PROJECT NARRATIVE

‘Recent studies have uncovered the importance of the adventitia as well as resident and circulating
stem and progenitor cells in mediating the arterial injury response that leads to the development of
neointimal hyperplasia. Nitric oxide (NO) is a potent inhibitor of neointimal hyperpiasia, but little is
known about how NO affects the adventitial layer of the arterial wall foliowing injury. The studies in
this proposal will elucidate the role of adventitial stem and progenitor cells in mediating the beneficial
effects of NO in the vasculature and will result in a change in how we think about the adventitia and
the vascular biology of NO thereby allowing the development of new strategies to prevent neointimal
hyperplasia and restenosis following vascular interventions.



PROJECT SUMMARY/ABSTRACT

Neointimal hyperplasia is a significant problem that results in the failure of vascular interventions.
The classic arterial injury response that leads to the development of neointimal hyperplasia describes
processes involving the intima and media with a relative lack of involvement of the adventitia.
However, the adventitia is no longer considered a simple structural component of the arterial wall. In
the last decade, research has shown that many cell types from the adventitia actively regulate and
contribute to the development of neointimal hyperplasia, including resident and circulating adventitial
stem and progenitor cells. We, and others, have demonstrated that NO is a potent inhibitor of
neointimal hyperplasia through regulating different aspects of the classic arterial injury response.
However, little is known about how NO affects the adventitial layer of the arterial wall following
injury. We have recently assessed the cellular response throughout the arterial wall to injury and
exposure to NO. Interestingly, while NO prevents the development of neointimal hyperplasia and
delays repopulation of the media, we were surprised to find that NO actually increases cellularity in
the adventitia. This increase in cellularity is not due to an increase in vascular smooth muscle cells,
fibroblasts, myofibroblasts, or inflammatory cells, but may in fact be due to an increase in Sca1+
progenitor cells, among others. Thus, given the important role of the adventitia in regulating the
arterial injury response, recent discoveries of the role of stem and progenitor cells in this process, and
our preliminary data, we hypothesize that NO inhibits neointimal hyperplasia by regulating
recruitment and phenotypic differentiation of resident and circulating adventitial stem and
progenitor cells following injury. Furthermore, we hypothesize that NO supports
differentiation of adventitial stem and progenitor cells into endothelial-like cells, contributing
to adventitial neovascularity. To investigate these hypotheses, our specific aims are: 1) to
characterize the effect of NO on Sca1+, CD34+, and flk-1+ adventitial stem and progenitor cell
populations following arterial injury in vivo; 2) to determine the effect of NO on Sca1+, CD34+, and
flk-1+ adventitial cell populations in vitro; and 3) to manipulate Sca1+, CD34+, and flk-1+ adventitial
cell populations in vivo to determine if NO-mediated inhibition of neointimal hyperplasia following
arterial injury is dependent on these adventitial cell populations. The innovative studies described in
this proposal will result in a change in how we think about the adventitia and the vascuiar biology of
NO, and provide a novel mechanism by which NO regulates neointimal hyperplasia that will lead to
the development of new strategies to prevent neointimal hyperplasia and restenosis following
vascuiar interventions.



A. SPECIFIC AIMS

Neointimal hyperplasia is a significant problem that results in the failure of vascular interventions such as
bypass grafting, angioplasty and stenting, and endarterectomy. The classic arterial injury response that leads
to the development of neointimal hyperplasia describes processes involving the intima and media with a
relative lack of involvement of the adventitia. However, the adventitia is no longer considered a simple
structural component of the arterial wall. In the last decade, research has shown that many cell types from the
adventitia actively regulate and contribute to the development of neointimal hyperplasia, including adventitial
fibroblasts and macrophages. in fact, we now know that cellular infiltration and proliferation occurs in the
adventitia before the media. The adventitial microvasculature has been shown to increase in density following
arterial injury and correlates with the development of neointimal hyperplasia. The adventitia has also been
found to host resident adventitial progenitor cells (Sca1+), as well as recruit circulating bone marrow-derived
stem cells (CD34+, flk-1+), and these cells have been shown to contribute significantly fo the neointima.

We, and others, have demonstrated that NO is a potent inhibitor of neointimal hyperplasia through regulating
different aspects of the classic arterial injury response. However, little is known about how NO affects the
adventitial layer of the arterial wall following injury. We have recently identified distinct differences in how
the layers of the arterial wall respond to NO with respect to reactive oxygen species. Additionally, a detailed
time course analysis of the cellular response in the arterial wall to injury and exposure to NO was performed.
Interestingly, while NO prevents the development of neointimal hyperplasia and delays repopulation of the
media, we were surprised to find that NO actually increases cellularity in the adventitia. This increase in
cellularity is not due to an increase in vascular smooth muscle cells (VSMC), fibroblasts, myofibroblasts, or
inflammatory cells, but may in fact be due to an increase in Sca1+ progenitor cells, among others.

Thus, given the important role of the adventitia in regulating the arterial injury response, recent discoveries of
the role of stem and progenitor cells in this process, and our preliminary data, we hypothesize that NO
inhibits neointimal hyperplasia by regulating recruitment and phenotypic differentiation of resident and
circulating adventitial stem and progenitor cells following injury. Furthermore, we hypothesize that NO
supports differentiation of adventitial stem and progenitor cells into endothelial-like cells, contributing
to adventitial neovascularity. To investigate these hypotheses, the specific aims are as follows:

Specific Aim 1 - Characterize the effect of NO on Sca1+, CD34+, and flk-1+ adventitial stem and
progenitor cell populations following arterial injury in vivo. Specifically, we will evaluate and characterize
adventitial stem and progenitor cell recruitment, phenotypic differentiation, proliferation, migration, and
neovascularity following arterial injury and exposure to NO.

Specific Aim 2 - Determine the effect of NO on Sca1+, CD34+, and flk-1+ adventitial cell populations in
vitro. Specifically, we will isolate and identify Sca1+, CD34+, and flk-1+ adventitial stem and progenitor cell
populations and determine how NO affects phenotypic differentiation, proliferation, migration, and reactive
oxygen species (ROS) production when exposed to different growth conditions (i.e., starvation, hypoxia,
fibronectin, collagen, co-culture, etc) and stimuli (VEGF, PDGF, TGFB, bFGF, etc).

Specific Aim 3 - Manipulate Sca1+, CD34+, and flk-1+ adventitial cell populations in vivo to determine if
NO-mediated inhibition of neointimal hyperplasia foliowing arterial injury is dependent on these adventitial
cell populations. Specifically, we will perform gain- and loss-of-function experiments by evaluating the role
of 1) adventitial removal and selective overexpression of Sca1+, CD34+, and flk-1+ cells, 2) stimulation of
circulating stem and progenitor cells with granulocyte-colony stimulating factor (G-CSF), and 3) Sca1+,
CD34+, and flk-1+ cell populations in INOS and eNOS deficient mice following arterial injury.

The adventitia can no longer be considered a passive, structural component of the arterial wall. Much is
known about how NO inhibits neointimal hyperplasia with respect to the media and intima, but little is known
about the adventitia. An innovative aspect of this proposal is that our focus is shifted away from the media as
the central mediator of the arterial injury response, to the adventitia, as the adventitia appears to be a portal
that directs cell trafficking and differentiation. The studies described in this proposal will result in a change in
how we think about the adventitia and the vascular biology of NO, and provide a novel mechanism by which
NO regulates neointimal hyperplasia. Ultimately, these studies may lead to the development of new strategies
to prevent neointimal hyperplasia and restenosis following vascular interventions.



B. SIGNIFICANCE

Scope of the problem. Atherosclerosis is prevalent in all developed nations and is the leading cause of death
and disability in the United States. In 2006, more than 7 million inpatient cardiovascular operations and
procedures were performed in the United States alone." These operations and procedures include
percutaneous balloon angioplasty with and without stenting, endarterectomy, bypass grafting, or plaque
debulking. Unfortunately, the long-term durability of these procedures is limited due to the development of
neointimal hyperplasia, which results in luminal narrowing, restenosis, and ultimately, vascular occlusion. For
example, for balloon angioplasty and stenting, approximately 27% of sites develop angiographic restenosis at
1 year.? For coronary artery bypass grafting, approximately 32% of grafts fail by 10 years, and 41% of patients
require repeat coronary revascularization by 20 years.® For peripheral arterial revascularization, the patency
for infrainguinal vein grafts is approximately 70% at 5 years. However, for expanded polytetrafluoroethylene
(ePTFE) grafts, the 1-, 2-, and 4-year primary patency rates are only 65%, 30%, and 12% respectively.*
Therefore, neointimal hyperplasia, the root cause of restenosis and poor patency, is an alarming problem that
causes significant morbidity and mortality.

The classic arterial injury response. The classic description of the arterial injury response by Sitssmsand

Sl involves injury to the arterial wall leading to endothelial denudation.®® The underlying internal elastic
lamina and vascular smooth muscle cells (VSMC) are exposed to circuiating blood elements. Platelets
immediately aggregate and adhere to the site of injury.’® An inflammatory response follows, with the infiltration
of neutrophils, macrophages, and leukocytes." "2 Twenty-four hours following injury, under the influence of
growth factors and cytokines, medial VSMC convert from a contractile to a synthetic phenotype and begin to
proliferate.’ VSMC migration to the neointima where they continue to proliferate for weeks.* ' 1®
Concurrently, endothelial cell regeneration occurs through the stimulation of basic fibroblast growth factor
(bFGF) within 24 hours after injury, and can continue for 6-10 weeks."® Lastly, transforming growth factor beta
(TGFB) stimulates extracellular matrix deposition.'”: '8

Role of the adventitia following arterial injury. The classic arterial injury | Table 1. Proliferating cell numbe{&{mm‘

response described above includes no mention of the adventitia. (prolif. index) after arterial injury. ~ ___

However, the adventitia is now thought to be more of a driving force in the ~ [_1ime point | Media Adventitia
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following arterial injury in rat and pig arteries.’®%° Common to both is that |2 hour 38 531

the proliferative response in the adventitia is much greater at almost all 24 hours 369 582

time points compared to the intima and media. While (U0 ct al d8hours |972 1691 _

reported 1.5-2-fold more proliferation in the adventitia compared to the 72hours | 930 (29%) | 1164 (53%)
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media in rat carotid arteries (Table 1), \llll§ reported nearly 7-fold more 14 days 420 (13%) | 810 (23%)

proliferation in the adventitia than the media in pig coronary arteries. 30 days 22 (0.4%) | 75 (2%)

Furthermore, upon examining early time points, GUWWR et al found that
proliferation in the adventitia actually occurs before proliferation in the media, at time points as early as 4 hours
(Table 1). It has also been recognized that the adventitia is host to many cell types, resident and circulating,
that regulate or participate in the development of the neointima. Below is a summary of the role of each of
these adventitial cell types in the arterial injury response.

Adventitial inflammation. An important aspect of the arterial injury response has always included
inflammation, but has traditionally been described as an “inside-out” response. It is now recognized that much
of the inflammation occurs in the adventitia after injury, following an “outside-in” approach.?’ [ ct al
characterized the time course of the inflammatory infiltrate throughout all three layers of the arterial wall in
porcine coronary arteries following balloon injury.?® Interestingly, they found that macrophages had a 20-fold
greater presence than neutrophils, and that most of the inflammatory infiltrate was found in the adventitia, and
not in the media and intima. Macrophages have also been noted to phenotypically differentiate into
myofibroblasts following arterial injury and contribute to the development of neointimal hyperplasia.? -
et al demonstrated that 14 days following arterial injury to the pig coronary artery 42% of the neointimal
cells expressed the macrophage-specific antigen SWC3, and 9% of the cells co-expressed SWC3 and alpha
smooth muscle actin («SMA).?® Studies have also shown that in association with this adventitial inflammatory
infiltration, there is an increase in the expression of adhesion molecules by the microvascular endothelial cells
of the vasa vasorum, such as VCAM-1, P-selectin, E-selectin, etc, suggesting that the adventitial
microvasculature actively recruits inflammatory cells following injury.? Thus, these studies highlight the role of




the adventitia as the site of initial inflammation following arterial injury and the importance of macrophages as
contributors to neointimal hyperplasia.

Adventitial fibroblasts. Our concept of the role of adventitial fibroblasts in the development of neointimal
hyperplasia has also evolved over the past decade. @<t al were one of the first groups to track the kinetics
and differentiation of adventitial fibroblasts following arterial injury.?* These investigators demonstrated, using
a porcine coronary artery injury model, that adventitial fibroblasts proliferate at early time points (2-3 days), and
then migrate to the neointima following phenotypic differentiation. By 7-8 days, 76% of neointimal cells were
transformed fibroblasts, or myofibroblasts, as they stained positive for «SMA but not desmin, differentiating
them from medial VSMC and blood-born cells. Later that same year, -et al confirmed these results and
suggested that the increase in myofibroblasts following injury may actually constrict the injured artery and
contribute to arterial remodeling and late lumen loss observed after injury.?®

Circulating stem and progenitor cells. In the past several years, it has become apparent that the adventitia
is an active site of recruitment of circulating stem and progenitor cells. Hematopoietic stem cells (HSC),
mesenchymal stem cells (MSC), and endothelial progenitor celis (EPC) have all been shown to contribute to
the formation of the neointima following arterial injury, resulting in a paradigm shift of what occurs in the arterial
“wall-following injury.?®%° Jillet al andeggm et al were the first investigators to independently demonstrate,
using bone marrow irradiated mice transplanted with labeled or sex-specific bone marrow, that bone marrow-
derived cells constituted approximately 50-60% of the neointima following injury.?®* Some cells stained
positive for CD31 while others stained positive for aSMA. Taking this one step further, @il et al studied the
response to injury in mice deficient in stem cell factor (SCF) or ¢-Kit, both important molecules to stem cell
signaling. Interestingly, they found a near complete lack of neointima in these mice following arterial injury
compared to wild-type controls, confirming the importance of stem cells to the formation of the neointima.*'
Further studies by Gaillm ct al demonstrated that the degree of incorporation of bone marrow-derived cells
into the neointima was dependent on the type of injury model used, with the wire-mediated injury resulting in
the largest percentage of bone marrow-derived cells in the neointima.®® Thus, while it is now clear that stem
and progenitor cells are mobilized and recruited to the site of arterial injury and undergo phenotypic
differentiation to endothelial or VSMC, much remains to be learned about forces regulating these processes.

Resident adventitial stem and progenitor cells. The adventitia is also home to resident adult pluripotent
cells, including Sca1+ cells, CD34+ cells, and pericytes. QR <t = identified that Sca1+ cells, which are
integral to the developing artery, are present in adult arteries in the adventitia, near the media/adventitia
interface.® In an effort to determine how the adventitial Sca1+ (AdvSca1) cells are targeted to, and
maintained within, the adventitia, they identified a layer of sonic hedgehog protein (shh) located between the
media and the adventitia.*® Shh is known to be important in the retention of other progenitor cell populations in
areas such as the skin, nervous system, and lymphoid tissue.**3® Shh knockout mice were also found to have
significant less AdvSca1+ cells compared to wild-type mice. In a quiescent state, AdvSca1 cells do not
express VSMC or endothelial cell markers in vivo. However, these cells can readily differentiate into VSMC or
endothelial cells in vitro depending on the stimulus.®** For example, W et al demonstrated that LacZ labeled
Scat+ cells transferred to the adventitial surface of vein grafts in ApoE-deficient mice contributed to the
atherosclerotic vein graft intimal hyperplasia in vivo.*” Pericytes, which incompletely surround the endothelial
cells of the microvasculature, have traditionally been described and characterized by their supportive role.
However, it has now been demonstrated that pericytes can differentiate into multiple different cell types
depending upon the stimuli, including adipocytes, chondrocytes, osteoblasts, VSMC, macrophages, and
fibroblasts.***' By having this pluripotent ability, pericytes may serve as a reservoir of precursor cells, giving
rise to cells of multiple different lineages. Lastly, WP €t al recently identified the presence of resident
adventitial CD34+ cells in the wall of adult human arteries.*? These cells were located in the same zone as the
Sca1t+ cells described above, at the media/adventitia interface, and demonstrated potential to differentiate into
endothelial cells and contribute to the vasa vasorum. Thus, it is clear that the adventitia contains a
“vasculogenic” zone of pluripotent cells capable of differentiating into a variety of cell types.

Characterization of stem and progenitor cell contribution to neointimal hyperplasia. '- et al
characterized the involvement of precursor cells in the arterial injury response.*® Following rat arterial injury,
there was a 5-fold increase in adventitial cells which preceded the formation of the neointima. This was
accompanied by a 4-fold increase in the adventitial microvasculature which peaked at day 14. The
cytoskeletal marker vimentin, which stains VSMC, fibroblasts, and myofibroblasts, mostly stained positive in
the adventitia at day 3-4; thereafter, the staining declined in the adventitia and shifted to the neointima. Flk-1




staining, a stem cell marker, was noted in the first celis which localized to the neointima and adventitia. By day
14, all layers of the vascular wall expressed flk-1. These findings support the assertion that cells in the
adventitia are activated or recruited very early in the injury response and contribute to neointima formation. To
further characterize the adventitial cell types contributing to neointima formation, outgrowth assays were
performed from aortic explants. Cells from these outgrowth assays co-expressed markers of multiple cell
lineages including VSMC, endothelial cells, and myofibroblasts, and a high percentage of these cells were also
positive for the stem cell markers flk-1, Sca1, and CD34. Thus, these data suggest that stem and progenitor
cells contribute significantly to the development of neointimal hyperplasia following arterial injury.

NO and stem and progenitor cells. NO has also been shown to be an important regulator of stem and
progenitor cells in different animal models, but data regarding regulation of CD34+ EPC versus Scal+ cells
appears to be contradictory. Early work byqiillillifet al demonstrated that eNOS deficient mice exhibited
reduced VEGF-stimulated mobilization of EPC, and impaired neovascularization in a mouse model of hindlimb
ischemia.* Supporting these data, both lwakura et al and @i at al demonstrated impaired recruitment of
EPC in eNOS deficient mice following arterial injury, and this was associated with impaired re-
endothelialization and greater neointimal hyperplasia.** * However, Gl et al evaluated the contribution of
Sca1+ cells in eNOS deficient mice using the carotid artery ligation model.*” They reported increased stromal
cell-derived factor-1a (SDF-1c) expression, a chemokine known to regulate hematopoietic progenitor cell
mobilization, increased circulating Sca1+ cells, and increased Sca1+ cells in the adventitia 1 week following
carotid artery ligation in eNOS deficient compared to wild-type control mice. These data correlated with
increased adventitial proliferation and neointimal hyperplasia. Together, these studies clearly demonstrate a
role for NO in regulating stem and progenitor cell recruitment and activity following arterial injury, but the
effects may differ according to the stem and progenitor cell type and the injury model being utilized.

Adventitial microvasculature and hypoxia. The role of the adventitial microvasculature, or vasa vasorum, in
the arterial injury response has also evolved in recent years. §ilmy et al characterized the effect of arterial
injury on the vasa vasorum in balloon-injured pig coronary arteries using three-dimensional computed
tomography.*® They reported an increase in the density of the vasa vasorum, an increase in size of the vasa
vasorum, and a change in the special distribution of the vasa vasorum with more secondary vasa following
arterial injury. They also reported that the density of the vasa vasorum was proportional to the degree of
stenosis following injury. However, while there was an increase in the overall density of the vasa vasorum,
there was a decrease in the actual percent of vessel wall area comprised of vasa following arterial injury.

Thus, it is possible that the increase in vasa vasorum following arterial injury is not sufficient for the existing
increase in tissue mass, resulting in ischemic tissue zones, further stimulating the injury response. -l et al
suggested this concept in 1994 after stripping the adventitia from carotid arteries of rabbits and demonstrating
increased neointimal lesions.*® Furthermore, S ct al demonstrated that adventitial fibroblasts respond
rapidly to hypoxic conditions by proliferating, differentiating into myofibroblasts, and migrating to the
neointima.’®%* Thus, much remains to be learned regarding the role of the vasa in the arterial injury response.

C. INNOVATION

Nitric oxide

From the studies described above, it is clear that -

the adventitia provides much more than a /

supportive, passive role following arterial injury, - @ :

but in fact, is the central regulator of the arterial @

injury response, serving as a portal directing cell aSMA* cells Adventitial Gells CD31+ cells
mobilization, recruitment, and trafficking. The Figure 1. Schematic of our hypothesis.

role of NO in this process is not known. Thus,

the goal of the studies described in this proposal is to elucidate the role of NO in regulating adventitial stem
and progenitor cell populations following arterial injury, and to determine if NO-mediated inhibition of neointimal
hyperplasia is dependent upon these cell populations. Furthermore, we aim to determine if NO supports
differentiation of these adventitial stem and progenitor cells away from VSMC-like cells, and toward
endothelial-like cells that contribute to the microvasculature (Figure 1). We are focusing our efforts.pn Sca1+,
CD34+, and flk-1+ stem and progenitor cells based on our preliminary data as well as recently published data
demonstrating a significant role for these stem cell populations in the adventitial and during the arterial injury
response.Ze, 30, 32, 33,37, 42,43

Data from this proposal will challenge the existing paradigm of how NO inhibits neointimal hyperplasia.
Currently, the model of NO-based inhibition of neointimal hyperplasia focuses on aspects of the classic arterial



injury response, with no consideration of the effects of NO on adventitial cell populations. The role of the
adventitia in regulating the beneficial effects of NO can no longer be dismissed. Furthermore, given the role of
adventitial stem and progenitor cells and the evidence that more than half of neointimal cells express markers
consistent with stem or progenitor cell origins, the role of NO in regulating this process must be studied.

We have put together a multidisciplinary team of investigators with the required expertise to sufficiently
perform, analyze, and understand the studies described in this proposal. This includes: 1) RIS,
MD, Professor of Surgery, who originally characterized the classic model of the arterial injury response; 2)
PhD, Professor of Pediatrics and Co-Director of the Center for Tissue and Cell Sciences, an
adventitial and vascular stem cell embryologic researcher; 3) Snmyillnhin D, Professor of Medicine and
Director of the Feinberg Cardiovascular Research Institute, an expert in endothelial progenitor cell vascular
biology; and 4) 4msmsemslly, PhD, Chief of the Laboratory of Comparative Carcinogenesis at the NCI, a
prominent nitric oxide chemist. Data generated from this proposal will result in a paradigm shift in how NO
prevents the arterial injury response. By improving our scientific knowledge of NO vascular biology, data
generated from this proposal will lead to the
development of novel strategies to inhibit neointimal
hyperplasia following vascular interventions, thereby
having a significant beneficial impact on patients with
- cardiovascular disease requiring vascular interventions.

Neointimal
Hyperplasia

D. APPROACH - Preliminary Data

NO inhibits neointimal hyperplasia. \We have Control Injury Injury+ Injury+
demonstrated that multiple different NO donors, each PANINO  PROLING

. . . L. Figure 2. Periadventitial application of the NO donors
with a different half-life of NO release, inhibit the PAN/NO and PROLI/NO inhibit the development of

development of neointimal hyperplasia.®**® Using the rat  neointimal hyperplasia following arterial injury.
carotid artery injury model, PROLI/NO (a short half-life

donor) or PAN/NO (a long half-life donor), 20 mg each, was applied to the
periadventitial surface of the carotid artery following balloon injury (2F Fogarty
at 5 atm x 5 min).** Surprisingly, morphometric analysis revealed that
PROLI/NO was more effective at inhibiting neointimal hyperplasia compared
to PAN/NO at 2 weeks, however both were effective (86% vs. 67%, P<0.05,
respectively, Figure 2).* Given that PROLI/NO results in a short, high burst
release of NO and PAN/NO results in a longer, lower level of NO release, we
concluded that it is important to have NO present immediately following injury
to inhibit early processes in the arterial injury response.
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inflammation following arterial injury. At 3 days following injury and application Figure 3. NO prevent:

of NO to the perladven‘tl.tlal syrfacg we found that NO sngn!ﬁcantly |n.h|b|ted macrophage infiltration (ED1
macrophage (ED1 positive) infiltration into the arterial wall in two entirely staining) following arterial injury.
separate studies (Figure 3).***® We did not observe an *p<0.05 vs. injury alone.
appreciable effect on CD45 leukocytes in either study (not shown).

The inhibition of neointimal hyperplasia by NO is durable. 141
Next, we wanted to determine if the effect of NO on neointimal
hyperplasia was durable. Thus, we evaluated the effect of
periadventitial application of the NO donor PROLI/NO at inhibiting
neointimal hyperplasia at both 2 and 8 weeks. Interestingly, we
determined that the efficacy of NO was equally effective at 8 weeks
as it was at 2 weeks (Figure 4). NO (20 mg) reduced intimal area
(90% and 85%, p<0.001), medial area (46% and 47%, p<0.001), .
and the intima/media area ratio (90% and 85%, p<0.001) at 2 and 8 oo
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not its metabolic end products, nitrite or nitrate. To determine Figure 4. NO-mediated inhibition of neointimal
if the inhibition of neointimal hyperplasia is due to the NO release hyperplasia is durable out to 8 weeks. *p<0.05 vs.
injury alone.



from the diazeniumdiolate, or the metabolic end
products, nitrite and nitrate, we evaluated the
efficacy of the molar equivalents of each o

compound at inhibiting VSMC proliferation in ' cantrol njury () Alone 1+ PROLIINO I+ Nitrte

vitro and at inhibiting neointimal hyperplasia, Figure 5. NO inhibited the development of neointimal hyperplasia to a
proliferation, and inflammation in vivo. In vitro, greater extent than the molar equivalent dose of nitrite or nitrate.

only NO inhibited VSMC proliferation (80%

inhibition, DETA/NO 1mM, p<0.05). VSMC exposed to nitrite or
nitrate proliferated at a rate similar to control. /n vivo, NO inhibited
neointimal hyperplasia significantly more than either nitrite or nitrate
(Figure 5). Morphometric analysis revealed that NO produced greater
inhibition than either nitrite or nitrate in intimal (82% vs. 45% and 41%,
resp., p<0.05) and medial area (44% vs. 31% and 29%, resp.,
p<0.05). The intima/media area ratio was significantly decreased
(63%, p<0.05; Figure 6) and lumen area was significantly increased
(16%, p<0.05) in rats treated with NO, but not nitrite or nitrate. Only °
NO inhibited BrdU incorporation following arterial injury (59%,

p<0.05). Leukocyte (CD45) and monocyte/macrophage (ED1) &

infiltration were significantly inhibited by all treatment groups studied : N - i
compared to injury alone (p<0.05) and there were no significant ggg L%gpglrgd'qg'%ﬁ?et?,ﬁg‘zt;";?/:&?:t's area
differences between groups treated with NO, nitrite, or nitrate. (NO3). p<0.05 compared to injury alone.
Thus, these data demonstrated that NO is much more efficient at o
inhibiting neointimal hyperplasia compared to nitrite and nitrate, but
that nitrite and nitrate do modestly inhibit neointimal hyperplasia,
possiblly through inhibition of inflammation and not proliferation.
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Effects of NO throughout the arterial wall. To further evaluate
the mechanism by which NO inhibits neointimal hyperplasia, we
performed a detailed time-course analysis throughout each layer of
the arterial wall for: collagen content, cellularity, proliferation, aSMA
expression, and desmin expression. Qualitatively, NO decreased
collagen content compared to injury alone by 33% and 47% at 2
and 8 weeks, respectively (p<0.05; Figure 7).
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An interesting finding was the effect of NO on cellularity throughout
the arterial wall. Nuclei were counted in four high power fields
(HPF) per each section and averaged. NO reduced total cellularity Figure 7. NO inhibited collagen content

at all time points studied (p<0.05, Figure 8). Evaluation of each throughout the arterial wall at 2 and 8 wks.
layer revealed that NO reduced cell number following injury in the *p<0.05 vs. injury; #p<0.05 vs. uninjured control.
intima by 86% and 85% at 2 and 8 weeks, respectively (p<0.05) and in the media by 89% and 84% at 2 and 8
weeks, respectively (p<0.05). However, while NO reduced cellularity in the adventitia at early time points, NO
actually increased cellularity in the adventitia by 20% and 44% at 2 and 8 weeks, resp. (p<0.05, Figure 8).

Uninjured Control
2

To identify the cell types that NO is increasing in the adventitia at the later time points, we performed additional
analysis for SMA and desmin expression at multiple time points in carotid arteries that underwent injury or
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Figure 8. NO reduced cellularity following arterial injury in the intima and media at all time points, but increased cellularity at 2 and 8
weeks in the adventitia compared to rat carotid arteries that underwent injury alone (p<0.05).



TOTAL 2 WEEKS 8 WEEKS

Grade (0-4)
Grade (0-4)
Grade (0-4)

e > o > 0
o o o
2 2 2 % 2 2 £ 2 g g g 2 52 g 2 £ g
= X % < % r e ¥ E 4 £ 4 £ 4 £ 4 £ &
® B x - - —_ - - -
“ & & ® 3 SNTIVA ‘MEDIA ABVENTITIA NTA ‘WEDA ADVENTTIA

Figure 9. Quantification of immunohistochemical staining for «SMA in rat carotid arteries that were injured or injured and exposed to
PROLI/NO (NO, 10mg). Expression was assessed for the whole artery (TOTAL), and also assessed by arterial layer at 2 and 8 weeks.

*p<0.05 vs. injury alone.
injury + NO. For cytoplasmic stains, quantification was performed by grading on a scale of 0-4 by a blinded
investigator. For nuclear stains, quantification was performed by counting positively stained nuclei per HPF.

aSMA expression, which is detected primarily in VSMC, myofibroblasts, and stem/progenitor cells that have
differentiated to mural-type cells, was sparse at the 3-day time point. However, at 2 and 8 weeks following
injury, NO significantly decreased total ®SMA expression (Figure 9). Evaluation of the different layers of the
arterial wall at 2 and 8 weeks revealed that the greatest effect of NO on a SMA expression was in the intima
(~50% inhibition) and media (60-80% inhibition), and not the adventitia (Figure 9, p<0.05).

Desmin expression, which is detected primarily in contractile VSMC but will also detect synthetic VSMC, was
similar to that observed for «SMA. NO reduced total desmin expression throughout the arterial wall at 2 and 8
weeks, but not at 3 days (data not shown). Most of the inhibition at 2 and 8 weeks was seen in the intima
(~50% inhibition) and in the media (80-100% inhibition), with inhibition in the media being nearly complete.
Similar to a.SMA, there was no significant effect of NO on desmin expression in the adventitia.

Next, we evaluated the effect of NO on actively proliferating cells by administering BrdU (100 mg/kg,
intraperitoneal [IP]) to animals 24 and 1 hour prior to sacrifice. An interesting pattern emerged. NO inhibited
active proliferation in the intima and media following arterial injury at both 2 and 8 weeks (Figure 10, p<0.05).
However, NO stimulated proliferation at the 2-week time point in the adventitia (Figure 10). By 8 weeks, NO no
longer affected proliferation. Note that most of the proliferation occurred in the intima and adventitia and that
very little occurred in the media (y-axis scale). Lastly, we evaluated macrophage infiltration (anti-ED1). Similar
to our earlier studies (Figure 3), NO inhibited macrophage infiltration following injury (not shown).

Sca-1 expression. Given that NO treatment after arterial injury increased cellularity in the adventitia at 2
weeks, and that this increase was independent of VSMC, myofibroblast, and macrophages, we began to
explore our hypothesis that the increased cell population in the adventitia is due to stem and/or progenitor cell
recruitment and/or proliferation. This hypothesis is supported by our BrdU data. Thus, to explore this further,
we performed additional experiments using the rat carotid artery injury model with and without exposure to
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Figure 10. Quantification of immunohistochemical staining for BrdU incorporation into actively profiferating cells in rat carotid arteries
that were injured or injured and exposed to PROLI/NO (NO, 10mg). Proliferation was assessed separately for the intima, media and
adventitia at 2 and 8 weeks. *p<0.05 vs. injury alone.



periadventitial application of PROLI/NO (10mg). At2 hours, 24 hours, 3 days
and 7 days following injury and exposure to NO, carotid arteries were
harvested fresh, snap frozen, mechanically lysed, and resuspended in a lysis
buffer with appropriate protease inhibitors. Approximately 4-6 carotid arteries
were combined for each treatment group. Western blot analysis was
performed for «SMA, desmin, nonmuscle myosin heavy chain (NM-MHC),
smooth muscle myosin heavy chain (SM-MHC) as well as the stem cell marker
Scal. Equal protein was loaded per group and confirmed with B-actin.
Surprisingly, while we observed a decrease in aSMA, desmin, NM-MHC, and
SM-MHC, we observed a dramatic increase in Sca-1 expression 3 days
following injury and exposure to NO (Figure 11). Evaluating this at multiple
time points following injury, this increase in Scat by NO was prominent as

Figure 11. Western blot analysis

early as 2 hours following injury (Figure 12). These data support our of carotid artery lysate 3 days
hypothesis that NO is actively recruiting or stimulating progenitor cell asfégq Tlgerﬁs gfstsittg% ancrrezassees iif:‘
populations in the adventitia following arterial injury. SSMA. desmin. and NM-MHC.
Summary. In conclusion, these preliminary data demonstrate NO = PROLI/NO (10mg).

that periadventitial delivery of NO results in durable and effective

inhibition of neointimal hyperplasia, but that NO affects cellular 2h '24h 3d _7d

populations in the intima, media, and adventitia differently. Our
data also suggest that NO inhibits neointimal hyperplasia by
preventing phenotypic differentiation and/or proiiferation of cell
populations throughout the arterial wall, while stimulating
recruitment and/or proliferation of stem or progenitor cells. Itis
also possible that NO may prevent differentiation of recruited stem
cells, thereby accounting for the dramatic increase in Sca1+
expression we observed following injury and exposure to NO.
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Figure 12. Western blot analysis of Scal+ in

Proposed Experiments carotid artery lysates. Dark and light exposures of
Sca1 are shown to demonstrate the differences

Specific Aim 1 - Characterize the effect of NO on Scat+, CD34+,  between the groups. NO = PROLI/NO (10mg).
and flk-1+ adventitial stem and progenitor cell populations
following arterial injury in vivo.

Overall Strategy. NO is a potent inhibitor of neointimal hyperplasia, and we have demonstrated that NO has
differential effects on the cellular populations throughout the arterial wall, with an increase in cellularity
observed in the adventitia of NO-treated arteries at later time points, and an increase in Scal expression.
Research now shows that the adventitia is an active regulator of neointimal hyperplasia, and has been shown
to contain resident Sca1+ and CD34+ stem cells, as well as recruit circulating bone marrow-derived stem cells
that phenotypically differentiate into myofibroblast-like cells and contribute to neointimal hyperplasia.'® 2% 26
The adventitia is also home to the vasa vasorum, which increases in density following injury, but out of
proportion to the increase in tissue mass, possibly leading to possible zones of hypoxia.*® *® Lastly, NO is
known to stimulate angiogenesis via mobilization and recruitment of CD34+ EPC.°"* Thus, we hypothesize
that NO inhibits neointimal hyperplasia by regulating recruitment and phenotypic differentiation of resident and
circulating adventitial stem and progenitor cells following injury. Furthermore, we hypothesize that NO
supports differentiation of adventitial stem and progenitor cells into endothelial-like cells, contributing to
adventitial neovascularity. To investigate this hypothesis, in this aim we will evaluate and characterize the
effect of NO on adventitial Scat+, CD34+ and flk-1+ cell recruitment, phenotypic differentiation, proliferation,
and migration following arterial injury in vivo. We will also relate these processes to the development of
adventitial neovascularity following injury, to determine if NO promotes differentiation of these adventitial cell
types into endothelial-like cells thereby contributing to increased neovascularity following injury. We are
focusing on Scat+, CD34+, and flk-1+ cells because these are the stem and progenitor cells that have been
identified in the adventitia and have been shown to differentiate or have the potential to differentiate into
aSMA-positive or endothelial-like cells following arterial injury and contribute to neointimal hyperplasia.

Methodology and Analysis. To study the effect of NO on recruitment of circulating bone marrow-derived stem
and progenitor cells following arterial injury, we will lethally irradiate (12 Gy) the bone marrow of wild-type
recipient mice and transplant 1x1 0° donor bone marrow cells of C57BL/6-Tg(CAG-EGFP) or FVB/N-Tgn(TIE2-



lacZ) mice into the recipient mice via tail vein injection using the method described by our collaborator 8
bgenpe ‘> *° C57BL/6-Tg(CAG-EGFP) mice ((EISSNEERG) =rc @ transgenic mouse line that express

GFP in all cells. FVB/N-Tgn(TIE2-lacZ) mice (@ =) 2rc a transgenic mouse line that carry the
beta-galactosidase reporter gene under the control of the murine Tie2 promotor.®' LacZ is expressed in
embryonic and adult vascular endothelial cells. Thus, by transplanting the bone marrow from these two
different transgenic mouse models into wild-type recipient mice, we will be able to determine the extent of
recruitment of circulating bone marrow-derived stem cells and specifically CD34+ progenitor cells to the arterial
wall following arterial injury, and if NO regulates this recruitment. Four weeks after bone marrow
transplantation (BMT), a time sufficient for bone marrow regeneration, the standard femoral artery wire injury
model will be performed as previously described.*> ®° Briefly, the femoral artery of anesthetized mice will be
dissected and controlled proximally and distally. A 0.014” guidewire will be advanced into the femoral artery
via a side branch and passed three times. After removal of the wire, the branch will be ligated and flow
restored. Treatment groups will include: 1) control, 2) injury alone, and 3) injury + PROLI/NO (1mg). Forthe
NO treatment groups, PROLI/NO will be applied to the periadventitial surface of the injured artery.
Contralateral uninjured arteries will serve as controls. n=6/treatment group. Arteries will be harvested a 2h,
6h, 1d, 3d, 7d, 1wk, 2wk, and 8wk. To identify recruitment of bone marrow stem cells, arteries of mice
transplanted with bone marrow from C57BL/6-Tg(CAG-EGFP) mice will be assessed using
immunofluorescence to detect recruited cells. Arteries of mice transplanted with bone marrow from FVB/N-
Tgn(TIE2-lacZ) mice will be assessed for recruitment of CD34+ endothelial like cells using double staining for
beta-galactosidase and the murine-specific endothelial marker, isolectin B4, as described by Dr. Losordo.*
Each layer of the arterial wall will be assessed separately and the number of recruited cells will be counted in
four HPF per arterial section. '

To determine if NO regulates phenotypic differentiation of Sca1+, CD34+, and fik-1+ stem and progenitor
cells following arterial injury, we will assess the arteries from the mice experiments described above
immunohistochemically for Sca1, CD34, and flk-1 at all time points (n=6/group). We will also co-localize the
immunofluorescent signal from the stem and progenitor cells with markers for differentiation: o SMA, desmin,
NM-MHC, SM-MHC, CD31, and von Willebrand factor. This will allow us to fully characterize the time course
of expression of the stem cell markers following arterial injury, with and without exposure to NO, and link the
presence or disappearance of these stem cells to markers of differentiation into VSMC or endothelial like cells.
Each layer of the arterial wall will be assessed separately and expression will be guantified. Cytoplasmic
stains will be graded by a blinded observer using a standard scale (0-4). Nuclear stains will be quantified by
counting positively stained nuclei in four HPF per arterial section.

To evaluate proliferation and migration of the Sca1+, CD34+ and flk-1+ cells following arterial injury, we will
perform BrdU pulse chase experiments. In these experiments, we will administer BrdU to the wild-type mice
via IP injection (100 mg/kg) at different time points. Cells that are proliferating at the time of BrdU
administration will incorporate the BrdU into their cells. The arteries will be harvested at a subsequent time to
assess the location of these BrdU-positive cells. For example, if the majority of cells proliferating at an early
time point are in the adventitia, these cells will incorporate BrdU that is administered early. Harvest of these
arteries at 2 weeks will demonstrate the ultimate location of these early proliferative labeled adventitial cells,
thereby providing critical information on both cell migration and proliferation. To determine the phenotype of
these cells, double labeling will be performed for BrdU and markers for Scal+, CD34+ and flk-1+, as well as
aSMA, desmin, NM-MHC, SM-MHC, CD31, and von Willebrand factor. Time points of BrdU administration will
include 2 hr, 1d, 3d, 7d, 1wk, and 2wk. At each time point, treatment groups will include injury alone or injury +
PROLI/NO (1mg). n=6/treatment group. Arteries will be harvested at 2 weeks.

To determine the effect of NO on neovascularity following arterial injury, we will quantify the expression of
CD31 and von Willebrand factor in the arteries harvested above by counting the number of microvascular
vessels present in the adventitia. We will also determine the density of the microvasculature in comparison to
overall tissue area. These studies will directly determine if NO enhances neovascularity in the adventitia
following arterial injury, and if this increase results in a greater density of microvasculature per tissue area.

Potential Problems and Alterative Strategies. With respect to potential technical problems, we may
experience problems with histological analysis of the arteries from the bone marrow transplanted transgenic
animals described above. If we experience difficulties in detecting the fluorescent bone marrow derived stem
celis from the C57BL/6-Tg(CAG-EGFP) transgenic donor mice, we will use the ROSA26 mice, which are a
commonly used transgenic strain that expresses beta-galactosidase in all cells.®? Another possible challenge




may be the use of the mouse model. Although this is a well-described model that has been used in many of
the landmark papers describing the role of adventitial cells in the arterial injury response, we recognize that the
adventitia of the mouse is small in comparison to larger animal models. Thus, if we experience difficulties with
assessing these adventitial cell populations in the mouse model, we will use the rat carotid artery injury model
together with the “Y chromosome FISH method” to detect the effect of NO on the recruitment and phenotypic
differentiation of these stem cells. Briefly, bone marrow of donor male rats will be transplanted into age-
matched recipient female rates. After sufficient engraftment (approximately 4 weeks), we will perform the
carotid artery injury model with and without periadventitial exposure to NO. At designated time points, the
carotid arteries will be harvested. Donor cells, which will represent the contribution from the bone marrow, will
be identified by detection of the Y chromosome by fluorescence in situ hybridization (FISH) according to the
modified protocol of Sl et al.*> This method preserves cell proteins thereby allowing detection of cell-
specific markers by immunohistochemistry. Hence, we will be able to also stain for Sca1, flk-1, and CD45. Of
note,— our collaborator, has experience with this bone marrow transplant model and the FISH
assay. Alternatively, if both the mouse and rat models prove to be problematic, we will utilize the pig
angioplasty model, with which the Pl is experienced. While reagents are plentiful for the mouse model, we
also recognize that reagents are more limited for rat and pig species. However, our preliminary data was
conducted in the rat. For determination of new microvascular vessel growth, we may have to stain for CD34 at
early time points (as opposed to CD31 or von Willebrand factor) as Zengin et al demonstrated that early
adventitial vasa vasorum growth stains positive for CD34 but not CD31 or von Willebrand factor.*?> We may
also need to assess for cell adhesion markers specific for endothelial cells, such as VEGF receptor, TIE2, VE-
cadherin, and CEACAM1.

With respect to our hypothesis, we may find that NO increases recruitment of stem cells to the adventitia,
which is supported by our preliminary data, but maintains them in an immature non-differentiated state. This
would disprove our hypothesis that NO prevents differentiation of these stem cells into aSMA bearing cells but
stimulates them to differentiate into endothelial-like cells that contribute to the microvasculature. If this is the
case, we will redirect our attention to the effect of NO on cytokine and growth factor production from these
adventitial stem cell and progenitor celis. It is possible that NO effects downstream processes in the arterial
injury response by either preventing secretion of certain factors, or stimulating release of other factors from
these cells. To investigate this, we will assay carotid artery tissue lysates for cytokines and growth factors,
including SCF, TGFB, PDGF, bFGF, TNFa, interleukins (14 on the panel), IFNy, G-CSF, VEGF, adiponectin,
IFNa, and IFNB. We will use the Procarta Cytokine Assay Kit by Panomics. This bead-based multiplex assay
kit can quantitatively measure multiple cytokines from as little as 25 uL of cell lysate with a limit of detection of
1 pg/mi/cytokine or less. It is also possible that NO modulates neointima formation by altering how different
cell populations react to exogenous NO, leading to vastly different ROS profiles following arterial injury. Since
ROS are intimately linked to proliferation, this avenue will be pursued. To investigate this, we will evaluate the
effect of NO on the expression of different pro- and antioxidant proteins (i.e., NOX, SOD, PRx, TRx, GPx, etc.)
throughout the arterial wall, along with superoxide, hydrogen peroxide, and peroxynitrite formation. We will
also co-localize the expression of these proteins to the stem and progenitor cells, as well as the adventitial
fibroblasts, macrophages, and VSMC.

Specific Aim 2 - Determine the effect of NO on Sca1+, CD34+, and flk-1+ adventitial cell populations in vitro.

Overall Strateqy. For this aim, we will isolate and identify Sca1+, CD34+, and fik-1+ adventitial stem and
progenitor cell populations and determine how NO affects phenotypic differentiation, proliferation, migration,
and ROS production when exposed to different growth conditions (i.e., starvation, hypoxia, fibronectin,
collagen, co-culture, etc) and stimuli (VEGF, PDGF, TGFB, FGF, etc) in vitro.

Methodology and Analysis. To isolate stem and progenitor cells from the adventitia, we will follow the method
described by our collaborator ~that uses the Miltenyi system.*® Briefly, the common femoral artery
of adult mice will be harvested and placed in PBS on ice. Endothelial cells will be removed with a sterile cotton
swab. The adventitia will be dissected and rinsed in HBSS, digested with 14 mg/ml collagenase type 2 and
0.75 mg/ml elastase in HBSS for 2 hours at 37°C with gentle rocking, and filtered (70 pm). Cells in the filtrate
will be pelleted at 300 x g then rinsed in PBS with 0.5% BSA. Femoral artery Sca1+ cells will be isolated by
using anti-Sca-1 immunomagnetic MicroBeads and a MACS cell separation system from Miltenyi. While
CD34+ EPC can also be isolated with the anti-Sca-1 MicroBeads, to achieve a more successful isolation, we
will use the anti-CD117 MicroBeads to specifically isolate the CD34+ EPC. To isolate flk-1+ cells, we will use
an anti-flk-1 antibody and the anti-immunoglobulin MicroBeads from Miltenyi. Cells will be passed over two



consecutive columns to increase purity of the isolation. According to SAwNEEESERa typical Scal+ fraction
prepared as described is 1-4% of total cells, with 80-95% of isolated cells positive for Sca1 antigen, and <1%
of isolated cells positive for «SMA by immunostaining. Isolated stem and progenitor cells will be cultured using
Miltenyi’'s HSC-CFU basic media for the stem and progenitor cells. This is a basic media that does not contain
additional cytokines or growth factors that stimulate differentiation into certain cell types. We will confirm the
purity of all cell isolates by staining for the marker of interest, as well as aSMA.

After cells are isolated, identified, and maintained in cell culture, we will determine the effect of NO on
phenotypic differentiation, proliferation, migration and ROS production. To assess phenotypic
differentiation, we will plate cells onto sterile glass coverslips that are placed at the bottom of 12- or 24-well
plates. After treatment in different growth conditions and with different stimuli for 24 hours (described below),
the cells will undergo immunohistochemical staining for various markers to identify cell phenotype as we have
previously described.®* This will include antibodies to Sca1, CD34, flk-1, «SMA, desmin, NM-MHC, SM-MHC,
CD31, and von Willebrand factor. To assess proliferation, we will use *H-thymidine incorporation and MTT
assays. Briefly, to assess *H-thymidine incorporation we will plate cells in 12- or 24-well plates, starve the cells
in media with 0% FBS for 24 hours to induce cell cycle synchronization, treat the cells in media containing 10%
FBS and 5 uCi/ml ®H-thymidine for 24 hours, then assess 3H-thymidine incorporation in trichloroacetic acid-
precipitated DNA using a scintillation counter as we have previously published.® %% We will also assess
proliferation using the MTT assay according to manufacturer’s instructions (Promega). To assess migration,
we will use Boyden chambers and the scratch assay. For the Boyden chambers, we will use 48-well modified
Boyden microchemotaxis chambers and Poretics polycarbonate PVC-free membranes with 8-um pores to
assess the effect of NO on migration. Briefly, after cells are synchronized they will be placed in the top well of
the chamber and different stimuli will be placed in the bottom well of the chamber in the presence or absence
of NO. After 4 hours at 37°C, the membrane will be stained with hematoxylin. Cells that migrated will be
counted in four HPF (400X) per membrane. For the scratch assay, cells will be plated in 6-well plates and
growth arrested for 24 hours. Cell monolayers will be injured by a single scrape with a 1000 pL pipet tip,
‘photographed, then treated in media with 10% FBS. Cells wili be photographed again after 24 hours of
treatment. Blinded counting of nuclei of cells that migrated into the empty space created by the scrape will be
performed at both time points using Adobe Photoshop, and quantification will be performed using ImageJ as
we have previously published.®® To quantify intracellular ROS production, we will use the detection reagents
CM-H2DCFDA, which detects H,0,, peroxynitrite, peroxyl radical, and hydroxyl radical, and dihydroethidium
(DHE), which detects O, as we have previously described.* " Briefly, cells will be plated in six-well plates for
24 hours after which they will be treated with media containing 10% FBS for 24 hours. Celis will be rinsed with
ice-cold PBS, trypsinized, collected, and pelleted. Cells will be resuspended in either 5 uM CMH2DCFDA or §
uM DHE and incubated at 37°C for 30 or 5 minutes, respectively. After incubation, the cell samples (10,000
cells/sample) will be analyzed on a Coulter Epics XLFlow Cytometer using excitation and emission of 488 and
535 nm for DCF, and 488 and 585 nm for DHE.

For each of the assays above (phenotypic differentiation, proliferation, migration, ROS production), we will
assess the effect of NO (DETA/NO 10 pM — 1000 uM) on each of the three cell types (Sca1+, CD34+, and flk-
1+) in different growth conditions and in the presence or absence of different stimuli. The different growth
conditions we will assess include: 1) starvation (0% FBS), 2) hypoxia (2% oxygen), 3) growth on fibronectin,
and 4) growth on collagen plates. We will also expose the cells to the following stimuli: 1) VEGF (10 ng/ml),
2) PDGF (10 ng/ml), 3) TGFB (5 ng/ml), and 4) FGF(20 ng/mi). Lastly, we will assess the effect of NO on the
Sca1l+, CD34+, and flk-1+ using co-culture studies with mature adult endothelial cells, VSMC, or adventitial
fibroblasts. These latter cells are routinely harvested from the aorta of mice or rats in our laboratory.*® ® &2

Potential Problems and Altemative Strategies. With respect to technical problems, we may encounter
difficulties isolating the Sca1+, CD34+, and flk-1+ cells from the adventitia using the Miltenyi cell isolation and
separation method. If we do, we will use FACS analysis and cell sorting as previously described.” If yield is
too low with the mouse artery, we will use rats. However, four mouse arteries yield approximately 500,000
Sca1+ cells. With respect to our hypothesis, as discussed above, it is possible that NO does not stimulate
differentiation of stem and progenitor cells into endothelial cells. If we find this to be the case with the
experiments in this Aim, we will study the effect of NO on cytokine and growth factor production from these
cells in vitro using the Procarta Cytokine Assay Kit as described above. However, we will take this one step
further and use the conditioned media from each of the three adventitial stem cells (Sca1, CD34, and flk-1) and
determine the effect of this conditioned media on the proliferation, migration, and phenotypic differentiation of




adventitial fibroblasts and macrophages. We will also assess the effect of NO on ROS production from each of
these cell types, and perform experiments with conditioned media similar to that described above but
evaluating ROS production and expression of pro- and anti-oxidant proteins.

Specific Aim 3 — Manipulate Sca1+, CD34+, and flk-1+ adventitial cell populations in vivo to determine if NO-
mediated inhibition of neointimal hyperplasia following injury is dependent on these adventitial cell populations.

Overall Strateqy. For this aim, to determine if the NO-mediated inhibition of neointimal hyperplasia is
dependent on regulating the Sca1+, CD34+, or flk-1 cell populations, we will perform gain- and loss-of-
function experiments in vivo. Specifically, we will evaluate the role of 1) adventitial removal and selective
overexpression of Scal+, CD34+, and flk-1+ cells, 2) stimulation of circulating stem and progenitor cells with
G-CSF, and 3) Sca1+, CD34+, and flk-1+ cell populations in iNOS and eNOS deficient mice following arterial
injury. With each of these manipulations, we will determine if the efficacy of NO-mediated inhibition of
neointimal hyperplasia is abated or enhanced.

Methodology and Analysis. To determine the contribution of each cell type (i.e., Sca1, CD34, flk-1) to NO-
mediated inhibition of neointimal hyperplasia, we will remove the adventitia and selectively reintroduce
each cell type to the outer wall of the artery after performing the femoral artery wire injury model in C57BL/6
wild-type mice. Briefly, immediately prior to wire injury, the adventitia and periadventitial adipose fat will be
surgically removed as described by, et al.** % Following removal of the adventitia
(AR), the femoral artery will be injured with the 0.014” guide wire as described in Aim 1, and either Scai+,
CD34+, or flk-1+ cells (1x10°) mixed in Matrigel (5 mg/ml) will be placed on the periadventitial surface of the
artery, as described by' et al,” followed by application of PROLI/NO. These cells will be harvested,
isolated, confirmed, and maintained in cell culture as described in Aim 2. Treatment groups will include: 1)
control, 2) injury, 3) injury + AR, 4) injury + AR + Scal+ cells, 5) injury + AR + CD34+ cells, 6) injury + AR + flk-
1+ cells. n=6/group. Arteries will be harvested at 2 weeks following arterial injury. Prior to sacrifice, mice will
receive BrdU (100 mg/kg IP) administration. Neointimal hyperplasia will be assessed morphometrically as we
have previously published.® %% Arteries will also undergo immunohistochemical assessment for the
following proteins: Sca1, CD34, fik-1, aSMA, desmin, NM-MHC, SM-MHC, CD31, von Willebrand factor, and
BrdU. These experiments should identify if NO-mediated inhibition of neointimal hyperplasia is dependent on
adventitial Sca1+, CD34+, or flk-1+ stem and progenitor cells. Furthermore, these experiments will determine
which of these three stem and progenitor cells types is most important to mediating the effects of NO.

To determine the effect of increasing the population and possible recruitment of circulating bone marrow-
derived stem cells to NO mediated inhibition of neointimal hyperplasia following arterial injury, we will
administer G-CSF to C57BL/6 wild-type mice at various time points before and after arterial injury. Briefly,
mice will undergo the femoral artery wire injury model as described in Aim 1 with and without exposure to
periadventitial application of PROLI/NO. Mice will receive G-CSF (300 ug/kg) or saline subcutaneously daily
for 5 days prior to arterial injury (days -5 to 0). Treatment groups will include: 1) injury and 2) injury +
PROLI/NO. n=6/treatment group. Arteries will be harvested at 1 day, 3 days, 1 wk, 2 wks, and 8 wks following
arterial injury. Prior to sacrifice, mice will receive BrdU (100 mg/kg IP) administration. Neointimal hyperplasia
will be assessed morphometrically. Arteries will also undergo immunohistochemical assessment for the
following proteins: Sca1, CD34, flk-1, aSMA, desmin, NM-MHC, SM-MHC, CD31, von Willebrand factor, and
BrdU. This experiment should identify if the number of recruited stem cells has an impact on the ability of NO
to inhibit neointimal hyperplasia. Furthermore, if NO supports differentiation of these stem cells toward
endothelial-like cells and stimulates growth of the microvasculature, we would expect to observe a more
prominent vasa vasorum in the groups treated with G-CSF.

Lastly, we will determine the effect of endogenous NO production from iNOS or eNOS on the presence
and recruitment of adventitial stem cell populations. It has already been reported in the literature that eNOS
deficiency results in greater neointimal hyperplasia using the mouse carotid ligation model.”® iINOS deficiency
results in greater vein graft neointimal hyperplasia, possibly through deficient recruitment of EPC.”" Thus, we
will perform the femoral artery wire injury model in iNOS-/- and eNOS-/- mice and their wild-type controls
) \ith and without periadventitial application of PROLI/NO (1mg). n=6/treatment group.
Arteries will be harvested at 2h, 6h, 1d, 3d, 7d, 1wk, 2wk, and 8wk. Prior to sacrifice, mice will receive BrdU
(100 mg/kg IP) administration. Neointimal hyperplasia will be assessed morphometrically. Arteries will also
undergo immunohistochemical assessment for the following proteins: Sca1, CD34, flk-1, aSMA, desmin, NM-
MHC, SM-MHC, CD31, von Willebrand factor, and BrdU. These experiments will elucidate the role of



endogenous NO production on resident stem and progenitor cells, as well as recruitment of circulating stem
and progenitor cells. We hypothesize that endogenous NO production is necessary to maintain resident
adventitial stem cells, and recruit circulating stem cells, in order to inhibit neointimal hyperplasia.

Potential Problems and Alternative Strategies. With respect to potential technical problems, for the
experiments in which we reintroduce cells to the outer wall of the artery, it is possible that some or all of the
cells will not engraft. If we observe this, it may be that we need to use more cells, or that we need to include
the cells in a different matrix or a cuff that we place on the outside of the artery. Another approach we may
utilize if this experiment proves challenging would be to study the effect of NO on neointimal hyperplasia in
both SCF and c-Kit deficient mice given the importance for this ligand-receptor pair in stem cell signaling. For
the stem cell stimulation study with G-CSF, we may need to evaluate a range of different doses of G-CSF.
While studies have demonstrated the beneficial effects of G-CSF administration on neointimal hyperplasia, too
high of a dose can result in increased inflammation and hence more neointimal hyperplasia.”>"® We may also
need to consider administering G-CSF during different time periods. Currently, we will administer it pre-
operatively; however, we may need to evaluate post-operative administration, or a range of time frames.
Alternatively, we may need to administer a different agent, either intravenous SDF-1a. or AMD-3100, the
CXCR4 inhibitor, to stimulate recruitment of circulating stem cells. With respect to our hypothesis, it is possible
that NO inhibits neointimal hyperplasia independent of the stem and progenitor cell populations. If so, we will
focus our attention on other cell types in the adventitia, including the fibroblasts and macrophages, as these
cell types have been shown to contribute to the neointima through phenotypic differentiation. While our
preliminary data demonstrate that NO significantly increases Sca1+ expression following arterial injury, it is
possible that this increase is due to stimuli released from NO-stimulated fibroblasts and macrophages and is
not directly due to the actions of NO. Thus, to examine this possibility, we will perform the adventitial removal
experiment and individually introduce back either adventitial fibroblasts or adventitial tissue macrophages. If
our hypothesis is disproved, another avenue we will pursue is the role of ROS in this system, as it is possible
that NO differentially affects how cells respond to exogenous NO with respect to pro- and anti-oxidant protein
expression. It is also possible that NO exerts its beneficial effects through regulation of cell adhesion
molecules, such as VCAM-1, P-selectin, E-selectin, VE-cadherin, CEACAM1, and TIE2. These molecules may
attract certain cell types to the site of injury that mediate the actions of NO. To examine this possibility, we will
evaluate the expression of these cell adhesion molecules and receptors using immunohistochemical analysis.
To determine if the effects of NO are mediated through manipulation of growth factor and cytokine release, we
will assess the pattern of cytokine and growth factor release as described in the potential problems section for
Aim 1. After determining which cytokines and/or growth factors are affected by NO, we will perform studies to
administer inhibitors to these growth factors and cytokines systemically to the animals. For example, if PDGF
is shown to be affected by NO, we will administer a compound such as GFB-111, which is a small molecule
that binds to PDGF, or AG 1296, a PDGF receptor inhibitor.

Benchmarks for Success. We have several benchmarks for success with this grant proposal, including: 1)
demonstrating that NO regulates phenotypic differentiation of Sca1+, CD34+, and flk-1+ cells following arterial
injury in vivo; 2) demonstrating that NO prevents phenotypic differentiation of Sca1+, CD34+, and flk-1+ cells
into aSMC+ cells; 3) demonstrating that NO supports differentiation of the Sca1+, CD34+, and flk-1+ cells into
endothelial like cells that contribute to and increase the microvascularity following injury; 4) demonstrating that
NO prevents proliferation and migration of the Sca1+, CD34+, and flk-1+ cells under various stimuli and growth
conditions; and 5) demonstrating that NO-mediated inhibition of neointimal hyperplasia is dependent on Sca1,
CD34, or flk-1 stem and progenitor cells.

Statistical Analysis — For all of the experiments described in Aims 1-3, differences between two groups will
be evaluated with the Student’s t-test. Differences between muitiple groups will be analyzed using one-way
analysis of variance (ANOVA) with the Student-Newman-Keuls post hoc test for all pair wise comparisons
(SigmaStat; SPSS). Correlation will be determined by calculating the Spearman Rank Order Correlation
coefficient (SigmaStat, SPSS). Statistical significance will be assumed when p<.05.

Timeline
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VERTEBRATE ANIMAL

1. Species and Detailed Procedure

A total of 964 12-week old male mice <RI \/ill be used for the entire protocol. Use of mice by
strain, and for each Aim is listed in Table 1 below.

Table 1. Number of mice used by Aim and by Strain.

Strain Aim 1 Aim 2 Aim 3 Subtotal by Strain
C57BL/6 96 +72 =168 20 20 + 60 + 120 +96 = 296 484
C57BL/6-Tg(CAG-EGFP) 96 96
FVB/N-Tgn(TIE2-lacZ) 96 96

FVB/N 96 96

iINOS KO _ 96 96

eNOS KO : 96 ‘ 96
Subtotal by Aim 456 20 488 D64

The following procedures will be performed:

Preoperative preparation and anesthesia
Anesthetic induction and maintenance will be conducted using isoflurane gas anesthesia (2-5%). The surgical

site of the mice will be shaved and prepped with ethanol and betadine. The surgeon will use sterile
instruments for all survival procedures. The surgeon will wear a sterile hat, mask, and gloves for all survival
procedures.

Bone marrow transplantation

The bone marrow of either C57BL/6 or FVB/N recipient mice will undergo lethal irradiation (12 Gy). 1x10°
donor bone marrow cells from either C57BL/6-Tg(CAG-EGFP) or FVB/N-Tgn(TIE2-lacZ) age and strain-
matched mice will be injected into the tail vein of the recipient mice. Four weeks after bone marrow
transplantation (BMT), a time sufficient for bone marrow regeneration, the standard femoral artery wire injury
model will be performed as described below.

Femoral artery wire injury model

The right common femoral artery of anesthetized mice will be dissected and controlled. A 0.014” guidewire will
be advanced into the right common femoral artery via a side branch and passed three times. After removal of
the wire, the branch will be ligated and flow will be restored. PROLI/NO (1mg) will be administered to the
periadventitial surface of the injured femoral artery in some mice. The wound will be closed. At the designated
time points, the animals will be anesthetized then euthanized with bilateral thoracotomies and the common
femoral arteries will be removed following in situ perfusion-fixation. Contralateral uninjured arteries will serve
as controls and be harvested.

BrdU injection
Some animals will undergo intraperitoneal (IP) injection of BrdU (100 mg/kg) at designated time points,
according to each experiment.

Adventitial removal with periadventitial cell transplantation

To remove the adventitia of the femoral artery in vivo, we will follow the method described by “
and RN et al. Briefly, the adventitia and periadventitial fat will be removed by gentle dissection using the
dissecting microscope and high power magnification. Cell transplantation will be performed by transplanting
1x10° cells to the periadventitial surface of the artery after the femoral artery wire injury model is performed.
The wound will be closed in standard fashion.

G-CSF administration
G-CSF administration will be performed by injecting 300 ng/kg G-CSF subcutaneously daily for 5 days.

Harvest carotid artery for cell isolation




For some experiments, the bilateral common femoral arteries will be harvested in order to isolate adventitial
stem and progenitor cells. To do this, mice will undergo general anesthesia as described above, the femoral
arteries will be isolated and ligated proximally and distally and resected. After resection, the animals will
undergo euthanasia by performing bilateral thoracotomies.

Detailed numbers calculations by Aim:
Aim 1
4 strains (C57BL/6-Tg(CAG-EGFP), C57BL/6, FVB/N-Tgn(TIE2-lacZ), FVB/N)
2 treatment groups (Injury and Injury+NO)
n=6/group
8 time points
2 x 6 x 8 = 96 of each of the four strains

BrdU pulse chase experiments:

1 strain

6 time points

2 treatment groups (Injury and Injury+NO)
n=6/group

1x6x2x6=72C57BL/6

Aim 2
Harvest of cells from C57BL/6 mice = 20 C57BL/6

Aim 3
Harvest of cells from C57BL/6 mice = 20 C57BL/6

10 treatment groups: (injury, I+AR, |+AR+Sca1, [+AR+CD34, [+AR+flk-1) each with injury vs injury+NO
n=6/group

1 time point

10x6x1 = 60 C57BL/6

4 treatment groups (G-CSF vs saline; injury vs injury+NO)
n=6/group

5 time points

4 x6x5=120 C57BL/6

3 strains (iNOS KO, eNOS KO, WT)

2 treatment groups: injury and injury+NO
n=6/group

8 time points

2 x 6 x 8 =96 INOS KO, 96 eNOS KO, 96 WT

2. Justification

Mice have been used extensively in the literature to evaluate the arterial injury response in vivo. They are the
smallest mammal that can provide useful information prior to moving to larger animals. Mice also provide a
useful research tool because of the ability to create knockout and transgenic mice. No non-animal model
exists that can mimic this arterial injury response and a similar model does not exist in a phylogenetically lower
species.

To determine the number of animals required for each experimental group, a power analysis was performed.
The power of the study is defined as the probability that an experiment will have a significant (positive) result,
that is, have a p-value of less than the specified significance level. This probability is calculated under the
assumption that the treatment difference or strength of association equals the minimal detectable difference.
From previous experience with these models of neointimal hyperplasia, we know that there is a standard
deviation of approximately 10%. We want to detect a minimal difference of 20% within any measurement with




a 5% error (i.e., p<0.05). Therefore, in order to achieve a power of 0.8 (i.e., an 80% chance to correctly
determine a 10% difference in the data), the n (number of animals in each treatment group) is determined
based on the number of treatment groups to be compared.

An example of the power analysis conducted for the mouse femoral artery injury model experiments that
includes three groups (control, injury, injury+NO) is as follows (note: the group size [n] is varied to determine
the size at which sufficient power is reached):

Power - 0.800

Difference in Means - 0.200

Standard Deviation - 0.100

Number of Groups - 3

P-value - 0.05

Group size (n) =6

Therefore, in order to achieve sufficient power (>80%) given a p<0.05, with 3 groups, we need to include 6
animals per group.

3. Veterinary Care

All animals are housed and cared for by the veterinary staff at the Center for Comparative Medicine (CCM)
facility at . All animals housed in the CCM facilities are monitored by a team of 8
veterinarians, 8 animal health care technicians, and their expansive support staff. CCM is the centrally
administered animal resource that acts as a service and teaching unit for all of the animals used in research,
testing, and education at "ERGGINENENEY. CCM has been AAALAC Accredited since 1985 and a
member of AALAS since 1962.

4. Limitation of Pain and Discomfort

The proposed surgeries will cause no more discomfort than is absolutely necessary. Animals will be
anesthetized during all surgeries and will receive analgesics post-surgery as indicated. The mouse femoral
artery injury model is considered a minor procedure, since it does not involve a major body-cavity. This
procedure is well-tolerated by the animals. The mice will be administered buprenex following surgery once
they are sternal and then as needed. The duration of the discomfort will be as short as possible. The animals
will be regularly monitored for signs of discomfort and treated accordingly. Should any of the animals
experience disabling complications from the surgery the animal will undergo immediate euthanasia.

6. Euthanasia

Mice will undergo anesthesia with isoflurane (2-5%) and euthanasia by bilateral thoracotomy. This method has
been approved by the _ Office for the Protection of Research Subjects and the Animal
Care and Use Committee (ACUC) and is consistent with the recommendations of the Panel on Euthanasia of
the American Veterinary Medical Association.




DATA SHARING PLAN

All research data generated from this proposal, should it be funded by the NIH, will be made readily available
for research purposes to qualified individuals within the scientific community upon publication according to the
NIH policy on Sharing Research Resources (SF424, Part lil, 1.5).



