Collier, J, Moncada, S: Nitride synthesised from L-arginine
mediates endothelium- dependent dilatation in huweams. Cardiovascular
Research 23: 1989

Miura, H, Bosnjak, JJ, Ning, G, Saito, T, kiuM, Gutterman, DD: Role for
hydrogen peroxide in flow-induced dilation of hunt@monary arterioles.
Circ.Res. 92:2, 2003

Busse, R, Edwards, G, Feletou, M, Flemingahhoutte, PM, Weston, AH: EDHF:
bringing the concepts together. Trends PharmadoRS@8, 2002

Miura, H, Wachtel, RE, Liu, Y, Loberiza, FR,, Saito, T, Miura, M, Gutterman,
DD: Flow-induced dilation of human coronary arté&g important role of
Ca(2+)-activated K(+) channels. Circulation 103:2501

Miyauchi, T, Tomobe, Y, Shiba, R, IshikawaYanagisawa, M, Kimura, S,
Sugishita, Y, Ito, I, Goto, K, Masaki, T: Involventeof endothelin in the
regulation of human vascular tonus. Potent vasdccias effect and
existence in endothelial cells. Circulation 811890

356



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Lee, SY, Lee, CY, Chen, YM, Kochva, E: Comnasospasm as the primary cause
of death due to the venom of the burrowing asgi@spis engaddensis.
Toxicon 24: 1986

Goodwin, AT, Yacoub, MH: Role of endogenondathelin on coronary flow in
health and disease. Coron Art Dis 12:6, 2001

Hirata, Y, Yoshimi, H, Takata, S: Cellularechanism of action by a novel
vasoconstrictor endothelin in cultured rat vascsitaooth muscle cells.
Biochem Biophys Res Commun 154: 1988

Clozel, J-P, Clozel, M: Effects of endoth&imthe coronary vascular bed in open-
chest dogs. Circulation Research 65: 1989

Wenzel, RR, Fleisch, M, Shaw, S, Noll, G, faann, U, Schmitt, R, Jones, CR,
Clozel, M, Meier, B, Luscher, TF: Hemodynamic aondonary effects of the
endothelin antagonist bosentan in patients witbreany artery disease.
Circulation 98:21, 1998

Goodwin, AT, Yacoub, MH: Role of endogenondathelin on coronary flow in
health and disease. Coron Art Dis 12:6, 2001

Mylona, P, Cleland, JG: Update of REACH-1 BERIT-HF clinical trials in heart
failure. Cardio.net Editorial Team. Eur.J Heart . FaRk, 1999

Humbert, M, Sitbon, O, Simonneau, G: Treatroépulmonary arterial
hypertension. N Engl J Med 351:14, 2004

Hoak, JC: The endothelium, platelets, andray vasospasm. Adv Intern Med 34:
1989

Bassenge, E, Heusch, G: Endothelial and Amurwral control of coronary blood
flow in health and disease. Reviews in PhysiologpcBemistry,and
Pharmacology 116: 1990

Spaan, JA: Mechanical determinants of myaeabpérfusion. Basic Research in
Cardiology 90:2, 1995

Westerhof, N: Physiological hypotheses--migacardial pressure. A new concept,
suggestions for measurement. Basic Res Cardid SR

Mates, RE, Klocke, FJ, Canty, JMJr: Coromayacitance. Progress in
Cardiovascular Disease XXX(1): 1988

Bellamy, RF: Diastolic coronary artery pressilow relations in the dog.
Circulation Research 43: 1978

357



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Eng, C, Jentzer, JH, Kirk, ES: The effectsabnary capacitance on the
interpretation of diastolic pressure-flow relatibips. Circulation Research
50: 1982

Messina, LM, Hanley, FL, Uhlig, PN, Baer, R@fattan, MT, Hoffman, JIE:
Effects of pressure gradients between branchéwdétt coronary artery on
the pressure axis intercept and the shape of sttafdycircumflex pressure-
flow relations in dogs. Circulation Research 56899

Kanatsuka, H, Ashikawa, K, Suzuki, T, KomdruTakishima, T: Diameter change
and pressure-red blood cell velocity relationsarooary microvessels
during long diastoles in the canine left ventri€l@culation Research 66:
1990

Feigl, EO: Coronary physiology. Physiol R&¥%.1, 1983

Hoffman, JI, Piedimonte, G, Maxwell, AJ, Nadé,, Iwanaga, S, Husseini, WK:
Aspects of coronary vasomotor regulation. Advarices.
Experimental.Medicine &.Biology. 381: 1995

Tune, JD, Richmond, KN, Gorman, MW, Feigl,:E0ntrol of coronary blood flow
during exercise. Exp.Biol.Med.(Maywood.) 227:4,020

Gellai, M, Norton, JM, Detar, R: Evidence dlirect control of coronary vascular
tone by oxygen. Circulation Research 32: 1973

Weiss, HR, Neubauer, JA, Lipp, JA: Quantiatietermination of regional oxygen
consumption in the dog heart. Circulation Resed&1978

Broten, TP, Romson, JL, Fullerton, DA, VamWg, DM, Feigl, EO: Synergistic
action of myocardial oxygen and carbon dioxideantoolling coronary
blood flow. Circulation Research 68: 1991

Spaan, JA, Dankelman, J: Theoretical anabfsisronary blood flow and tissue
oxygen pressure-control. Advances in Experimentdigine & Biology
346: 1993

Berne, RM: Cardiac nucleotides in hypoxiagiale role in regulation of coronary
blood flow. Am J Physiol 204: 1963

Gerlach, E, Deuticke, B, Dreisbach, RH: Daclsotid-Abbau im Herzmuskel bei
Sauerstoffmangel und seine mogliche Bedeutungiéur d
Coronardurchblutung. Naturwissenschaften 6: 1963

Olsson, RA, Bunger, R: Metabolic control ofanary blood flow. Prog Cardiovasc
Dis 29: 1987

358



53.

54.

55.

56.

S7.

58.

59.

60.

61.

62.
63.

64.

65.

66.

Standen, NB, Quayle, JM: K+ channel modutaiticarterial smooth muscle. Acta
Physiol Scand. 164:4, 1998

Duncker, DJ, Bache, RJ: Regulation of conpmasomotor tone under normal
conditions and during acute myocardial hypoperfusRharmacol Ther
86:1, 2000

Kroll, K, Feigl, EO: Adenosine is unimportamicontrolling coronary blood flow in
unstressed dog hearts. Am J Physiol 249: 1985

Bache, RJ, Dai, X, Schwarts, JS, Homans,Rx: of adenosine in coronary
vasodilation during exercise. Circulation Rese&2h1988

Dole, WP, Yamada, N, Bishop, VS, Olsson, Réle of adenosine in coronary
blood flow regulation after reductions in perfusmessure. Circulation
Research 56: 1985

Saito, D, Steinhard, CR, Nixon, DG, OlssoA; Rtracoronary adenosine
deaminase reduces canine myocardial reactive hyjer€irculation
Research 49: 1981

Laxson, DD, Homans, DC, Bache, RJ: Inhibitbadenosine-mediated coronary
vasodilation exacerbates myocardial ischemia dxggcise. Am.J Physiol
265:5 Pt 2, 1993

Baxter, GF: Role of adenosine in delayedgréitioning of myocardium.
Cardiovasc Res. 55:3, 2002

Zaugg, M, Lucchinetti, E, Uecker, M, PaschS&haub, MC: Anaesthetics and
cardiac preconditioning. Part I. Signalling andopybtective mechanisms.
Br.J Anaesth. 91:4, 2003

Woollard, HH: The innervation of the heanht.Physiol 60: 1926

Van Winkle, DM, Feigl, EO: Acetylcholine casscoronary vasodilation in dogs
and baboons. Circ Res 65:6, 1989

Horio, Y, Yasue, H, Okumura, K, Takaoka, Katsiyama, K, Goto, K, Minoda, K:
Effects of intracoronary injection of acetylcholioe coronary arterial
hemodynamics and diameter. Am J Cardiol. 62:18819

Hodgson, JM, Marshall, JJ: Direct vasocottstn and endothelium-dependent
vasodilation. Mechanisms of acetylcholine effectxoronary flow and
arterial diameter in patients with nonstenotic oary arteries. Circulation
79:5, 1989

Ludmer, PL, Selwyn, AP, Shook, TL, Wayne, RRdge, GL, Alexander, RW,
Ganz, P: Paradoxical vasoconstriction induced byyéaholine in

359



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

atherosclerotic coronary arteries. The New Englemanal of Medicine
315: 1986

Feigl, EO: EDRF - a protective factor? Nateé: 1988
Feigl, EO: Neural control of coronary blotmif. J Vasc.Res. 35:2, 1998

Feldman, RD, Christy, JP, Paul, ST, Harrifx®; 3-adrenergic receptors on canine
coronary collateral vessels: characterization andtion. Am J Physiol 257:
1989

Mosher, P, Ross, JJr, McFate, PA, Shaw, RRtr@ of coronary blood flow by an
autoregulatory mechanism. Circulation Researcti284

Gorman, MW, Tune, JD, Richmond, KN, Feigl,:EE®edforward sympathetic
coronary vasodilation in exercising dogs. J Applsiti 89:5, 2000

Holtz, J: Alpha-adrenoceptor subtypes incttrenary circulation. Basic Res Cardiol
85 Suppl 1: 1990

Guth, BD, Thaulow, E, Heusch, G, SeitelberBeRoss, JJ: Myocardial effects of
selective alpha-adrenoceptor blockade during eserinidogs. Circulation
Research 66: 1990

Heusch, G: Alpha-adrenergic mechanisms incanytial ischemia. Circulation 81:
1990

Kelley, KO, Feigl, EO: Segmental alpha-reoepbediated vasoconstriction in the
canine coronary circulation. Circulation Researghl978

Mohrman, DE, Feigl, EO: Competition betwegmgathetic vasoconstriction and
metabolic vasodilation in the canine coronary datan. Circulation
Research 42: 1978

Heusch, G, Deussen, A: Nifedipine preventspathetic vasoconstriction distal to
severe coronary stenoses. Journal of Cardiovagehmacology 6: 1984

Chilian, WM: Adrenergic vasomotion in the @eary microcirculation. Basic Res
Cardiol 85, Suppl 1: 1990

Harrison, DG, Sellke, FW, Quillen, JE: Newnotoral regulation of coronary
collateral vasomotor tone. Basic Res Cardiol 8pp&li: 1990

DiCarli, MF, Tobes, MC, Mangner, T, LevineB AMuzik, O, Chakroborty, P,
Levine, TB: Effects of cardiac sympathetic inneimaton coronary blood
flow. New England Journal of Medicine 336: 1997

360



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Chilian, WM, Harrison, DG, Haws, CW, Snyd&D, Marcus, ML: Adrenergic
coronary tone during submaximal exercise in theis@goduced by
circulating catecholamines. Evidence for adrenetgitervation
supersensitifity in the myocardium but not in cagnvessels. Circulation
Research 58: 1986

Huang, AH, Feigl, EO: Adrenergic coronaryo@mstriction helps maintain
uniform transmural blood flow distribution duringegcise. Circulation
Research 62: 1988

Buffington, CW, Feigl, EO: Adrenergic coropaasoconstriction in the presence of
coronary stenosis in the dog. Circulation Rese48c11981

Heusch, G, Deussen, A: The effects of caslratpathetic nerve stimulation on the
perfusion of stenotic coronary arteries in the deigculation Research 53:
1983

Bassenge, E, Walter, P, Doutheil, U: Wirkumgsikehr der adrenergischen
coronargefassreakton in abhangigkeit vom coronasgéinus. Pflugers
Arch 297: 1967

Nathan, HJ, Feigl, EO: Adrenergic coronaisoganstriction lessens transmural
steal during coronary hypoperfusion. Am J Physif): 21986

Chilian, WM, Ackell, PH: Transmural differeexin sympathetic coronary
constriction during exercise in the presence obiary stenosis. Circulation
Research 62: 1988

Seitelberger, R, Guth, BD, Heusch, G, Lee KHlayama, K, Ross, JJ:
Intracoronary alpha 2-adrenergic receptor bloclatiuates ischemia in
conscious dogs during exercise. Circulation Rebe2c 1988

Baumgart, D, Heusch, G: Neuronal controlavboary blood flow. Basic Research
in Cardiology 90:2, 1995

Feigl, EO: Adrenergic control of transmuratanary blood flow. Basic Res Cardiol
85, Suppl 1: 1990

Hodgson, JMB, Cohen, MD, Szentpetery, S, EsamiD: Effects of regional
alpha- and beta-blockade on resting and hypereonamary blood flow in
conscious, unstressed humans. Circulation 79: 1989

Chierchia, S, Davies, G, Berkenboom, G, Gfe@rean, P, Maseri, A: Alpha-

adrenergic receptors and coronary spasm: an eluskve€irculation 69:
1984

361



93. Brown, BG, Lee, AB, Bolson, EL, Dodge, HT:flee constriction of significant
coronary stenosis as a mechanism contributinghisic left ventricular
dysfunction during isometric exercise. Circulatitth 1984

94. Berkenboom, G, Unger, P: Alpha-adrenergiomary constriction in effort angina.
Basic Res Cardiol 85, Suppl 1: 1990

95. Berkenboom, GM, Abramowicz, M, VandermoterDEgre, SG: Role of alpha-
adrenergic coronary tone in exercise induced anggetoris. Am J Cardiol
57: 1986

96. Gage, JE, Hess, OM, Murakami, T, Ritter, Mp&n, J, Krayenbuehl, HP:
Vasoconstriction of stenotic coronary arteriesmyidynamic exercise in
patients with classic angina pectoris: reversibby nitroglycerin.
Circulation 73: 1986

97. Chilian, WM, Layne, SM: Coronary microvascukssponses to reductions in
perfusion pressure. Evidence for persistent atéeri@somotor tone during
coronary hypoperfusion. Circulation Research 66019

98. Nabel, EG, Ganz, P, Gordon, JB, Alexander, B&lvyn, AP: Dilation of normal
and constriction of atherosclerotic coronary agedaused by the cold
pressor test. Circulation 77: 1988

99. Maturi, MF, Martin, SE, Markle, D, Maxwell, NBurruss, CR, Speir, E, Greene, R,
Ro, YM, Vitale, D, Green, MV, Goldstein, SR, Bache, SL, Patterson,
RE: Production of myocardial ischemia in dogs biystoction of
nondiseased small vessels. Circulation 83: 1991

100. Chu, A, Morris, K, Kuehl, W, Cusma, J, Na&eF, Cobb, FR: Effects of atrial
natriuetic peptide on the coronary arterial vagoodain humans. Circulation
80: 1989

101. Linder, C, Heusch, G: ACE-inhibitors for theatment of myocardial ischemia?
Cardiovasc Drugs Ther (in press): 1990

102. Lamping, KG, Kanatsuka, H, Eastham, CL, i@hjIWM, Marcus, ML:
Nonuniform vasomotor responses of the coronaryauizulation to
serotonin and vasopressin. Circ.Res. 65:2, 1989

103. Ginsburg, R, Bristow, MR, Kantrowitz, N, BgiDS, Harrison, DC: Histamine
provocation of clinical coronary artery spasm: iicggtions concerning
pathogenesis of variant angina pectoris. Am Hed@35, 1981

104. Johnson, PC: Autoregulation of blood flowc@ation Research 59: 1986

105. Gregg, DE: Effect of coronary perfusion ptgs or coronary flow on oxygen usage
of the myocardium. Circulation Research 13: 1963

362



106. Dole, WP, Nuno, DW: Myocardial oxygen tensitetermines the degree and
pressure range of coronary autoregulation. CinculdResearch 59: 1986

107. Dole, WP: Autoregulation of the coronarygugiation. Prog Cardiovasc Dis 29: 1987

108. Jones, CE, Liang, IYS, Gwirtz, PA: Effectailpha-adrenergic blockade on
coronary autoregulation in dogs. Am J Physiol 2287

109. Hoffman, JIE, Spaan, JA: Pressure-flow iiatin coronary circulation.
Physiological Reviews 70(2): 1990

110. Feigl, EO: Coronary autoregulation. Jouahddypertension - Supplement 7: 1989

111. Hickey, RF, Sybert, PE, Verrier, ED, Cad®h; Effects of halothane, enflurane,
and isoflurane on coronary blood flow, autoregalatand coronary
vascular reserve in the canine heart. Anesthesi@8g1988

112. Sestier, FJ, Mildenberger, RR, Klassen, Bdle of autoregulation in spatial and
temporal perfusion heterogeneity of canine myocandiAm J Physiol
235(1): 1978

113. Kuo, L, Chilian, WM, Davis, MJ: Coronaryexiblar myogenic response is
independent of endothelium. Circulation Researci860

114. Fossel, ET, Morgan, HE, Ingwall, JS: Measueat of changes in high-energy
phosphates in the cardiac cycle by using 31P nuciagnetic resonance.
Proc Natl Acad Sci USA 77: 1980

115. Feigl, EO, Neat, GW, Huang, AH: Interrelaidetween coronary artery pressure,
myocardial metabolism and coronary blood flow. daliof Molecular &
Cellular Cardiology 22: 1990

116. Ruiter, JH, Spaan, JAE, Laird, JD: Transerygen uptake during myocardial
reactive hyperemia in the dog. Am J Physiol 235819

117. Marcus, ML: Metabolic Regulation of Coron&tgod Flow. 3, 1983

118. Bourdarias, JP: Coronary reserve: concepphysiological variations. European
Heart Journal 16: 1995

119. Nitenberg, A, Antony, I: Coronary vascukesarve in humans: a critical review of
methods of evaluation and of interpretation ofrésallts.
European.Heart.Journal. 16: 1995

120. Aude, YW, Garza, L: How to prevent unnecgssaronary interventions:
identifying lesions responsible for ischemia in tl¢h lab.
Curr.Opin.Cardiol. 18:5, 2003

363



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Tonino, PA, De, BB, Pijls, NH, Siebert, keho, F, Veer, M, Klauss, V,
Manoharan, G, Engstrom, T, Oldroyd, KG, Ver Lee, RidcCarthy, PA,
Fearon, WF: Fractional flow reserve versus anggydor guiding
percutaneous coronary intervention. N Engl J Me@i 362009

Hoffman, JIE: Transmural myocardial perfasiérog Cardiovasc Dis 29: 1987

van, d, V, Arts, T, Glatz, JF, Reneman, R8nsmural differences in energy
metabolism of the left ventricular myocardium: facfiction. J Mol.Cell
Cardiol. 22:1, 1990

Bassingthwaighte, JB, Malone, MA, Moffet€,King, RB, Little, SE, Link, JM,
Krohn, KA: Validity of microsphere depositions fi@gional myocardial
flows. Am J Physiol 253: 1987

Buckberg, GD, Luck, JC, Payne, DB, HoffmHnArchie, JP, Fixler, DE: Some
sources of error in measuring regional blood flowhwadioactive
microspheres. J Appl.Physiol 31:4, 1971

Canty, JMJr, Giglia, J, Kandath, D: Effectachycardia on regional function and
transmural myocardial perfusion during graded cargpressure reduction
in conscious dogs [see comments]. Circulation 8201

Hoffman, JIE: Transmural myocardial perfasi, 1990

Harrison, DG, Florentine, MS, Brooks, LA,dper, SM, Marcus, ML: The effect of
hypertension and left ventricular hypertrophy oaltswer range of coronary
autoregulation. Circulation 77: 1988

Tomanek, RJ: Response of the coronary \asecalto myocardial hypertrophy. J
Am Coll Cardiol 15: 1990

Hoffman, JI: Heterogeneity of myocardialdaldlow. Basic Research in Cardiology
90:2, 1995

Coggins, DL, Flynn, AE, Austin, RE, Aldeg& GMuehrcke, D, Goto, M, Hoffman,
JIE: Nonuniform loss of regional flow reserve dgrmyocardial ischemia in
dogs. Circulation Research 67: 1990

Pantely, GA, Bristow, JD, Swenson, LJ, LadiD, Johnson, WB, Anselone, CG:
Incomplete coronary vasodilation during myocargiehemia in swine. Am
J Physiol 249: 1985

Aversano, T, Becker, LC: Persistence ofrtamnpvasodilator reserve despite
functionally significant flow reduction. Am J PhgR48: 1985

Stary, HC: Evolution and progression of aikelerotic lesions in coronary arteries
of children and young adults. Arteriosclerosis $(8u.): 1989

364



135.

136.
137.

138.

139.
140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

PDAY Research Group: Relationship of atheeossis in young men to serum
lipoprotein cholesterol concentrations and smokangreliminary report
from the Pathobiological Determinants of Atherostdés in Youth. Journal
of the American Medical Association 264: 1990

von Rokitansky, C: A manual of pathologeaatomy. 4, 1852
Duguid, JB: Thrombosis as a factor in athenesis. J Pathol Bacteriol 58: 1946

Schneiderman, J, Sawdey, MS, Keeton, MR{iBoGM, Bernstein, EF, Dilley,
RB, Loskutoff, DJ: Increased type 1 plasminogeivatir inhibitor gene
expression in atherosclerotic human arteries. Toegedings of the
National Academy of Science,USA 89: 1992

Virchow, R: Gesammelte abhandlungen zuramisshaftlichen medicin. 1856
Ross, R, Glomset, JA: The pathogenesisef@gclerosis. N Engl J Med 295: 1976

Schwartz, SM, Murry, CE, O'Brien, ER: Vessall response to injury. Science &
Med 3:2, 1996

Dvorak, HF, Harvey, VS, Estrella, P, BrowhR, McDonagh, J, Dvorak, AM: Fibrin
containing gels induce angiogenesis. Implicatiengdmor stroma
generation and wound healing. Laboratory Investgei7: 1987

Hunt, TK, Knighton, DR, Thakral, KK, Goods®iH, Andrew, WS: Studies on
inflammation and wound healing: Angiogenesis arlhgen synthesis
stimulated in vivo by resident and activated wooratrophage. Surgery
96(1): 1984

Gabbiani, G: The biology of the myofibrolbl&dney International 41: 1996

Dvorak, HF: Tumors: Wounds that do not h&mhilarities between tumor stroma
generation and wound healing. N Engl J Med 3157486

Ross, R: The pathogenesis of atherosclefogisrspective for the 1990s. Nature
362: 1993

Munro, JM, Cotran, RS: The pathogenesish&rasclerosis: atherogenesis and
inflammation. Laboratory Investigation 58:3, 1988

Jonasson, L, Holm, J, Skalli, O, GabbianB@ndjers, G, Hansson, GK: Regional
accumulations of T cells, macrophages, and smoattia cells in the
human atherosclerotic plaque. Arteriosclerosis 6236

Katsuda, S, Boyd, HC, Fligner, C, Ross, 8&vg AM: Human Atherosclerosis:
Immunocytochemical analysis of the cell compositbtesions of young
adults. Am J Pathol 140: 1992

365



150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Prescott, MF, McBride, CK, Court, M: Deveaitognt of intimal lesions after
leukocyte migration into the vascular wall. Am JHe®135:5, 1989

Henney, AM, Wakeley, PR, Davies, MJ, Fos€eklembry, R, Murphy, G,
Humphries, S: Localization of stromelysin gene egpion in atherosclerotic
plaques by in situ hybridization. Proc Natl Acad 38A 88(18): 1991

Bevilacqua, MP, Slengelin, S, Gimbrone, M3ded, B: Endothelial leukocyte
adhesion molecule 1: an inducible receptor fornoglils related to
complement regulatory proteins and lectins. Sci@4& 1989

Springer, TA: Traffic signals for lymphocyeirculation and leukocyte emigration:
The multistep paradigm. Cell 76: 1994

Osborn, L, Hession, C, Tizard, R, Vassélld,howsky, S, Chi-Rosso, G, Lobb, R:
Direct expression cloning of vascular cell adhesmmtecules 1, a cytokine-
induced endothelial protein that binds to lymphesytCell 59: 1989

Nelken, NA, Coughlin, SR, Gordon, D, Wilcdi: Monocyte chemoattractant
protein-1 in human atheromatous plaques. J Cliadh88: 1991

Reidy, MA, Silver, M: Endothelial regeneoati Lack of intimal proliferation after
defined injury to rat aorta. Am J Pathol 118:2839

Conte, MS, Choudhry, RP, Shirakowa, M, Falld’, Birinyi, LK: Endothelial cell
seeding fails to attenuate intimal thickening ifidza-injured rabbit arteries.
J Vasc Surg 21: 1995

Winternitz, MC, Thomas, RM, LeCompte, PMeTBiology of Arteriosclerosis.
1938

Barger, AC, Beeuwkes, R, Lainey, LL, SilvarmKJ: Hypothesis: Vasa vasorum
and neovascularization of human coronary arteldsngl J Med 310: 1984

O'Brien, ER, Garvin, MR, Dev, R, Stewart, ,[nohara, T, Simpson, JB,
Schwartz, SM: Angiogenesis in human coronary aweootic plagues. Am
J Pathol 145(4): 1994

Pels, K, Labinaz, M, O'Brien, ER: Arteriahlnneovascularization: Potential role in
atherosclerosis and restenosis. Japan Circ J 1997

O'Brien, KD, McDonald, TO, Chait, A, AllellD, Alpers, CE: Neovascular
expression of E-selection intercellular adhesiofremde-1, and vascular cell
adhesion molecule-1 in human atherosclerosis aidrtHation to intimal
leukocyte content. Circulation 93: 1996

Brown, MS, Goldstein, JL: A receptor-medigbathway for cholesterol
homeostasis. Science 232: 1986

366



164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Steinberg, D: Antioxidant vitamins and ca@gnheart disease. N Engl J Med
328(20): 1993

The Scandinavian Simvastatin Survival S@dyup: Randomised trial of
cholesterol lowering in 4444 patients with coronaegrt disease: the
Scandinavian Simvastatin Survival Study (4S). LaBdd:8934, 1994

Treasure, CB, Klein, JL, Weintraub, WS: Biered effects of cholesterol-lowering
therapy on the coronary endothelium in patientk waronary artery
disease. N Engl J Med 332: 1995

Anderson, TJ, Meredith, IT, Yeung, AC, FBiSelwyn, AP, Ganz, P: The effect of
of cholesterol-lowering and antioxidant therapyemdothelium-dependent
coronary vasomotion. N Engl J Med 332: 1995

Benditt, EP, Benditt, JM: Evidence for a imdonal origin of human atherosclerotic
plagues. Proc Natl Acad Sci USA 70: 1973

Murry, CE, Gipaya, CT, Bartosek, T, Bendif, Schwartz, SM: Monoclonality of
smooth muscle cells in human atherosclerosis. Aatldol 151:3, 1997

Sims, FH, Gavin, JB, Vanderwee, MA: Thenatiof human coronary arteries.
American Heart Journal 118: 1989

Sims, FH, Gavin, JB: The early developmémitonal thickening of human
coronary arteries. Coronary Artery Disease 1: 1990

Gordon, D, Reidy, MA, Benditt, EP, Schwagk): Cell proliferation in human
coronary arteries. Proc Natl Acad Sci USA 87: 1990

O'Brien, ER, Alpers, CE, Stewart, DK, FemyysM, Tran, N, Gordon, D, Benditt,
EP, Hinohara, T, Simpson, JB, Schwartz, SM: Pnaitfen in primary and
restenotic coronary atherectomy tissue: Implicatimn anti-proliferative
therapy. Circulation Research 73(2): 1993

Villaschi, S, Spagnoli, LG: Autoradiographrd ultrastructural studies on the
human fibroatheromatous plaque. Atherosclerosi4 983

Spagnoli, LG, Villaschi, S, Neri, L, Palna@efs, Taurino, M, Faraglia, V, Fiorani, P:
Autoradiographic studies of the smooth muscle aellsiman arteries.
Artery Wall 7: 1981

Bennett, MR, Evan, GI, Schwartz, SM: Apojsta$ human vascular smooth muscle

cells derived from normal vessels and coronaryrasioterotic plaques. J
Clin Invest 95: 1995

367



177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Lindner, V, Olson, NE, Clowes, AW, Reidy, MAeparin inhibits smooth muscle
cell proliferation in injured rat arteries by digping basic fibroblast growth
factor. J Clin Invest 90: 1992

Jackson, CL, Raines, EW, Ross, R, Reidy, Ridle of endogenous platelet-derived
growth factor in arterial smooth muscle cell migmatafter balloon catheter
injury. Arterioscler Thromb 13(8): 1993

Reidy, MA, Irvin, C, Lindner, V: Migratiorf arterial wall cells. Expression of
plasminogen activators and inhibitors in injuretar@eries. Circulation
Research 78:3, 1996

Glagov, S, Weisenberg, E, Zarins, CK, Staakicius, R, Kolettis, GJ:
Compensatory enlargement of human atherosclemmtmary arteries. N
Engl J Med 316: 1987

Folkow, B: Physiological aspects of primaypertension. Physiological Reviews
62: 1982

Jamal, A, Bendeck, M, Langille, BL: Struefucthanges and recovery of function
after arterial injury. Arterioscler Thromb 12: 1992

Folkow, B: "Structural factor" in primaryésecondary hypertension. Hypertension
16: 1990

Isner, JM: Vascular remodeling: Honey, hkhi shrunk the artery. Circ 89(6): 1994

Lafont, A, Guzman, LA, Whitlow, PL, Goormiast, Cornhill, JF, Chisolm, GM:
Restenosis after experimental angioplasty. Intimailial, and adventitial
changes associated with constrictive remodeling. Res 76: 1995

Kakuta, T, Currier, JW, Haudenschild, CCaRyl J, Faxon, DP: Differences in
compensatory vessel enlargement, not intimal faonmaaccount for
restenosis following angioplasty in the hyperchigledemic rabbit model.
Circ 89: 1994

Post, MJ, Borst, C, Kuntz, RE: The relatmportance of arterial remodeling
compared with intimal hyperplasia in lumen renaingafter balloon
angioplasty. A study in the normal rabbit andhiipercholesterolemic
Yucatan micropig. Circ 89: 1994

Pasterkamp, G, Borst, C, Post, MJ, Mali, WMPWensing, PJW, Gussenhoven, EJ,
Hillen, B: Atherosclerotic arterial remodeling imetsuperficial femoral
artery. Individual variation in local compensatentargement response.
Circ 93: 1996

Kimura, T, Kaburagi, S, Tamura, T, Yokoi,Ntgkagawa, Y, Hamasaki, N, Nosaka,
H, Nobuyoshi, M, Mintz, GS, Popma, JJ, Leon, MBnieeling of human

368



coronary arteries undergoing coronary angioplasgtieerectomy.
Circulation 96: 1999

190. Luo, H, Nishioka, T, Eigler, NL, Forrest&s, Fishbein, MC, Berglund, H, Siegel,
RJ: Coronary artery restenosis after balloon atgstypin humans is
associated with circumferential coronary arterystoction. Arterioscler
Thromb Vasc Biol 16: 1999

191. Mintz, GS, Popma, JJ, Pichard, AD, Kent, ISdtler, LF, Wong, SC, Hong, MK,
Kovach, JA, Leon, MB: Arterial remodeling after onary angioplasty. A
serial intravascular ultrasound study. Circula®dn 1996

192. Pasterkamp, G, de Kleijn, D, Borst, C: Adlelemodeling in atherosclerosis,
restenosis and after alteration of blood flow: pog¢ mechanisms and
clinical implications. Cardiovascular Research2#0

193. Schwartz, SM, Murry, CE, O'Brien, ER: Vessall response to injury. Science and
Medicine 3:2, 1996

194. Shi, Y, Pieniek, M, Fard, A, O'Brien, J, Mam, JD, Zalewski, A: Adventitial
remodeling after coronary artery injury. Circ 9996

195. Bryant, SR, Bjercke, RJ, Erichsen, DA, Régd.indner, V: Vascular remodeling
in response to altered blood flow is mediated bgofblast growth factor-2.
Circulation Research 84: 1999

196. Langille, BL, O'Donnell, F: Reductions inesial diameter produced by chronic
diseases in blood flow are endothelium-dependernse 231: 1986

197. Jamal, A, Bendeck, M, Langille, BL: Strueluchanges and recovery of function
after arterial injury. Arteriosclerosis and Throrslsol2: 1992

198. Koester, W: Endarteriitis and arteriitisriBdin.Wochenschr. 13: 1876

199. Geiringer, E: Intimal vascularization andesibsclerosis. J.Pathol.Bacteriol. 63:
1951

200. Heistad, DH, Armstrong, ML: Blood flow thigluvasa vasorum of coronary
arteries in atherosclerotic monkeys. Arteriosclisr6s1986

201. Glagov, S, Weisenberg, E, Zarins, CK, Staakicius, R, Kolettis, GJ:
Compensatory enlargement of human atherosclemmtmary arteries. The
New England Journal of Medicine 316: 1987

202. Nissen, SE, Gurley, JC, Grines, CL, Booi, BicClure, R, Berk, M, Fischer, C,
Demaria, AN: Intravascular ultrasound assessmenhaén size and wall
morphology in normal subjects and patients wittonary artery disease.
Circulation 84:3, 1991

369



203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.
214.

215.

Topol, EJ, Nissen, SE: Our preoccupatioh aatronary luminology. The
dissociation between clinical and angiographicifigd in ischemic heart
disease. Circulation 92:8, 1995

Tobis, J, Azarbal, B, Slavin, L: Assessnugtmtermediate severity coronary lesions
in the catheterization laboratory. J Am Coll.Calkdi®:8, 2007

Escolar, E, Weigold, G, Fuisz, A, Weissnih,New imaging techniques for
diagnosing coronary artery disease. CMAJ. 1746062

Nissen, SE: Application of intravascularagbund to characterize coronary artery
disease and assess the progression or regressithrendsclerosis. Am J
Cardiol. 89:4A, 2002

Virmani, R, Burke, AP, Kolodgie, FD, Farl,Pathology of the thin-cap
fibroatheroma: a type of vulnerable plaque. J in@ardiol. 16:3, 2003

Ambrose, JA: In search of the "vulnerabégpk": can it be localized and will focal
regional therapy ever be an option for cardiacgméen? J Am
Coll.Cardiol. 51:16, 2008

Brown, BG, Bolson, EL, Dodge, HT: Dynamicamanisms in human coronary
stenosis. Circulation 70: 1984

Levin, DC, Gardiner, GA: Coronary Arterioging. 3:10, 1988

Arnett, EN, Isner, JM, Redwood, DR, Kent, [Baker, WP, Ackerstein, H,
Roberts, WC: Coronary artery narrowing in cororfeegut disease:
Comparison of cineangiographic and necropsy firglidgn Intern Med 91.
1979

Wilson, RF: Assessing the severity of corpaatery stenoses. New England
Journal of Medicine 334: 1996

Marcus, ML: The Physiologic Effects of a Quary Stenosis. 11, 1983

Ambrose, JA, Tannenbaum, MA, AlexopoulosHigmdahl-Monsen, CE, Leavy, J,
Weiss, M, Borrico, S, Gorlin, R, Fuster, V: Angiaghic progression of
coronary artery disease and the development of angt@d infarction.

Journal of the American College of Cardiology 12(988

Little, WC, Constantinescu, M, Applegate, Ritcher, MA, Burrows, MT, Kahl,
FR, Santamore, WP: Can coronary angiography preuidite of a
subsequent myocardial infarction in patients witldio moderate cornary
artery disease? Circulation 78: 1988

370



216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Davies, MJ, Thomas, AC: Plaque fissurinfhe cause of acute myocardial
infarction, sudden ischemic death, and crescengimaBr Heart J 53(4):
1985

Richardson, PD, Davies, MJ, Born, GV: Infice of plaque configuration and stress
distribution on fissuring of coronary atherosclerpiagues. Lancet 2(8669):
1989

Van der Wal, AC, Becker, AE, van der Lool|, ©as, PK: Site of intimal rupture
or erosion of thrombosed coronary atherosclerdéigyes is characterized
by an inflammatory process irrespective of the aami plaque
morphology. Circulation 89: 1994

Libby, P, Hansson, GK: Involvement of thename system in human
atherogenesis: Current knowledge and unansweretiop® Laboratory
Investigation 64: 1991

Demer, L, Gould, KL, Kirkeeide, R: Assesssatgnosis severity; Coronary flow
reserve, collateral function, quantitative cororemtgriography, positron
imaging, and digital subtraction angiography. Aieewand analysis.
Progress in Cardiovascular Disease 5: 1988

Gould, KL, Lipscomb, K, Hamilton, GW: Physigic basis for assessing critical
coronary stenosis. Am J Cardiol 33: 1974

Koerselman, J, van der, GY, De JaegereGRibbee, DE: Coronary collaterals: an
important and underexposed aspect of coronaryyatieease. Circulation
107:19, 2003

Schaper, W, Gorge, G, Winkler, B, Schapérhé collateral circulation of the heatrt.
Progress in Cardiovascular Disease 1: 1988

Schaper, W: Biological and molecular biatadjaspects of angiogenesis in coronary
collateral development. 2, 1991

Conway, EM, Collen, D, Carmeliet, P: Molecuhechanisms of blood vessel
growth. Cardiovasc Res. 49:3, 2001

Fujita, M, Tambara, K: Recent insights imtmnan coronary collateral development.
Heart 90:3, 2004

Carmeliet, P: Mechanisms of angiogenesisagedogenesis. Nat.Med. 6:4, 2000

Sellke, FW, Quillen, JE, Brooks, LA, Harns®G: Endothelial modulation of the
coronary vasculature in vessels perfused via matllaterals. Circulation
81: 1990

371



229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Verani, MS: The functional significance ofa@nary collateral vessels: Anecdote
confronts science. Cathet Cardiovasc Diagn 9: 1983

Marcus, ML: The coronary collateral circidat 1:10, 1983

Braunwald, E, Sobel, BE: Coronary blood fmwd myocardial ischemia. 3:37,
1988

Hlatky, MA, Mark, DB, Califf, RM, Pryor, DBAngina, myocardial ischemia and
coronary disease: gold standards, operationalitiefis and correlations. J
Clin Epidemiol 42(5): 1989

Buckberg, GD, Fixler, DE, Archie, JP, HoffmalE: Experimental subendocardial
ischemia in dogs with normal coronary arteriesc@ation Research 30:
1972

Griggs, DM, Nakamura, Y: Effects of coronaoystriction on myocardial
distribution of lodoantipyrine-1-131. Am J Physii5: 1968

Brazier, J, Cooper, N, Buckberg, GD: Thegadey of subendocardial oxygen
delivery: The interaction of determinants of flawterial oxygen content
and myocardial oxygen need. Circulation 49: 1974

Buffington, CW: Hemodynamic determinantssohemic myocardial dysfunction in
the presence of coronary stenosis in dogs. Anestbgg 63: 1985

Stone, PH: Mechanisms of silent myocard@iemia: implications for selection of
optimal therapy. Advances In Cardiology 37: 1990

Maseri, A, Newman, C, Davies, G: Coronaigovaotor tone: a heterogeneous
entity. Eur Heart J 10 Suppl F: 1989

Malacoff, RF, Mudge, GH, Holman, BL, IdoideBifolck, L, Cohn, PF: Effect of
cold pressor test on regional myocardial blood fioyatients with coronary
artery disease. American Heart Journal 106: 1983

Zeiher, AM, Drexler, H, Wollschlaeger, Hugaer, B, Just, H: Coronary
vasomotion in response to sympathetic stimulatidmimans: importance of
the functional integrity of the endothelium. J AraliGCardiol 14: 1989

Konidala, S, Gutterman, DD: Coronary vassspand the regulation of coronary
blood flow. Prog.Cardiovasc Dis. 46:4, 2004

Batchelor, TJ, Sadaba, JR, Ishola, A, Pa¢gudunsch, CM, Beech, DJ: Rho-
kinase inhibitors prevent agonist-induced vasospagmman internal
mammary artery. Br.J Pharmacol. 132:1, 2001

372



243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

Werns, SW, Walton, JA, Hsia, HH, Nabel, 5@nz, ML, Pitt, B: Evidence of
endothelial dysfunction in angiographically norroatonary arteries of
patients with coronary artery disease. Circulafi®r?, 1989

Vita, JA, Treasure, CB, Nabel, EG, McLena¢ldd, Fish, RD, Yeung, AC,
Vekshtein, VI, Selwyn, AP, Ganz, P: Coronary vastangesponse to
acetylcholine relates to risk factors for cororamgry disease. Circulation
81: 1990

Nabel, EG, Selwyn, AP, Ganz, P: Large canpageries in humans are responsive
to changing blood flow: an endothelium-dependenthrarism that fails in
patients with atherosclerosis [see comments]. &bofrthe American
College of Cardiology 16: 1990

Golino, P, Piscione, F, Willerson, JT, Cdipégazzi, M, Focaccio, A, Villari, B,
Indolfi, C, Russolillo, E, Condorelli, M, Chiariell M: Divergent effects of
serotonin on coronary artery dimensions and bl in patients with
coronary atherosclerosis and control patients. Begland Journal of
Medicine 324: 1991

McFadden, EP, Clarke, JG, Davies, GJ, Ka€kiHaider, AW, Maseri, A: Effect of
intracoronary serotonin on coronary vessels irep&tiwith stable angina
and patients with variant angina. New England JawwhMedicine 324:
1991

Golino, P, Maseri, A: Serotonin receptorsuman coronary arteries. Circulation.
90:3, 1994

Schwartz, GG, Olsson, AG, Ezekowitz, MD, z&h Oliver, MF, Waters, D,
Zeiher, A, Chaitman, BR, Leslie, S, Stern, T: Bffeaf atorvastatin on early
recurrent ischemic events in acute coronary syndsothe MIRACL study:
a randomized controlled trial. JAMA 285:13, 2001

Pasceri, V, Patti, G, Nusca, A, Pristipl@pRichichi, G, Di, SG: Randomized trial
of atorvastatin for reduction of myocardial damédgeng coronary
intervention: results from the ARMYDA (Atorvastafior Reduction of
MYocardial Damage during Angioplasty) study. Ciatidn 110:6, 2004

Patti, G, Pasceri, V, Colonna, G, Miglionikg Fischetti, D, Sardella, G,
Montinaro, A, Di, SG: Atorvastatin pretreatment noyes outcomes in
patients with acute coronary syndromes undergarly percutaneous
coronary intervention: results of the ARMYDA-ACShdomized trial. J Am
Coll.Cardiol. 49:12, 2007

Di, SG, Patti, G, Pasceri, V, Gaspardon&donna, G, Montinaro, A: Efficacy of

atorvastatin reload in patients on chronic stdterdpy undergoing
percutaneous coronary intervention: results oAR&YDA-RECAPTURE

373



253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

(Atorvastatin for Reduction of Myocardial Damageridg Angioplasty)
Randomized Trial. J Am Coll.Cardiol. 54:6, 2009

Schonbeck, U, Libby, P: Inflammation, Imntynand HMG-CoA Reductase
Inhibitors: Statins as Antiinflammatory Agents?diation 109:21_ suppl_1,
2004

Halcox, JPJ, Deanfield, JE: Beyond the Laooy: Clinical Implications for Statin
Pleiotropy. Circulation 109:21 suppl_1, 2004

Pagano, PJ, Gutterman, DD: The adventitgaotits and ins of vascular disease.
Cardiovasc Res 75:4, 2007

Bot, I, de Jager, SC, Bot, M, van Heining#, de, GP, Veldhuizen, RW, van
Berkel, TJ, von der Thusen, JH, Biessen, EA: Theapeptide substance P
mediates adventitial mast cell activation and irduatraplaque hemorrhage
in advanced atherosclerosis. Circ Res 106:1, 2010

Herrmann, J, Lerman, LO, Rodriguez-PorcelHelmes, DR, Jr., Richardson, DM,
Ritman, EL, Lerman, A: Coronary vasa vasorum neavasization
precedes epicardial endothelial dysfunction in grpental
hypercholesterolemia. Cardiovasc Res 51:4, 2001

Shi, Y, O'Brien, J, Fard, A, Mannion, JD,MJaD, Zalewski, A: Adventitial
myofibroblasts contribute to neointimal formationimjured porcine
coronary arteries. Circulation 94: 1996

Zampetaki, A, Kirton, JP, Xu, Q: Vasculgraie by endothelial progenitor cells.
Cardiovasc Res 78:3, 2008

Hibbert, B, Olsen, S, O'Brien, ER: Involveref progenitor cells in vascular
repair. Trends Cardiovasc.Med. 13:8, 2003

Ma, X, Hibbert, B, White, D, Seymour, R, \ian, SC, O'Brien, ER: Contribution
of recipient-derived cells in allograft neointin@rhation and the response
to stent implantation. PLoS.ONE. 3:3, 2008

Hill, M, Zalos, G, Halcox, JP, Schenke, W¥jclawiw, MA, Quyyumi, AA,
Finkel, T: Circulating endothelial progenitor ceNgscular function, and
cardiovascular risk. N.Engl.J Med. 348:7, 2003

Werner, N, Kosiol, S, Schiegl, T, AhlersWalenta, K, Link, A, Bohm, M,
Nickenig, G: Circulating endothelial progenitorlseind cardiovascular
outcomes. N Engl J Med 353:10, 2005

Quaini, F, Urbanek, K, Beltrami, AP, Findthp,Beltrami, CA, Nadal-Ginard, B,
Kajstura, J, Leri, A, Anversa, P: Chimerism of Tiransplanted Heart. The
New England Journal of Medicine 346:1, 2002

374



265. George, J, Herz, |, Goldstein, E, Abashi@z&eutch, V, Finkelstein, A,
Michowitz, Y, Miller, H, Keren, G: Number and Adhes Properties of
Circulating Endothelial Progenitor Cells in PatgeWith In-Stent
Restenosis. Arteriosclerosis, Thrombosis, and Mas@&iology 23:12, 2003

266. Hibbert, B, Chen, Y-X, O'Brien, ER: The opjng roles of c-kit immunopositive
vascular progenitor cells and endothelial progemigdis in human coronary
in-stent restenosis. Am J Physiol (Heart Circ Rily&87: 2004

267. Assmus, B, Honold, J, Schachinger, V, BrjtddB, Fischer-Rasokat, U, Lehmann,
R, Teupe, C, Pistorius, K, Martin, H, Abolmaali, NDonn, T, Dimmeler, S,
Zeiher, AM: Transcoronary transplantation of pragmrcells after
myocardial infarction. N Engl J Med 355:12, 2006

268. Schachinger, V, Erbs, S, Elsasser, A, Haiseth W, Hambrecht, R, Holschermann,
H, Yu, J, Corti, R, Mathey, DG, Hamm, CW, SuselhdckAssmus, B,
Tonn, T, Dimmeler, S, Zeiher, AM: Intracoronary eamarrow-derived
progenitor cells in acute myocardial infarctionENgl J Med 355:12, 2006

269. Hirschi, KK, Ingram, DA, Yoder, MC: Assesgildentity, phenotype, and fate of
endothelial progenitor cells. Arterioscler Thromas¢ Biol 28:9, 2008

Figure 6-1Pressure drop through the hamster cheek pouchlaticiu illustrates the
resistance and nomenclature of various portionghef vascular bed. The important
contribution of small arteries to vascular resistans clearly shown here. Similar
observations have been made in the coronary ctronldMAP = mean arterial pressure;
VP = venous pressure. Error bars indicate SE. (Hbavis MJ, Ferrer PN, Gore RW:
Vascular anatomy and hydrostatic pressure profilthe hamster cheek pouch. Am J
Physiol 250:H291, 1986.)

Figure 6—2 Normal human coronary artery of a 32-year-old won¥re intima (i) and
media (m) are composed of smooth muscle cells. adwentitia (a) consists of a loose
collection of adipocytes, fibroblasts, vasa vasgramd nerves. The media is separated
from the intima by the internal elastic lami{@pen arrow) and the adventitia by the
external elastic lamindclosed arrow). (Movat's pentachrome-stained slide, original
magnification] 6.6.)

375



Figure 6—3 Steps in the process whereby hormone-receptorrgnaisults in a change
in cell behavior. In this example, the final resslthe opening of an ion chann@h) A
hormone or ligand (L) binds to a receptor (R) endaedin the cell membrane. The
receptor-ligand complex interacts with G protein {@ating in the membrane, resulting
in activation of the] subunit (Ga). The activated subunit can then follow different
pathways(B). Effector enzymes in the membrane (E), such asydylecyclase, cyclic
guanosine monophosphate (cGMP), phospholipase @haspholipase 2 change the

cytoplasmic concentration of their “messengers’clicy adenosine monophosphate
(cAMP), cGMP, diacylglycerol (DAG), and inositol4l5-triphosphate (I§). These

soluble molecules activate protein kinase A or ®APPKC), or release Ca from
sarcoplasmic reticulum (SR). Subsequently, celllbe is changed by phosphorylation

of an ionic channel on the cell membrane (CHAN)wrrelease of Cat from SR.(B)
Several pathways coupling receptor activation talfieffect are illustrated. It is likely
that multiple pathways are activated concomitarilyth facilitatory and inhibitory. In
this way, the final response can be determinedheysum of the effects of several
stimuli. (A, B, From Brown AM, Birnbaumer L: lonic channels anditlregulation by G-
protein subunits. Annu Rev Physiol 52:197, 1990.)

Figure 6—4 The production of endothelium-derived vasodilat@ostances. Prostacyclin
(PGP) is produced via the cyclooxygenase pathway ofchadanic acid (AA)

metabolism, which can be blocked by indomethaamd) and aspirin. PGIstimulates

smooth muscle adenylyl cyclase and increases cgdiknosine monophosphate (CAMP)
production, which cause relaxation. Endotheliumxaber relaxing factor (EDRF), now
known to be nitric oxide (NO), is produced by tlti@n of NO synthase on L-arginine in
the presence of reduced nicotinamide adenine dintide phosphate (NADPH), oxygen
(O2), and calcium and calmodulin. This process cablbeked by arginine analogs like

NG-monomethylt-arginine (LNMMA). NO combines with guanylate cystain the
smooth muscle cell to stimulate production of aygjuanosine monophosphate (cGMP),
which results in relaxation. Less well charactetize an endothelium-derived factor,
which hyperpolarizes the smooth muscle membraneHfDand probably acts via

activation of potassium (K channels. ACh = acetylcholine; M = muscarinicefgor; 5-

HT = serotonin; ADP = adenosine diphosphate; P rnptgic receptor; T = thrombin
receptor. (From Rubanyi GM: Endothelium, plateleisd coronary vasospasm. Coron
Artery Dis 1:645, 1990.)

Figure 6-5 The role of endothelium in the control of coronémye. Intact endothelium
has an important modulatory role in the effect oimerous factors on vascular smooth
muscle. In the absence of a functional endothelion@chanical trauma, atherosclerosis),
many factors act directly on smooth muscle to cacwmastriction (left side). Under
normal conditionqright side), the release of NO (endothelium-derived relaxingtda
[EDRF]) and prostacyclin (P@) stimulated by these same factors can attenuate
constriction or cause dilation. Pgtelease is predominantly into the lumen, whereas
EDRF release is similar on both the luminal anduatdhal sides. Substances in
parentheses elicit only vasodilation. ADP = adem®snonophosphate; ATP = adenosine
triphosphate; 5-HT = serotonin; PAF = plateletaating factor; ACh = acetylcholine;
BK = bradykinin; SP = substance P; VIP = vasoacintestinal polypeptide; CGRP =
calcitonin gene-related peptide; All = angiotendin VP = vasopressin; NA =
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norepinephrine; A = adenosine; ET = endothelin.offfrrBassenge E, Heusch G:
Endothelial and neurohumoral control of coronarmgobl flow in health and disease. Rev
Physiol Biochem Pharmacol 116:77, 1990.)

Figure 6—6 Endothelin (ET) released abluminally interacts vfha and E'B receptors

on vascular smooth muscle to cause contractionivétors of ETB receptors on
endothelial cells cause vasodilation. ECE = endotft®nverting enzyme; PGl =

prostacyclin; cGMP = cyclic guanosine monophospha®®MP = cyclic adenosine

monophosphate. (Reprinted from Luscher TF: Do wednendothelin antagonists?
Cardiovasc Res 29:2089, 1997. Reproduced with geram of Elsevier Science-NL,
Sara Burgerhartstraat 25, 1055 KV Amsterdam, thiaétands.)

Figure 6-7 Inhibition of platelet adhesion and aggregation ihtact endothelium.

Aggregating platelets release adenosine diphosgA&iE) and serotonin (5-HT), which
stimulate the synthesis and release of prostacy&@b) and endothelium-derived

relaxing factor (EDRF; nitric oxide [NOJ), whichfélise back to the platelets and inhibit
further adhesion and aggregation and can causggilegation. PGl and EDRF act

synergistically by increasing platelet cyclic adeine monophosphate (CAMP) and cyclic
guanosine monophosphate (cGMP), respectively. Byibiting platelets and also
increasing blood flow by causing vasodilation, PGInd EDRF can flush away

microthrombi and prevent thrombosis of intact vesdéy = purinergic receptor. (From

Rubanyi GM: Endothelium, platelets, and coronargogpasm. Coron Artery Dis 1:645,
1990.)

Figure 6-8 Blood flow in the left and right coronary arterieBhe right ventricle is
perfused throughout the cardiac cycle. Flow to lgfe ventricle is largely confined to
diastole. (From Berne RM, Levy MN: Special circidas. In Berne RM, Levy MN
[eds]: Physiology. St. Louis, CV Mosby, 1988, p©5@0.)

Figure 6—9 Autoregulation at two levels of myocardial oxygemsumption. Pressure in
the cannulated left circumflex artery was variedeipendently of aortic pressure. When
pressures were suddenly raised or lowered from 48g)nflow instantaneously
increased with pressurteep line, open triangles). With time, flow decreases to the
steady-state level determined by oxygen consumpgipen and closed circles). The
vertical distance from the steady-state (autoramgjpline to the instantaneous pressure-
flow line is the autoregulatory flow reserve (segt}. (From Mosher P, Ross J Jr, McFate
PA, Shaw RF: Control of coronary blood flow by arnaegulatory mechanism. Circ Res
14:250, 1964.)

Figure 6-10 Schematic diagram of the reactive hyperemic respdnsa 10-second
coronary occlusion. (From Marcus ML: Metabolic region of coronary blood flom.n
Marcus ML [ed]: The Coronary Circulation in Heallhd Disease. New York, McGraw-
Hill, 1983, pp 692. Reproduced with permission of The McGraw-HitinGpanies.)

Figure 6-11 Pressure-flow relationships of the subepicardial anbendocardial thirds
of the left ventricle in anesthetized dogs. In #&endocardium, autoregulation is
exhausted and flow becomes pressure dependent pvassure distal to a stenosis falls
below 70mmHg. In the subepicardium, autoregulapensists until perfusion pressure
falls below 40mmHg. Autoregulatory coronary reseivdess in the subendocardium.
(Redrawn from Guyton RA, McClenathan JH, Newman @lichaelis LL: Significance
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of subendocardial ST segment elevation caused mnaoy stenosis in the dog. Am J
Cardiol 40:373, 1977.)

Figure 6-12 Atherosclerotic human coronary artery of an 80-mdrman. There is
severe narrowing of the central arterial lumen (Che intima consists of a complex
collection of cells, extracellular matrix (M), aral necrotic core with cholesterol (C)
deposits. Rupture of plaque microvessels has ssbultintraplaque hemorrhagarrow)

at the base of the necrotic core. (Movat's pentalerstained slide, original
magnification x40.)

Figure 6—-13 Arterial remodeling. Serial sections, proxinta), mid (B), and distaC),

of an atherosclerotic human left circumflex corgnartery (Movat's pentachrome-
stained slide, original magnification40). There is narrowing of the central arterial
lumen in the mid and distal sections; however,tttal arterial area of these sections is
also larger than that of the proximal section. Tddality of arteries to undergo
compensatory enlargement is referred taréial remodeling.

Figure 6-14 A model of atherogenesis in human coronary arteAies Normal coronary
artery B — Infiltration of the intima by particles contaiginow-density lipoproteins
(LDL) stimulates expression of adhesion molecules tbe luminal surface of the
endotheliumC — Monocyte/macrophage translocation into the inti@ace translocation
is complete, uptake of LDL via scavenger receptorsmacrophages gives rise to foam
cells which secrete proinflammatory cytokines, swsh interleukin -1D — Further
inflammation promotes division and migration of n@dand/or adventitial smooth
muscle cells with ongoing accumulation of foam £elhd extracellular matris resulting
in intimal thickening.E — Local cell signaling via paracrine factors candi¢a regional
apoptosis and development of a necrotic core vatiuaulation of cholesterol deposits.
Figure 6-15 Intravascular ultrasonography (IVUS) for assessnoérftuman coronary
arteries. A — A right anterior oblique projectiohtbe left coronary circulation. The left
main artery (LM), left anterior descending artebAD), circumflex artery (Cx), and
obtuse marginal artery (OM) are seen. A severaldis¥l stenosis is seen bifurcating
into the LAD and Cx. B — Post percutaneous intetie@nangiogram demonstrates no
residual stenosis. Drug eluting stents were placedbe left main, LAD, and Cx. The tip
of an aortic balloon pump can be seen (arrow) keftedicate location of IVUS images
for correlating panels. C,D,E IVUS images of LM, LMifurcation and LAD
respectively. IP — IVUS probe, In — initma, and Mnedia. * indicates guide wire.
Arrows indicate stent struts.

Figure 6—16 Sources of energy loss across a stenosis. Equdtiangaccurately) predict
the pressure gradient across a stenosis usuallyagentrance effects. Frictional losses
are proportional to blood velocity but are usuallygt important except in very long
stenoses. Separation losses, due to turbulencked éxits the stenosis, increase with
the square of blood velocity and account for mtwant75% of energy loss. V = blood
velocity; F = friction coefficient (Poiseuille); S separation coefficient (see text). (From
Marcus ML: The physiologic effects of a coronargrgisis.In Marcus ML [ed]: The
Coronary Circulation in Health and Disease. NewKy ddcGraw-Hill, 1983, pp 24269.
Reproduced with permission of The McGraw-Hill Comies.)

Figure 6-17 Effect of increasing stenosis severity at restimgl anaximal coronary
flows. At rest, lumen diameter must be reduced byenthan 80% before flow decreases.
Because pressure drop across a stenosis incregseseatially with blood velocity,
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maximal coronary flow is restricted by a 50% diaeneteduction. (From Gould KL,
Lipscomb K: Effect of coronary stenoses on cororflow reserve and resistance. Am J
Cardiol 34:48, 1974.)

Figure 6-18 Relative importance of variables that determine caydial oxygen
consumption (M\02). Each line roughly approximates the effect of rpalating one

variable without changing the others. Most inteti@rs cause changes in several of the
variables at the same time. The importance of actility, which is difficult to monitor
in practice, is apparent. (From Marcus ML: Metabo&gulation of coronary blood flow.
In Marcus ML [ed]: The Coronary Circulation in Healdnd Disease. New York,
McGraw-Hill, 1983, pp 692. Reproduced with permission of The McGraw-Hill
Companies.)

Figure 6-19 Three indices, proposed to predict the adequacysuddendocardial
perfusion in normal dogs, illustrate the variabdesermining myocardial oxygen supply
and demand. The systolic pressure-time index (SRlftes to oxygen demand. The
diastolic pressure-time index (DPTI) relates to sheply of coronary blood flow (CBF)
to the inner layers of the left ventricle. Arter@alygen content (© content) is important

when there are large changes in hematocrit. Aorticapressure; LV = left ventricular
pressure; ENDO = subendocardial layer of left velaty EPI = subepicardial layer of the
left ventricle. (From Hoffman JIE, Buckberg GD: fmeaural variations in myocardial
perfusion.In Yu PN, Goodwin JF [eds]: Progress in Cardiologildelelphia, Lea &
Febiger, 1976, p 37.)

Figure 6-20 Drawings and incidence of the various types of cstne of stenoses
observed in human coronary artery specimens. lrostiitihree quarters of vessels with
greater than 50% narrowing, the residual artemwmhdn was eccentric and partially
circumscribed by an arc of normal arterial wall.sach lesions, a fall in intraluminal
pressure or an increase in vasomotor tone can ¢awosn diameter to decrease further,
sufficiently to precipitate myocardial ischemiardgf Brown BG, Bolson EL, Dodge
HT: Dynamic mechanisms in human coronary stenoSisculation 70:917, 1984,
redrawn from Freudenberg H, Lichtlen PR: The normall segment in coronary
stenoses—a postmortem study. Z Kardiol 70:863, 3981

Figure 6—21 Conditions for coronary steal between differentaref the heart (collateral
steal [A]) and between the subendocardial and the subejatdeayers of the left
ventricle (transmural stefiB]). See text for detailed description; R stenosis resistance;

P1 = aortic pressure; PP= pressure distal to the stenosi &d R = resistance of

autoregulating and pressure-dependent vascular, lbesisectively. (From Epstein SE,
Cannon RO, Talbot TL: Hemodynamic principles in toatrol of coronary blood flow.
Am J Cardiol 56:4E, 1985.)

Table 6-1 Substances Produced by Vascular Endothelium

Antithrombotic Substances Procoagulants
Prostacyclin von Willebrand factor
Antithrombin 111 Collagen
Plasminogen activator Fibronectin
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Protein C Thromboplastin

a2-Macroglobulin Thrombospondin

Glycosaminoglycans (heparin) Plasminogen inhibitors
Platelet-activating factor
Thromboxane Ao

From Bassenge E, Busse R: Endothelial modulati@oinary tone. Prog Cardiovasc Dis 30:349, 1988.

Table 6-2 Vasoactive Substances Processed by Vascular Endot  helium

Uptake and Metabolism Enzymatic Conversion or Degra  dation
Norepinephrine Angiotensin | to angiotensin Il (ACE)
Serotonin Angiotensin Il to angiotensin Ill (angiotensinase)

Prostaglandins (E1, Ep, Egq) Bradykinin degradation (ACE)

Leukotrienes Substance P degradation

Adenosine

ACE = angiotensin-converting enzyme.
From Bassenge E, Busse R: Endothelial modulatiamoinary tone. Prog Cardiovasc Dis 30:349, 1988.

Table 6-3 Stimulators of Endothelium-Mediated Vasodilation

Transmitters ADP

Acetylcholine Adenosine
Norepinephrine Serotonin

Peptides Thrombin

Angiotensin Trypsin

Bradykinin Local Hormones
Vasopressin Histamine

Oxytocin Platelet-activating factor
Substance P Physicochemical Stimuli
Vasoactive intestinal peptide Shear stress (flow)
Calcitonin gene—related Mechanical stress (pulsatility)
peptide

Platelet or Blood Components Hypoxia

ATP

ATP = adenosine triphosphate; ADP = adenosine dipitate.
Modified from Bassenge E, Busse R: Endothelial ntetin of coronary tone. Prog Cardiovasc Dis 30;34888.

Table 64 Classification of a-Adrenergic Receptor Subtypes in the Heart  *

Selective Agonists Selective Antagonists Effects of Activation

az

Phenylephrine Prazosin Presynaptic: feedback inhibition of norepinephrine
release

Methoxamine Postsynaptic: coronary vasoconstriction, increase in
myocardial inotropism, arrhythmias

az

Clonidine Yohimbine Presynaptic: feedback inhibition of norepinephrine
release
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Azepexole Rauwolscine Postsynaptic: coronary vasoconstriction, arrhythmias (?)
BHT 920 Idazoxan
UK 14, 304

Modified from Heusch G: Alpha-adrenergic mechanismanyocardial ischemia. Circulation 81:1, 1990, pgrmission of the
American Heart Association.

*Norepinephrine is a nonselective agonist. Pheniola and phenoxybenzamine are nonselective anttgomhenylephrine also
cause$-receptor activation.
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