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LAY ABSTRACT

Fitness and physical activity are critical for maintaining and improving
cardiovascular health in children and adults. We don’t know exactly how
they do this but the evidence in adults suggests it may be related to rare
cells in the blood involved in repairing damaged blood vessels. The main
objective of this thesis was to learn more about these cells, called
circulating endothelial cells and endothelial progenitor cells, in children.
We found that only circulating endothelial cells were related to fitness and
physical activity. We also found that endothelial progenitor cells increased
when healthy children performed 60 minutes of cycling. On the other hand,
these cells did not change when children with juvenile idiopathic arthritis
performed the same exercise. More research is needed to determine
exactly why these cells responded to exercise in healthy but not sick
children, and to help us identify the optimal exercise to improve these cells

in youth.



ABSTRACT

Circulating endothelial cells (CECs) and endothelial progenitor cells
(EPCs) are sensitive markers of cardiovascular damage and repair,
respectively. The aim of this thesis was to advance the state of knowledge
regarding CECs and EPCs, and the factors affecting their concentrations,
in children and adolescents.

The first and second studies demonstrated that CECs and EPCs
were similar when participants were split by sex, chronological age (8-10
vs. 14-16 years), and biological age (< -1 vs. = +1 year from peak height
velocity). Moreover, CECs, but not EPCs, were positively associated with
aerobic fitness and negatively related to daily moderate-to-vigorous
physical activity. Neither CECs nor EPCs were related to level of adiposity.
Although there was a large degree of inter-individual variability in both cell
types, most of our data were clustered towards one end of the reported
range. These observations highlighted the need to examine these cells in
children with chronic conditions associated with an increased risk of poor
cardiovascular health. Therefore, CECs and EPCs were examined at rest
and in response to acute exercise in juvenile idiopathic arthritis (JIA) and
healthy controls. Resting levels of CECs and EPCs were similar in both
groups, which may be attributable to the low disease activity in the
participants with JIA. High intensity, intermittent exercise (HIIE) and

moderate intensity, continuous exercise (MICE) had no effect on CECs in



both groups. Conversely, MICE led to a robust increase in EPCs in healthy
controls; no such change was observed in youth with JIA.

This thesis represents the first comprehensive assessment of CECs
and EPCs in the context of fitness, physical activity, and acute exercise in
children and adolescents. Future research should examine the function
and fate of these cells in youth, as well as the potential mechanisms

underlying the blunted EPC response to exercise in JIA.
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FORMAT AND ORGANIZATION OF THIS THESIS

This thesis was prepared in the “sandwich thesis” format outlined in
the McMaster University School of Graduate Studies Guide for the
Preparation of Master’s and Doctoral Theses, published in November
2014. The first chapter is an introduction, which sets the context for the
complete body of research. Chapter 2 is a brief description of important
study design and methodological details that were omitted due to journal-
specific restrictions in subsequent chapters. Chapters 3, 4, and 5 consist
of three original research papers, which are either published or under
peer-review. These chapters are formatted in accordance with the
requirements of the journal in which they are published or submitted for
publication. A concluding chapter (Chapter 6) summarizes and discusses
the main findings of this thesis and includes future research directions.

Finally, appendices are also included to supplement Chapters 1, 2, and 6.
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CHAPTER 1: INTRODUCTION

Cardiovascular disease is the leading cause of mortality worldwide
(Pagidipati and Gaziano 2013, Shanthi et al. 2014) and it begins in
childhood (Raitakari et al. 2003, Charakida et al. 2007). Given that the
incidence of cardiovascular disease is on the rise (Heidenreich et al. 2011),
monitoring and detection of early changes in cardiovascular health are
critical so as to minimize and potentially prevent the development of overt
cardiovascular disease. This has led to the identification and tracking of a
number of traditional risk factors and emerging biomarkers of
cardiovascular health in pediatric and adult populations (Balagopal et al.
2011, Manuel et al. 2014). Among these are circulating endothelial cells
(CEC) and endothelial progenitor cells (EPCs), which are sensitive
markers of damage and repair, respectively, to the vascular endothelium
(Asahara et al. 1997, Hill et al. 2003, Werner et al. 2005, Erdbruegger et al.
2006, Boos et al. 2007). Recent data suggests that these cells are
responsive to physical exercise, and may represent one mechanism
translating physical activity and exercise into improved cardiovascular
outcomes, at least in adults (Silva et al. 2012, Volaklis et al. 2013).
Unfortunately, we know very little about these cells in the pediatric years.

A better understanding of both CECs and EPCs holds a number of
important implications for children today, who are reportedly less fit

(Tremblay et al. 2010), and more overweight/obese (Shields 2006,



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

Janssen et al. 2012, Roberts et al. 2012) compared with previous
generations of children and adolescents. These trends, together with the
fact that approximately 90% of Canadian children are not meeting the daily
physical activity recommendations, suggest that these youth may be at an
increased risk of developing early cardiovascular pathologies (Rizzo et al.
2007, Tanha et al. 2011). Understanding CECs and EPCs in pediatric
clinical populations is equally, if not more, important given that children
with chronic medical conditions are now living much longer than before but
with an increased burden of secondary, disease-related health
complications, including cardiovascular disease (Kavey et al. 2006).
Indeed, identification and characterization of CECs and EPCs as early
markers of cardiovascular health in youth may help to optimize physical
activity and exercise prescriptions so as to maximize benefits to
cardiovascular health. This thesis represents the first efforts towards a
comprehensive assessment of the naturally occurring levels of EPCs and
CECs, as well as the factors affecting their concentrations, in healthy
children and adolescents, as well as those with juvenile idiopathic arthritis
(JIA), who may be at an increased risk of cardiovascular disease

(Argyropoulou et al. 2003, Vlahos et al. 2011).
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1.1 Overview of the Vascular Endothelium

1.1.1 Structure and Function

The endothelium is a monolayer of simple squamous cells that lines
the inner surface of the entire vascular system. Together with the
basement membrane and internal elastic lamina, it makes up the tunica
interna or the intima layer of the artery (Tortora and Grabowski 2002).
Generally, the endothelium is the only tissue in direct contact with
circulating blood, and as such, is the first to be influenced by physical,
hormonal, or chemical changes in the blood (Deanfield et al. 2007).
Endothelial cells respond to these changes by producing or regulating the
release of a number of biologically active molecules (e.g., nitric oxide [NO],
prostacyclin, endothelin-1), which in turn modify blood vessel wall tone,
inflammation, as well as coagulant and thrombotic properties (Jaffe 1987,
Deanfield et al. 2007). Thus, the endothelium plays a critical role in the

maintenance of vascular homeostasis.

1.1.2 The Role of the Endothelium in the Pathogenesis of
Atherosclerosis
The pathogenesis of atherosclerosis is a complex process involving
the interaction of a number of growth factors, cytokines, and
vasoregulatory molecules, and it begins in the endothelium. More

specifically, physical or chemical stress to the endothelium will trigger
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endothelial activation, a state characterized by increased uptake of
monocytes, T lymphocytes, and lipids (low density lipoprotein, LDL) into
the arterial wall (Ross 1995, Blann 2000). Monocytes will then differentiate
into macrophages, which engulf oxidized LDL to become foam cells.
Together with T lymphocytes, they form the first visible sign of
atherosclerosis: the fatty streak. Over time, T lymphocytes initiate a
cascade of inflammatory and growth mediators that stimulate the migration
and proliferation of vascular smooth muscle cells from the media to the
intima. Vascular smooth muscle cells interact with foam cells to form the
intermediate or fibrofatty lesion that may then progress to an advanced
lesion or fibrous plaque. This cascade of events is commonly referred to
as the “response-to-injury” hypothesis of atherosclerosis (Ross 1993,
1995). In its initial stages, this response is both protective and reversible
(Deanfield et al. 2007); however, repeated and/or prolonged exposure to
various pathologic stimuli or cardiovascular risk factors will exhaust this
protective mechanism, resulting in accumulation of atherosclerotic lesions,
endothelial cell injury and detachment into the peripheral circulation, and
overt cardiovascular disease (Ross 1995, Blann 2000, Endemann and
Schiffrin 2004, Deanfield et al. 2007).

Although cardiovascular disease typically presents clinically in
adulthood, damage to the endothelium begins as early as the first decade

of life (Stary 1989). Indeed, post-mortem assessments of the left coronary
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artery of 565 humans who died between full-term birth and 29 years of age
demonstrated evidence of thickening of the intima and formation of foam
cells in 45% of infants (< 1 year of age) (Stary 1989). The presence of
fatty streaks was observed in 21% of the children examined between the
ages of 5 and 9 years, and up to 53% of youth around the age of puberty
(10 to 14 years of age) (Stary 1989). Moreover, a second post-mortem
study in adolescents and young adults demonstrated that a risk factor
score based only on modifiable factors (serum lipids, smoking,
hypertension, obesity, and hyperglycemia) was associated with the
prevalence and severity of lesions in the left and right coronary arteries
and abdominal aorta (McMahan et al. 2006). Thus, minimizing exposure to
risk factors in the pediatric years may slow the progression of vascular
lesions (McMahan et al. 2006). Taken together, these findings suggest
that monitoring endothelial health throughout childhood may provide us
with critical information on the early stages of vascular damage, thereby
allowing for early intervention to slow or prevent the progression of

atherosclerotic lesions, and ultimately, cardiovascular disease.

1.1.3 Markers of Endothelial Health

The realization that the endothelium plays a critical role in the
initiation of cardiovascular disease has led to the development of a
number of techniques to evaluate endothelial health. Monitoring the

progression of endothelial damage is of particular interest in the pediatric
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population given that the traditional clinical endpoints (e.g. cardiovascular
morbidity and mortality) are extremely rare in childhood. The gold standard
for assessment of endothelial health is coronary artery intravascular
ultrasound, which allows for direct assessment of the arterial wall (Nissen
et al. 1991). However, this technique involves cardiac catheterization, and
is therefore too invasive for use in the pediatric population. More readily
used minimally- or non-invasive techniques include ultrasound-based
measures of endothelial function and structure, as well as blood-based
markers of endothelial activation, damage, and repair.

Endothelial function can be assessed by various methods; with
flow-mediated dilation (FMD) of the brachial artery being the most
common and reproducible technique used in children (Donald et al. 2006,
Charakida et al. 2007). FMD was first described by Celeremajer et al., and
is based on the principle that increased blood flow through the artery (i.e.
hyperemia) will increase shear stress on the endothelium, leading to a
local release of endothelial derived relaxing factors (e.g. NO) and
subsequent dilation of the artery (Celermajer et al. 1992). In this
assessment, the blood vessel is occluded by an inflated
sphygmomanometer cuff and hyperemia is induced by its deflation. The
change in the diameter of the artery in response to cuff deflation is
measured by ultrasound. Little to no change in the diameter of the artery

is indicative of an impairment in endothelial function, or endothelial
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dysfunction (Endemann and Schiffrin 2004). Interestingly, endothelial
dysfunction is thought to precede the development of early morphological
signs of cardiovascular disease including the formation of fatty streaks
(Celermajer et al. 1992, Ross 1993, 1995, Charakida et al. 2005). Indeed,
impaired FMD is associated with the presence of cardiovascular risk
factors in adults without clinical symptoms of cardiovascular disease
(Campuzano et al. 2006). It has also been reported in asymptomatic
children presenting with risk factors for cardiovascular disease, including
JIA (Vlahos et al. 2011), familial hypercholesterolemia (Celermajer et al.
1992), and type 1 diabetes (Pefa et al. 2012).

The assessment of circulating factors produced or regulated by the
endothelium, including inflammatory cytokines, adhesion molecules, and
modulators of vasoconstriction and thrombosis, can also shed some light
on the state of the endothelium. Among the factors measured to date are
markers of endothelial activation, including E-selectin, P-selectin, vascular
adhesion molecule 1, and intracellular adhesion molecule 1 (Hwang et al.
1997, Wojakowski and Gminski 2001, Glowinska et al. 2005, Meyer et al.
2006); and modulators of hemostasis such as plasminogen activator
(Thogersen et al. 1998), plasminogen activation inhibitor-1 (Wiman et al.
2000), and von Willebrand factor (vWF) (Meyer et al. 2006, Tkaczyk et al.
2008). It is important to note that although studies in adults support the link

between these markers, cardiovascular risk factors, and the development
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of clinical cardiovascular disease, their prognostic value in the pediatric
population is still largely unknown (Deanfield et al. 2007).

More recently, circulating biomarkers of endothelial damage and
repair have emerged as sensitive predictors of endothelial health and
overall cardiovascular risk. CECs are mature endothelial cells shed from
the intima into the circulation following irreversible damage to the
endothelium (Erdbruegger et al. 2010). Conversely, EPCs are a rare
population of immature cells that respond to this damage and are involved
in the maintenance and repair of the endothelium (Asahara et al. 1997, Hill
et al. 2003). A growing body of evidence suggests that assessment of both
of these cells may provide unique insight into the balance between injury
and repair in the endothelium (Blann and Pretorius 2006, Fabbri-Arrigoni
et al. 2012). Much like the aforementioned circulating factors, our
knowledge of CECs and EPCs in the pediatric population remains limited.
The primary focus of this thesis is on CECs and EPCs in children and

adolescents.

1.2 Circulating Endothelial Cells

1.2.1 Overview
In order to maintain vascular health the endothelium is renewed at
a rate of <1% per day (Erdbruegger et al. 2006). Damaged endothelial

cells shed from the vasculature as part of this turnover process are known
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as CECs, and their concentrations in the peripheral blood are thought to
reflect the degree of injury to the vessel wall (Blann et al. 2005). Indeed,
individuals with chronic conditions associated with cardiovascular
pathology commonly present with elevated CECs, with the highest levels
observed in those with the most severe or active disease (Del Papa et al.
2004, Foster et al. 2009). Unlike much of the available markers that only
predict risk of cardiovascular disease, measurement of CECs may provide
valuable insight into the mechanisms underlying cardiovascular pathology,
and may allow for sensitive monitoring endothelial health, as well as
earlier detection and intervention to manage vascular damage (Blann et al.
2005). Despite the fact that CECs have been measured and studied for
over five decades, our understanding of these cells, particularly in
pediatric and healthy populations, remains limited. This is partly related to
unresolved issues surrounding CEC measurement techniques and
protocols, as well as the overwhelming focus on the clinical utility of these
cells as biomarkers of cardiovascular damage in adults with severe
chronic disease. These limitations will be discussed in the following
sections, along with an overview of our understanding of CECs across the
lifespan, emphasizing the small body of literature available on CECs in

youth.
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1.2.2 Discovery and Identification of Circulating Endothelial Cells

In 1934, CECs were mistakenly identified as cancer cells using light
microscopy of May Grinwald Giemsa stained peripheral blood smears
(Pool and Dunlop 1934, Long et al. 1960). However, it wasn’t until 1964
that Herbeuval and Fourot suggested that these ‘cancer cells’ may in fact
be of an endothelial lineage and are likely derived from the vasculature
(Herbeuval and Fourot 1964). The authors attributed this misclassification
to similarities in the morphology of circulating cancer and endothelial cells.
Specifically, both populations commonly presented as clusters of large
cells with a polyhedron or fusiform shape, most often with a single, faint
red nucleus and pale blue cytoplasm with Giemsa staining (Herbeuval and
Fourot 1964). A subsequent study highlighted the heterogeneity CECs in
blood smears, with reports of bi-nuclear or polynuclear (up to 10 nuclei)
CECs presenting as single cells, clusters of cells or even small fragments
of the endothelium (Herbeuval et al. 1965). Gaynor et al. then used both
light and electron microscopy to confirm that peripheral blood samples of
CECs were indeed similar in appearance and structure to endothelial cells
harvested from the aortic intima of rabbits (Gaynor, E. et al. 1968).
Moreover, experimental rabbit and rat models demonstrated that, as
hypothesized, CECs were released into the peripheral circulation from the
endothelium in response to endotoxin-induced vascular lesions (Gaynor, E.

et al. 1968, Hladovec 1973, Hladovec, J. 1978). These findings laid the
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foundation for further research examining CECs in health and disease,
with consistent reports of abundant CECs in various conditions including
myocardial infarction, hypertension, cancer, and rickettsial infection
(Bouvier, C.A. et al. 1970, Hladovec, J. 1978, Hladovec 1978). While
these early studies provided novel insight into CECs as potential markers
of endothelial health, the use of Giemsa staining and light or electron
microscopy was neither sufficiently specific nor sensitive for enumeration
of this rare cell population.

Scientific and technological advances have allowed for the
development of more sophisticated techniques for CEC identification, each
with distinct advantages and disadvantages. Immunomagnetic bead
capture is arguably the most readily used method for CEC isolation, owing
in part to the proposal and consensus on a standardized protocol for
sample preparation (Woywodt et al. 2006). In brief, paramagnetic particles
coated with anti-CD146 antibodies (S-Endo 1 or P1H12) are incubated
with whole blood and upon application of a magnet, cells tagged with the
anti-CD146 antibodies (mostly CECs) are retained and the remaining cells
are discarded. These cells are then stained and counted using
fluorescence microscopy (Erdbruegger et al. 2006). Modifications to this
protocol include the addition of a stain with Ulex Europaeus Lectin-1
(UEA-1), a marker to confirm the endothelial cell phenotype (Holthofer et

al. 1982, Woywodt et al. 2004, 2006). Although the immunomagnetic bead
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protocol is relatively well-established and widely accepted, it is also
cumbersome, requires a large time commitment as well as significant
expertise in identification of CECs by morphology, which introduces an
element of subjectivity. Moreover, there is some evidence to suggest that
the CD146 surface marker used in the magnetic isolation of CECs may not
be unique to mature endothelial cells. This may lead to inadvertent
enumeration of non-CEC cells including EPCs, activated T lymphocytes,
trophoblasts, mesenchymal stem cells, and malignant cells (Woywodt et al.
2006, Erdbruegger et al. 2006). While secondary stains can be
incorporated, this only adds to the significant time required for sample
preparation. Taken together, these limitations highlight the importance of
timely, multi-parametric analyses of CECs, a unique advantage offered by

flow cytometry.

1.2.3 Characterizing CECs by Flow Cytometry

Flow cytometry is becoming increasingly popular for CEC
identification (Khan et al. 2005, Erdbruegger et al. 2006). This method
allows for relatively rapid detection of distinct cell populations with
overlapping antigen expression. For example, both CECs and EPCs are
CD34"; however, cells can be stained simultaneously with the monoclonal
antibody against CD45 and distinguished on the basis that CECs are
CD45’, while EPCs are CD45" (Duda et al. 2007). In addition to identifying

cells that are positive and negative for specific antigen expression, it is
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also possible to distinguish between those expressing low (dim) and high
(bright) levels of antigens (Shapiro 2005, Khan et al. 2005). This highlights
the sensitivity of flow cytometry in rare cell analysis.

To date, a number of combinations of cell surface markers (i.e., cell
definitions) have been proposed for CEC identification (Table 1.1).
Unfortunately, there is still no consensus as to the optimal markers and
cell definitions of CECs; therefore, this multi-parametric approach has
introduced significant variability in cell staining protocols between studies
(Blann et al. 2005, Khan et al. 2005, Erdbruegger et al. 2006). Compared
with the immunomagnetic bead technique, enumeration of resting CECs
by flow cytometry generally yields higher cell counts (Goon et al. 2006).
Goon et al. reported reasonable agreement between the two techniques in
patients with cardiovascular disease and cancer, but poor agreement in
the healthy control group, as well as at higher and lower absolute CEC
counts (Goon et al. 2006). The authors reasoned that the small protocol
differences might have more of an impact on CECs at the extremes. This
finding is further supported by the fact that the normal range of flow
cytometry-measured CECs in healthy individuals can vary by thousands of
degrees of magnitude (0 to 7,900 cells/mL) from one research group to the
next (Blann et al. 2005).

The large variability in CEC counts can be explained by a number

of factors related to either technical limitations or the inherent
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characteristics of the population. More specifically, we have yet to identify
a surface marker that is unique to CECs. Even the most commonly used
CEC marker, CD146, is also expressed on subsets of T lymphocytes,
trophoblasts, mesenchymal stem cells, and malignant tissue (Blann et al.
2005, Duda et al. 2006). In addition, CECs may be resting or activated
(Mancuso et al. 2001, Khan et al. 2005), viable (Lin et al. 2000, Mutunga
et al. 2001), apoptotic or necrotic (Woywodt et al. 2003); however, the
impact of these different cellular states on CEC function is not yet
established and therefore not often considered (Khan et al. 2005). Finally,
CECs may present as single or aggregate cells, as sheets of cells, and
even small fragments of cells, which are commonly referred to as
endothelial microparticles (Herbeuval et al. 1965, Mutin et al. 1999,
Dignat-George and Sampol 2000). This is particularly relevant in flow
cytometry since the first gating step is often identifying the cells based on
their size (forward scatter) and granularity (side scatter). There is some
evidence to suggest CEC presentation (i.e., state and size) may be
affected by type and severity of the pathology (Mutin et al. 1999, Dignat-
George and Sampol 2000), as well as the originating vascular bed of the

cells (Solovey et al. 1997, Mutin et al. 1999, Lin et al. 2000).
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Table 1.1 Select sources of heterogeneity in CEC and EPC measurement
by flow cytometry.

CEC EPC

Cell Sources® = Whole blood = Whole blood

= PBMCs = PBMCs

= Cord blood = Monocytes

= Endothelium (for microscopy) = Cord blood

= Bone Marrow

Cell Definitions? = CD31°CD45 = CD34" = CD34°CD133"

= CD34'CD31°CD133 = CD34°CD31" CD309"

= CD34°CD146" = CD34°CD31 = CD34CD133"

= CD34'CD11¢'CD105'CD146" CD133'CD309" CD309"

= CD34'CD45CD133" = CD34'CD31CD146" = CD34°CD144" CD3"

= CD34" CD45CD146" CD309" = CD34°CD309"

= CD34°CD45CD133'CD146" = CD34°CD45" = CD34°CD309" CD3"

* CD34'CD3CD31°CD133 CD146" = CD34'CD45"" = CD34'VEGFR-1"

* CD45CD133" . = CD34°CD45 = CD45CD133" .

= CD45CD31'CD133" = CD34'CD45°CD133" = CD45CD31°CD133"

» CD45CD133'CD146" = CD34°CD45CD133" = CD45CD133"

= CD146'Syto16" = CD34°CD45" * CD45° .

= CD146" CD133'CD309" CD133'CD146"

= CD146°CD31" = CD34°CD45" CD146" » CD133"

= CD146°CD3'CD45 = CD34°CD62L" = CD133'CD45

* CD146'CD31°CD36'CD45 = CD34'CD133" = CD133" CD309"
Units of = # of cells = Cells per pyL, mL or L blood
Expression” = Cells per uL, mL or L blood = Cells per pL, mL or L lymphocytes

% of PBMCs
% of live events

Cells per pyL, mL or L PBMCs
Cells per 10° events

% of PBMCs

% of lymphocytes

% of live events
Immunohistochemistry
Immunomagnetic beads

Cell culture — colony forming units

Other Methods Light or fluorescence
of Enumeration microscopy
= Immunohistochemistry
= Immunomagnetic beads

& Cells enumerated from the listed source, but the protocols employed for isolation and staining varied
between studies; ® Identified from studies discussed in this thesis (not inclusive); * Included a DNA or
Syto16" gate.

1.1.1 Mechanisms of Endothelial Cell Detachment and CEC Fate

In healthy individuals, over 99% of endothelial cells are quiescent
and tethered by integrin bonds to adhesion molecules expressed on the
basement membrane including vitronectin, fibronectin, and VE-cadherin
(Davis and Senger 2005, Yurchenco 2011). The mechanisms involved in

breaching these bonds are not entirely clear but have been linked to
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defective adhesive properties, cleavage by cytokine or proteinase activity,
and mechanical injury (Woywodt et al. 2002).

In addition to their role in anchoring endothelial cells, integrins and
adhesion molecules are responsible for mediating cell survival (Stromblad,
1999). In an in vitro model, Oguey et al. used recombinant adenoviruses
to modify the alpha-V/beta-3 integrins expressed by human umbilical vein
endothelial cells (HUVEC) to a defective beta phenotype, and
demonstrated that 50-70% and 90% of the cells detached from the
substrate by 24 and 48 hours, respectively (Oguey et al. 2000). They also
reported that the defective integrins triggered apoptosis, with 10% of
detached cells demonstrating annexin-V binding, a common indicator of
apoptosis, by the 48-h time point (Oguey et al. 2000). These findings were
similar to an earlier study that reported <5% survival of HUVEC cultured
on plates with non-adhesive substrates, with >80% of cells showing
morphologic signs of apoptosis, compared with >98% viability in control
plates (Re et al. 1994). Interestingly, when non-adherent HUVEC were
coated with vitronectin and fibronectin, they retained >90% viability (Re et
al. 1994). More recently, beta integrin expression in an in vivo rat carotid
artery model led to increased endothelial cell detachment, which was
followed by cell death (Hasmim et al. 2005). Thus, not only does impaired
function of adhesion molecules lead to increased endothelial cell

detachment, but it also activates an apoptotic program in CECs.
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Acute and chronic inflammation are tightly linked with peripheral
blood concentrations of CECs (Woywodt et al. 2003, Blann et al. 2005).
This may be explained by the fact that neutrophils, which are among the
first cells to migrate to sites of inflammation, release a host of proteinases
(i.e., matrix metalloproteinase-2, matrix metalloproteinase-9, cathepsin G,
and proteinase 3) that act to disrupt integrin bonds (Wright et al. 2010,
Korkmaz et al. 2010). Neutrophils also induce a pro-inflammatory
response, producing and recruiting cytokines that also play a role in
endothelial cell detachment (Ruegg et al. 1998, Woywodt et al. 2002,
Wright et al. 2010). Ruegg et al. demonstrated that tumor necrosis factor
(TNF) and interferon gamma (IFN-y) impaired activation of the alpha-
V/beta-3 integrin, thereby decreasing endothelial cell survival signals and
triggering apoptosis in HUVEC. Administration of a combination of
melphalan (chemotherapy), TNF, and IFN-y in patients with melanoma
resulted in increased detachment and apoptosis of endothelial cells in
biopsies of the tumour tissue, which was not observed in those treated
with only melphalan (Ruegg et al. 1998).

Studies examining optimal CEC sampling protocols provide the
strongest evidence for CEC detachment by mechanical injury to the
vasculature (Woywodt et al. 2006). More specifically, Boos et al. reported
32% higher CECs in the first 4-mL sample collected by venipuncture

compared with the next 4-mL collected from the same needle (Boos et al.
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2006a). Whether CECs dislodged from the endothelium by mechanical
injury (i.e., traumatic venipuncture) share similar characteristics as those
detached secondary to pathologic insult is unknown.

The function and fate of CECs in the peripheral circulation is poorly
understood. There is some evidence to suggest that CECs are pro-
inflammatory; characterized by expression of chemokines including
macrophage inflammatory protein 1-alpha and interleukin-8 (IL-8), and
increased neutrophil migration (Holmén et al. 2005). They were also found
to inhibit EPC proliferation, migration, and endothelial nitric oxide synthase
(eNOS) expression, which are critical steps in the initiation of EPC-
mediated vascular repair (Section 1.3.5) (Holmén et al. 2005). Importantly,
endothelial cell detachment results in exposure of the basement
membrane, thereby triggering a pro-inflammatory response that can
initiate the “response-to-injury” cascade described previously (Section
1.1.2), as well as EPC mobilization, described below (Section 1.3.4)
(Erdbruegger et al. 2006). The fact that endothelial cell detachment
appears to be an initiating step in both the development of atherosclerosis
and EPC-mediated vascular repair suggests that CEC concentration may
be a better indicator of endothelial health than other commonly reported

markers of endothelial activation.
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1.2.4 CECs Across the Lifespan

Very few studies have attempted to characterize the natural history
of CECs in healthy populations, likely because they are exceedingly rare
in individuals without chronic medical conditions (Erdbruegger et al. 2006).
In healthy young (mean + SD, 33 + 8 years) and older (66 + 8 years)
adults, Shaffer et al. reported no between group differences in CECs,
quantified as CD146", CD146'CD34", CD146°CD31",
CD146°CD34"CD31", or CD34"CD31"'CD133" (Shaffer et al. 2006a). Both
Strijbos et al. and Wang et al. also reported no association between CEC
levels and age in young to older adults (Wang et al. 2005, Strijbos et al.
2008). Only one study to date has extended the lower age range to the
pediatric years, and observed lower CECs quantified by immunomagnetic
bead isolation in children (10-18 years; median [IQR]: 16 [14-32])
compared with adults (19-67 years; 44 [17-80]). The authors also reported
a significant positive relationship between CECs and age (r = 0.44,
p<0.005), which was maintained after adjustment for cardiovascular risk
factors including gender, waist circumference, blood pressure, fasting
glucose, and blood lipids (Fabbri-Arrigoni et al. 2012). Whether CECs
change across the pediatric years has not yet been investigated; however,
monitoring early changes may allow for more effective interventions at the

first signs of severe damage to the endothelium.
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1.2.5 The Relationship between CECs and Other Risk Factors and
Biomarkers of Cardiovascular Disease

The associations between CECs and other well-established
markers of vascular health have been examined extensively in the adult
literature. Given that CEC levels are thought to reflect an injured
endothelium, it is not all together surprising that most studies have
reported a moderate-to-strong negative association between CECs and
endothelial function, measured by FMD (Rajagopalan et al. 2004, Chong
et al. 2004, Lee et al. 2006). This relationship is further supported by the
relatively consistent finding that individuals with elevated levels of CECs
also present with high serum- and plasma-based concentrations of non-
traditional biomarkers of vascular health which include, but are not limited
to, VWF (Makin et al. 2004, Chong et al. 2004, Lee et al. 2006, Boos et al.
2008a), thrombomodulin (Strijbos et al. 2008), sE-selectin (Del Papa et al.
2004, Boos et al. 2008a), IL-6 (Lee et al. 2005, 2006), TNF-a , and C-
reactive protein (CRP) (Wang et al. 2005). Moreover, acute changes in
vVWF and sE-selectin were moderately-strongly correlated with changes in
CECs (rvwr= 0.45 and 0.76; rsg-selectin = 0.41; p<0.05) in patients with chest
pain or diagnosed acute coronary syndromes (Lee et al. 2005, Boos et al.
2008b). It must be noted that the majority of the available research has
examined these associations in adult clinical populations alone (primarily

cardiovascular diseases), or a combination of clinical populations and
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healthy controls. Therefore, the extent to which these relationships exist in
healthy adults or children presenting with smaller ranges of both CECs
and other markers of vascular health is unclear.

Since most studies examine CECs in individuals with diagnosed
cardiovascular diseases, a limited number of studies have assessed the
relationships between CECs and traditional risk factors of cardiovascular
disease, and have reported mixed results in both adult and pediatric
samples (Wang et al. 2005, Kelly et al. 2010, Dias et al. 2013, Eltayeb et
al. 2014). Dias et al. examined activated CECs in a sample of obese
adolescents and healthy weight controls (13 to 17 years of age), and failed
to demonstrate any associations with body mass index (BMI) z-score,
waist circumference, or percentage body fat, even when examined by sex
(Dias et al. 2013). Conversely, Kelly et al. reported that elevated CECs
were linked with BMI (r = 0.21, p = 0.30), waist circumference (r = 0.24, p
= 0.014), systolic and diastolic blood pressure (r = 0.28, 0.25, p<0.01), and
triglycerides (r = 0.20, p = 0.043); but not with total, LDL or high density
lipoprotein (HDL) cholesterol, glucose, or insulin levels (r =-0.14 to 0.17, p
> 0.1) in a larger sample of obese and control youths (Kelly et al. 2010).
More recently, a positive association was reported between CECs and
glycated hemoglobin (HbA1c), a marker of glucose control, in children with
type 1 diabetes and healthy controls (r = 0.516, p = 0.004) (Eltayeb et al.

2014). Although these data highlight the early origins of vascular damage,
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it is not clear whether these relationships also extend to the healthy,

typically developing pediatric population.

1.2.6 CECs in Disease

Both flow cytometry and immunomagnetic beads isolation
techniques consistently identify elevated concentrations of CECs in clinical
conditions associated with poor cardiovascular outcomes. Compared with
healthy controls, CECs are 1.2 to 73.3 times higher in adults with
diagnosed cardiovascular (Mutin et al. 1999, Makin et al. 2004, Chong et
al. 2004, Boos et al. 2006b, 2007), metabolic (El Amine et al. 2010,
Asicioglu et al. 2010), autoimmune (Woywodt et al. 2003, Rajagopalan et
al. 2004, Holmén et al. 2005, Foster et al. 2009, 2012), infectious (George
et al. 1993), and hematologic conditions (Lefevre et al. 1993, Solovey et al.
1997). Moreover, CEC levels can predict the occurrence of major coronary
events in patients with acute coronary syndrome (Lee et al. 2005) and
those on hemodialysis (Koc et al. 2005). The range of values observed in
studies that measure CECs by flow cytometry is large, with some studies
reporting as few as 10 cells/mL up to 39,000 cells/mL (Erdbruegger et al.
2006). Aside from differences in protocols, disease activity (i.e., flare up vs.
remission, Woywodt et al. 2003, Foster et al. 2009) and disease severity
(Del Papa et al. 2004, El Amine et al. 2010) are positively associated with
CEC levels. Conversely, the use of therapeutic agents to manage disease

activity led to steady declines in CECs. This effect was observed after 3

22



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

months of statin therapy in individuals with systemic sclerosis (Del Papa et
al. 2008), following 6 months of immunosuppressive therapy in individuals
with anti-neutrophil cytoplasmic antibodies-associated small-vessel
vasculitis (Woywodt et al. 2003), as well as 6 months of TNF-alpha
inhibitors in patients with psoriasis (De Simone et al. 2014). There is also
some evidence to suggest that individuals with well-managed, low disease
activity can demonstrate a return to similar resting CEC concentrations as
healthy controls (De Simone et al. 2014).

Only a handful of studies have examined CECs in youth and have
primarily focused on those with severe chronic medical conditions. More
specifically, elevated CECs were reported in children (age range: <1 to 19
years) with familial hypercholesterolemia, type 1 diabetes, and vasculitis
(Brogan et al. 2004, Clarke et al. 2010, Fabbri-Arrigoni et al. 2012, Eltayeb
et al. 2014). These findings might be expected given that the
aforementioned conditions are often characterized by chronically high
levels of systemic inflammation, which may lead to increased injury to the
endothelium, and subsequent detachment of endothelial cells (Section
1.2.5). Much like their adult counterparts, Clarke et al. found higher CEC
levels in children with active systemic vasculitis compared with those in
remission, who presented with similar CEC levels as healthy controls
(Clarke et al. 2010). When 14 patients were followed longitudinally from

the time of diagnosis (pre-treatment), they demonstrated a remarkable
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decline in CECs with treatment at 3- and 12-months of follow-up.
Interestingly, a 3-fold increase in CECs was observed in 1 patient with a
disease flare at 13 months (Clarke et al. 2010). The fact that indicators of
a serious degree of endothelial damage are elevated in children as young
as 1 year of age highlights the importance of further exploring CECs, as
well as the factors that can influence their concentrations, in the pediatric

years.

1.3 Circulating Endothelial Progenitor Cells

1.3.1 Overview

Circulating EPCs are a family of rare, bone marrow-derived cells
that are thought to play an important role in the maintenance endothelial
integrity. Since their discovery, EPCs have been examined extensively in
both animal and human models to determine their potential as markers of
cardiovascular health, and importantly, explore their effectiveness as a
therapeutic agent in those with cardiovascular pathologies. However, a
number of limitations associated with the measurement of these cells,
particularly as they relate to identification and isolation protocols, have
precluded their integration into the clinical setting. Despite these limitations,
a growing body of evidence suggests that EPCs are strong predictors of
cardiovascular outcomes, even in healthy individuals, and are tightly

associated with other markers of cardiovascular health (Hill et al. 2003,
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Werner et al. 2005). Moreover, EPCs are reduced in disease states,
particularly in conditions associated with cardiovascular impairments
(Vasa et al. 2001b, Herbrig et al. 2006, Gtowinska-Olszewska et al. 2013).
The majority of the research to date has focused on EPCs in adult
populations; therefore, we know considerably less about these cells
throughout the pediatric years. The following sections will highlight the
evolving state of knowledge regarding EPCs and their links with
cardiovascular health. Although most of the evidence presented will be
from human and animal adult-based studies, findings from the pediatric

population will be highlighted where available.

1.3.2 Discovery and Identification of Endothelial Progenitor Cells

In 1997, Asahara and colleagues isolated EPCs from human adult
peripheral blood and demonstrated that these rare, primitive cells were
capable of differentiating into mature endothelial cells both in vivo, and in
vitro. Importantly, in vitro differentiated endothelial cells were found to
incorporate into the vasculature in an animal model of hind limb ischemia,
providing the first line of evidence that vasculogenesis was not solely
limited to embryonic development (Asahara et al. 1997). Indeed, before
this discovery, both post-natal repair of damaged endothelium (i.e.,
reendothelialization) and de novo blood vessel formation were thought to

occur exclusively via the activation of fully differentiated endothelial cells
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derived from preexisting blood vessels (i.e., angiogenesis) (Folkman and
Shing 1992, Flamme et al. 1997).

In general, EPCs are isolated by cell culture and colony assays, or
based on the expression of a combination of fluorescently labeled cell
surface markers using flow cytometry (Fadini et al. 2012). There is
evidence to suggest very little agreement between these techniques
(George et al. 2006). This may be attributed to the heterogeneity of the
EPC population as well as the difficulty in distinguishing cells of
endothelial and hematopoietic lineage, which are thought to be derived
from the same precursor cell: the hemangioblast (Pelosi et al. 2002,
Timmermans et al. 2009). Culture-based studies have identified three EPC
subtypes with unique appearance and functions (Hill et al. 2003, Hur et al.
2004, Hirschi et al. 2008, Medina et al. 2010, Van Craenenbroeck et al.
2013). Early EPCs, also referred to as circulating angiogenic cells, are
isolated following 4 to 7 days of culture of peripheral blood mononuclear
cells (PBMCs), demonstrate low proliferative capacity, and do not
differentiate into mature endothelial cells. Early EPCs support vascular
health by secreting and stimulating the release of a host of pro-angiogenic
cytokines (e.g., IL-8, granulocyte macrophage colony-stimulating factor
[GM-CSF]) and growth factors (e.g., vascular endothelial growth factor
[VEGF], hepatocyte growth factor [HGF]) (Sieveking et al. 2008, Medina et

al. 2010). Colony forming unit endothelial cells (CFU-Hill) represent the
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fraction of non-adherent PBMCs that form colonies of hematopoietic cells
and myeloid progenitors following 7 days of culture (Hill et al. 2003).
Unlike early EPCs, CFU-Hill are thought to demonstrate a largely
hematopoietic phenotype with signs of commitment to a monocyte or T
lymphocyte lineage (Yoder et al. 2007, Hirschi et al. 2008). Finally, late
EPCs or endothelial colony forming cells emerge after 2 to 4 weeks of
PBMC culture, present with a high proliferative potential, and are capable
of forming blood vessels in vivo (Lin et al. 2000, Yoder et al. 2007, Hirschi
et al. 2008). The link between the three EPC subtypes is not fully known;
however, it has been suggested that a small fraction of early EPCs can
give rise to late EPCs (Fadini et al. 2012). More importantly, studies
examining these subtypes in vitro suffer from the challenge of replicating
their findings in vivo. Thus, it is unclear whether these cells exists in the
circulation or if they are solely a product of specific cell culture conditions
(Urbich and Dimmeler 2004, Fadini et al. 2012). Flow cytometry can
circumvent this inherent limitation of cell culture by allowing for the direct
assessment of EPCs from peripheral blood, umbilical cord blood, and

bone marrow.

1.3.3 Characterizing EPCs by Flow Cytometry
Flow cytometry allows for relatively rapid and reproducible multi-
parametric measurement of EPCs. Although it is considered the most

appropriate technique to quantify EPCs in the clinical setting (Fadini et al.
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2012), there is still no consensus as to the optimal protocol or combination
of cell surface markers for EPC identification (Asahara et al. 1997,
Peichev et al. 2000, Gehling et al. 2000, Crosby et al. 2000, Duda et al.
2007, Van Craenenbroeck et al. 2008a, 2013, Timmermans et al. 2009,
Schmidt-Lucke et al. 2010, Fadini et al. 2012). Indeed, the wide array of
available protocols and cell definitions (Table 1.1) has led to large
discrepancies between studies with respect to normal concentrations of
EPCs in the circulation, as well as the strength of their association with
various markers of cardiovascular health.

At a minimum, the phenotypic definition of EPCs should include one
marker of immaturity and one marker of endothelial lineage (Fadini et al.
2012). However, the selection of these markers is complicated by the
heterogeneous nature of the EPC population. Indeed, there is some
evidence to suggest that expression of phenotypic markers varies
according to the developmental stage of the cells (Werner and Nickenig
2006, Timmermans et al. 2009, Tongers et al. 2010). The identification of
EPCs is further complicated by the fact that there are no known antigens
that are unique to this cell population, regardless of developmental stage.
For example, Asahara et al. defined EPCs as CD34"CD309" cells
(Asahara et al. 1997); however, CD34 is also expressed on a number of
other cell types including hematopoietic stem/progenitor cells (Sutherland

and Keating 1992, Sutherland et al. 1996, Sidney et al. 2014), while
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CD309 (also known as VEGFR-2, kinase insert domain receptor [KDR] or
fetal liver kinase-1 [FIk-1]) is present on both hematopoietic
stem/progenitor cells and mature endothelial cells (Ziegler et al. 1999). A
number of additional markers have been proposed to allow more sensitive
identification of EPCs, including CD133 and dim/negative expression of
CD45 as markers of immaturity, along with CD31, vWF, and CD144 (VE-
cadherin) as markers of endothelial commitment. Much like the
aforementioned markers, these antigens are not unique to EPCs and as
such, their combinations cannot distinguish EPCs from either
hematopoietic stem/progenitor cells or more mature endothelial cells
(Hristov et al. 2003, Case et al. 2007). Thus, the exact phenotypic
definition of EPCs continues to be a matter of debate and has served to
limit our understanding of these cells, as well as their therapeutic

application in the clinical setting.

1.3.4 Mechanisms of EPC Mobilization

The exact pathways leading to EPC mobilization are not entirely
known; however, a better understanding of the factors that influence
mobilization may hold important implications for interventions aimed at
increasing EPCs. The mechanisms of EPC mobilization overlap
significantly with those involved in hematopoietic stem/progenitor cell
mobilization (Papayannopoulou 2004, Aicher et al. 2005), which is not all

together surprising given their shared ancestry (Pelosi et al. 2002). In
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resting, healthy states, the majority of EPCs are tethered to stromal cells
in the stem cell niche, a microenvironment within the bone marrow (Tilling
et al. 2009). The interaction between EPCs and stromal cells is primarily
mediated by integrins, as well as stromal cell-expressed membrane-bound
Kit Ligand (mKitL) and stromal-derived factor (SDF-1) that bind to EPC-
expressed cKit (or CD117) and CXC receptor 4 (CXCR4), respectively
(Tilling et al. 2009). Broadly speaking, mobilization of EPCs begins with
disruption of these bonds, which in turn allows the cells to migrate to the
peripheral circulation via the sinusoidal endothelium of the bone marrow
(Aicher et al. 2005).

Physical or chemical stress, most often in the form of tissue
damage, ischemia or inflammation, is associated with an increase in both
hypoxic-inducible factor 1 (HIF-1) and VEGF, which in turn upregulate
circulating levels of SDF-1 in the peripheral circulation (Asahara et al.
1999, Ceradini et al. 2004). Upon entry to the bone marrow, SDF-1
activates the phosphoinositide 3-kinase/Akt/eNOS pathway thereby
increasing bone marrow levels of NO, which then activates matrix
metalloproteinase 9 (MMP-9), an extracellular proteinase produced by
stromal cells (Aicher et al. 2003, Zheng et al. 2007, Tilling et al. 2009).
MMP-9 is responsible for the conversion of mKitL to its soluble form
(sKitL), which competes with and prevents stromal cells from binding with

the cKit receptor found on EPCs (Heissig et al. 2002). It is important to
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note that activation the MMP-9 pathway is largely dependent on the
bioavailability of NO in the bone marrow (Aicher et al. 2003, Lu et al.
2014a). In fact, eNOS knockout mice demonstrate reduced MMP-9 activity,
and lower levels of EPCs that were comparable to those observed in
MMP-9 knockout mice; however, infusion of sKitL (downstream of MMP-9)
rescued EPC mobilization (Aicher et al. 2003). In addition to the MMP-9-
mediated impairment of mKitL-cKit bonds, a concurrent local increase
proteinases like cathepsin G and elastase allows for cleavage of integrins
and the SDF-1 to CXCR4 bonds, thereby further weakening the stromal
cell-EPC interaction (Lévesque et al. 2003, Chavakis et al. 2005). The
disrupted bonds between stromal cells and EPCs in the bone marrow
together with the increased levels of SDF-1 in the circulation establish a
concentration gradient that forces the CXCR4" EPCs to exit the bone
marrow (Hattori et al. 2001, Everaert et al. 2010).

Although SDF-1 is reportedly the most potent chemoattractant of
EPCs (Wright et al. 2002), a host of growth factors and cytokines are also
known to mobilize EPCs via, and potentially independent of, the MMP-9
pathway including VEGF (Asahara et al. 1999), GM-CSF (Takahashi et al.
1999), G-CSF (Lévesque et al. 2003), erythropoietin (Heeschen et al.
2003), IL-8 (van Pel et al. 2006), HGF (Aicher et al. 2005, Tilling et al.
2009), and leukemia inhibitory factor (Kucia et al. 2004). Moreover,

various exogenous agents such as anti-hypertensive, anti-inflammatory,
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and anti-diabetic medications, are also known to increase circulating levels
and function of EPCs by acting on one or many of the aforementioned
factors in the EPC mobilization pathway (Lee and Poh 2014). Much of the
available literature has focused on using pharmacotherapies to increase
EPCs in individuals with diagnosed cardiovascular disease; however,
exercise may represent an additional avenue to stimulate EPC
mobilization in both clinical and healthy populations (Custodis and Laufs
2007, Silva et al. 2012, Kruger et al. 2014b). Indeed, a non-invasive
exercise-induced increase in EPCs may be more appropriate for use in the

pediatric population, and is discussed in detail in subsequent sections.

1.3.5 The Role of EPCs in the Maintenance of Vascular Health
Although EPC involvement in reendothelialization and
vasculogenesis is widely accepted, a proof-of-concept model to definitively
outline their role in these complex processes is lacking. More specifically,
there are no known techniques to isolate and systematically modify the
EPC population without concurrently affecting other cellular components
involved in vascular repair, including hematopoietic stem/progenitor cells
and mature vessel wall endothelial cells (Timmermans et al. 2009). The
available evidence suggests that the EPC response to endothelial damage
recapitulates the inflammatory response to endothelial activation (i.e.,
Section 1.1.2). In brief, damaged endothelial cells demonstrate increased

expression of a host of adhesion factors and chemokines, such as
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integrins, P- and E-selectin, and SDF-1, that regulate homing and
adhesion of mobilized EPCs to the injured endothelial cells and basement
membrane (Urbich and Dimmeler 2004, Chavakis et al. 2005, Zampetaki
et al. 2008). Proteinases including Cathepsin L and MMP-2 mediate
transmigration of EPCs into the damaged tissue (Urbich et al. 2005b). The
specific cytokine environment will then determine whether EPCs will
continue to differentiate into endothelial cells (Asahara et al. 1997), or
secrete cytokines and growth factors that initiate vascular repair or
angiogenesis by local resident endothelial cells (Urbich et al. 2005a).

It is important to note that there remain a number of unresolved
issues with respect to the nature of the EPC contribution to
neovascularization. First, the specific environments regulating the EPC
differentiation and function have yet to be determined (Lu et al. 2014b).
Indeed, Urbich et al. demonstrated that when exposed to VEGF, CD34"
cells differentiated into endothelial-like cells, while exposure of the same
cells to GM-CSF and inflammatory cytokines led to differentiation to
macrophages (Urbich et al. 2003). Second, the interactions and
contributions of distinct subsets of EPCs and hematopoietic
stem/progenitor cells to neovascularization remains unknown (Urbich and
Dimmeler 2004). Finally, Timmermans et al. questioned the extent to
which EPC functions vary by vascular bed, and suggested that some sites

may be more susceptible to competition between EPCs and mature
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endothelial cells in vascular repair (Timmermans et al. 2009). Each of
these limitations may serve to explain the discrepancies between human
and animal studies that have reported up to 90% incorporation of
genetically labeled transplanted EPCs into sites of neovascularization (Shi
et al. 1998, Takahashi et al. 1999, Peichev et al. 2000, Kalka et al. 2000,
Crosby et al. 2000), and others that failed to observe any direct EPC
contribution to endothelial regeneration (Ziegelhoeffer et al. 2004, Kinnaird
et al. 2004, Urbich et al. 2005a, Korf-Klingebiel et al. 2008, Hagensen et al.
2012, Jiang et al. 2013). Despite these limitations, the overwhelming
majority of the literature supports a critical role of EPCs in the
maintenance of vascular homeostasis, with clear links between EPC levels
and endothelial function, reendothelialization, cardiovascular-related
hospitalization, and mortality (Kalka et al. 2000, Crosby et al. 2000, Hill et

al. 2003, Werner et al. 2005, Werner and Nickenig 2006, Lu et al. 2014Db).

1.3.6 EPCs Across the Lifespan

Aging is associated with a decline in markers of cardiovascular
health, even in the absence of overt cardiovascular disease (Weinsaft and
Edelberg 2001, Hill et al. 2003). As such, it is not surprising that studies
also report age-related declines in both EPC number (Rauscher et al.
2003, Thijssen et al. 2006, Zaldivar et al. 2007, Jie et al. 2009, Yang et al.
2013) and function (Edelberg et al. 2002, Heiss et al. 2005, Xia et al.

2012). Studies in animal and human models suggest these changes are
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linked to a decline in proliferation of EPCs (Rauscher et al. 2003, Heiss et
al. 2005, Hoetzer et al. 2007), impaired recruitment or mobilization of
EPCs from the bone marrow (Heiss et al. 2005, Hoetzer et al. 2007,
Sugihara et al. 2007), and decreased survival of circulating EPCs (Heiss
et al. 2005).

To date, most of the literature in humans is focused on
comparisons of EPCs in young adults and the elderly; very few studies
have directly examined EPCs from childhood to adulthood or even across
the pediatric years. In a cross-sectional study of 1- to 81-year-old
participants with no history of cardiovascular disease, Jie et al.
demonstrated a significant negative association between EPC counts,
measured by flow cytometry, and age (r = -0.37, p<0.01) (Jie et al. 2009).
When grouped by age, children (ages 1 to 17 years) presented with EPC
levels three times higher than their adult counterparts (>20 years; 72 £ 60
vs. 22 + 22 cells/100,000 granulocytes, respectively) (Jie et al. 2009).
These findings were consistent with a second, more recent study that
reported a negative association between CFU-Hill counts and age (r = -
0.29, p = 0.04) (Fabbri-Arrigoni et al. 2012). Importantly, the variability
within the pediatric group was also three times higher than that observed
in the adult group, which may be indicative of changes in EPC levels as a
result of growth and maturation (Jie et al. 2009). Only one study has

examined changes in EPCs across the pediatric years and reported
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significantly higher EPCs in pre-/early-pubertal compared with late-
pubertal males (112 + 21 vs. 63 + 8 cells/pL blood, respectively) (Zaldivar
et al. 2007). The reduction in EPCs in the late-pubertal group was also
accompanied by significantly lower levels of G-CSF, which is involved in
the mobilization of EPCs from the bone marrow (Zaldivar et al. 2007).
While these findings suggest that EPCs decrease with chronological
and/or biological age in children, they are based on a relatively small
sample (n = 27 total, 14 pre-pubertal) of male participants, and as such,

may not be generalizable to the pediatric population.

1.3.7 Relationships between EPCs and Other Risk Factors and
Biomarkers of Cardiovascular Disease

The links between EPCs and well-established risk factors and
emerging biomarkers for cardiovascular disease have been examined
extensively in healthy adults and those with medical conditions. Traditional
risk factors including obesity (Muller-Ehmsen et al. 2008, MacEneaney et
al. 2009), hypertension (Vasa et al. 2001b, Schmidt-Lucke et al. 2005,
Fernandes et al. 2012), hyperglycemia (Krankel et al. 2005, Chen et al.
2007), hypercholesterolemia (Werner and Nickenig 2006), smoking (Vasa
et al. 2001b, Hill et al. 2003, Schmidt-Lucke et al. 2005), and physical
inactivity (Volaklis et al. 2013) have generally been associated with
reduced EPCs, as measured by cell culture or flow cytometry. Similarly,

the majority of studies examining emerging biomarkers such as CRP
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(Verma et al. 2004), IL-6 (Herbrig et al. 2006), TNF-a (Ablin et al. 2006),
as well as endothelial dysfunction (Hill et al. 2003), also demonstrate
negative associations with EPCs. Interestingly, improvements in
cardiovascular risk factors through either lifestyle modification (e.g.,
smoking cessation, weight loss, physical activity) or pharmacotherapies
(e.g. anti-hypertensives, TNF- a inhibitors) consistently result in increases,
and in some cases restoration of EPCs to healthy concentrations (Vasa et
al. 2001a, Croce et al. 2006, Werner and Nickenig 2006, Ablin et al. 2006,
Lee and Poh 2014).

The relationship between risk factors, biomarkers, and EPCs is
more tenuous in children. For example, Bruyndonckx et al. recently
reported significantly lower levels of EPCs, defined as
CD34*CD309°CD45%™" in obese youth compared with healthy weight
controls, and found that EPC levels were negatively associated with BMI
z-score (r =-0.270, p = 0.013) (Bruyndonckx et al. 2014). Conversely,
EPCs defined as either CD34"CD144" or CD34"CD309" were positively
associated with BMI in children with type 1 diabetes and healthy controls (r
= 0.320 and 0.300, respectively, p < 0.05) (Gtowinska-Olszewska et al.
2013). This finding was in line with the work of Jung et al. that
demonstrated that CD34'CD309"CD133" EPCs were roughly 60% higher
in overweight youth compared with healthy controls. However, these

differences disappeared when EPCs were defined as
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CD34"CD309°CD133" (Jung et al. 2009). Similarly, no differences in
CD34" EPCs were observed between overweight or obese youth and
healthy controls (Kinik et al. 2005), and neither BMI z-score, body fat
percentage, nor waist circumference were associated with CD34",
CD34'CD133", or CD34°CD117" EPCs (Kinik et al. 2005, Arnold et al.
2010). The discrepancies observed with body size also extend to other
traditional and non-traditional risk factors, including blood pressure (Jung
et al. 2009, Fabbri-Arrigoni et al. 2012), blood glucose levels (Fabbri-
Arrigoni et al. 2012, Gtowinska-Olszewska et al. 2013, Hortenhuber et al.
2013), blood lipids levels (Jung et al. 2009, Fabbri-Arrigoni et al. 2012,
Gtowinska-Olszewska et al. 2013), direct or secondhand smoke exposure
(Jung et al. 2009, Groner et al. 2015), and markers of inflammation (Jung
et al. 2009, Gtowinska-Olszewska et al. 2013, Hortenhuber et al. 2013,
Groner et al. 2015). It is likely that the poor agreement in the pediatric
literature is in part due to small sample sizes, and largely due to
differences in EPC definitions between studies. In fact, of the available
studies, only 2 studies measuring the same outcomes also employed the
same simple CD34" definition of EPCs (Kinik et al. 2005, Arnold et al.

2010).

1.3.8 EPCs in Disease
In healthy individuals, EPCs represent between 0.01 and 0.2% of

PBMCs (Duda et al. 2007). Most, but not all, studies suggest that both
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adults and children with chronic medical conditions present with even
lower resting levels of EPCs as well as impaired EPC function (Krankel et
al. 2005, Herbrig et al. 2006, Avouac et al. 2008, Egan et al. 2008, Kim et
al. 2010, Fabbri-Arrigoni et al. 2012, Povsic et al. 2013). Among the most
commonly examined conditions in youth are those that are classically
associated with increased risk of cardiovascular disease, including obesity
(Bruyndonckx et al. 2014, 2015), type 1 diabetes (Hortenhuber et al. 2013),
familial hypercholesterolemia (Fabbri-Arrigoni et al. 2012), and more
recently, JIA (Rusak et al. 2015). Based on the adult literature, alterations
in EPC profiles in disease states are thought to primarily be linked to
defective mobilization and homing of EPCs from the vascular niche to
sites of injury (Dimmeler and Zeiher 2004, Paleolog 2005). Moreover,
prolonged exposure to vascular insult in the form of inflammation or
altered hormonal profiles may lead to exhaustion of the bone marrow pool,
and an inability to produce additional EPCs in response to ongoing
vascular injury (Tepper et al. 2002, Loomans et al. 2004, Urbich and
Dimmeler 2004, Hortenhuber et al. 2013). It is also plausible that
alterations to the cytokine milieu due to systemic inflammation might
impair EPC survival and differentiation (Dimmeler and Zeiher 2004,
Paleolog 2005, Pitchford et al. 2009). Interestingly, management of
disease symptoms with anti-inflammatory medications (Rusak et al. 2015)

and maintenance of glycemic control (Hortenhuber et al. 2013) in children
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was associated with an increase in EPC levels. These data suggest that
much like in adult populations, external factors may be used to improve or

correct potential EPC impairments in youth.

1.3.9 CECs and EPCs: Differences, Similarities, and Interactions
The general consensus that CECs and EPCs represent two distinct
populations is based on relatively well-established differences in their
origins, morphology, proliferative capacity, and phenotype. To examine
cell origin, Lin et al. assessed CECs and late EPCs (so-called endothelial
outgrowth cells) in the peripheral blood of recipients of a gender-
mismatched bone marrow transplant. Using fluorescent in situ
hybridization analysis for the X and Y chromosomes, they demonstrated
that 95 + 6% of the CECs measured in fresh blood were derived from the
recipient, suggesting that these cells primarily originate from the vessel
walls (Lin et al. 2000). Conversely, by 27 + 4 days of culture only 17 + 4%
of the late EPCs were from the recipient, indicating that the majority of
circulating EPCs were derived from cells originating in the donor bone
marrow (Lin et al. 2000). Unlike EPCs, which are commonly studied using
cell culture (Asahara et al. 1997), CECs are mature cells, most of which
are apoptotic or necrotic, and therefore demonstrate limited proliferative
capacity in cell culture (Solovey et al. 1999, Woywodt et al. 2003, Holmén
et al. 2005). Differences in cell maturity are also reflected in cell surface

marker expression; for example, less mature EPCs are CD133", while
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mature CECs lose CD133 expression (Yin et al. 1997, Gehling et al. 2000).
However, there remains considerable debate and overlap in CEC and
EPC antigen expression (Table 1.1), which makes it difficult to definitively
distinguish the two populations based on single cell surface markers
(Erdbruegger et al. 2006).

Theoretically, a simple reciprocal relationship between CECs and
EPCs is plausible given their respective roles in endothelial damage and
repair (Figure 1.1); however, very few studies have concurrently examined
these cells in the same sample of individuals. Holmen et al. examined
CECs and EPCs in adults with vasculitis and kidney disease and as
expected, reported elevated CECs and reduced EPCs in patients with
active disease compared with those in remission, and healthy controls
(Holmeén et al. 2005). This finding is in line with the majority of studies that
have independently examined CECs and EPCs in adults and children with
chronic conditions compared with healthy controls (Sections 1.2.7 and
1.3.8). They also reported that CECs isolated from patients with active
disease inhibited proliferation of EPCs isolated from healthy controls, and
impaired their migration toward VEGF compared with EPCs that were not
exposed to CECs (Holmén et al. 2005). On the contrary, increased levels
of EPCs have been reported following acute myocardial infarction
(Shintani et al. 2001, Leone et al. 2005, 2006), which has also been linked

with elevated levels of CECs (Li et al. 2013). Although these findings were
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derived from independent samples, they may indicate that specific factors
or hormonal/cytokine environments can overcome the inhibitory effect of
CECs on EPC mobilization and migration.

In a sample of 10- to 18-year old children, Fabbri-Arrigoni et al.
found that those with familial hypercholesterolemia presented with
reduced EPCs (CFU-Hill) and elevated CECs compared with age-matched
healthy controls (Fabbri-Arrigoni et al. 2012). The authors did not find any
relationship between EPC and CEC levels in the patient group, and did not
examine this association in the pooled sample of participants. Together
with the adult data, this small body of evidence highlights the complex and

poorly understood relationship between CECs and EPCs.
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Figure 1.1 CECs and EPCs in the maintenance of the vascular
endothelium. In the simplest terms, vascular injury leads to endothelial cell
activation and eventual detachment of damaged endothelial cells into the
peripheral circulation (depicted above as Detachment of EC, which then
become known as CECs). Together, the denuded endothelium and CECs
trigger a cascade of events culminating in mobilization and migration of
EPCs from the bone marrow to the site of injury, where they play a central
role in endothelial repair. The exact pathways and factors involved in the
interaction between CECs and EPCs remain unclear. VSMC: vascular
smooth muscle cell; VCAM-1: vascular cellular adhesion molecule-1;
ICAM-1: intracellular adhesion molecule-1; EMP: endothelial microparticle;
CAC: circulating angiogenic cell (early EPC); EPC: endothelial progenitor
cell. Reproduced with permission under Creative Commons from
Bruyndonckx et al., 2013, Copyright Bruyndonckx et al.
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1.4 Effects of Exercise and Physical Activity on Circulating

Progenitor and Endothelial Cells

1.4.1 Overview

Both physical activity and aerobic fitness are well-known predictors
of cardiovascular health, and have been identified as modifiable risk
factors for cardiovascular disease in children and adults (Fletcher et al.
1992, Shiroma and Lee 2010, Balagopal et al. 2011, Eckel et al. 2014).
Interestingly, a growing body of evidence suggests that both CECs and
EPCs are responsive to exercise, and may represent one mechanism
underlying the relationship between fitness, physical activity, and
cardiovascular health, at least in adults. Nevertheless, the aforementioned
limitations in the assessment of these cells have made it difficult to
compare studies and arrive at any general conclusions with respect to the
relationship and effects of fithess, physical activity and acute exercise on
CECs and EPCs. The following sections will examine these studies, with a
special focus on cross-sectional and acute exercise studies performed in
human adults and youth where cells were assessed by flow cytometry,
since these were the primary focus of this thesis. Both cell culture-based
studies and those involving an exercise training protocol are discussed
where relevant.

In an effort to summarize the available literature, a series of meta-

analyses were conducted to address four questions (details provided in

44



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

Appendix A): (1) Is there a relationship between fitness and resting EPCs
and/or CECs in healthy individuals and those with chronic disease? (2) Is
there a relationship between physical activity and resting EPCs and/or
CECs in healthy individuals and those with chronic disease? (3) What is
the effect of an acute bout of exercise on EPCs and/or CECs in healthy
individuals? And (4) does the effect of an acute bout of exercise on EPCs
and/or CECs differ between healthy individuals and those with chronic
disease? The review and compilation of the literature revealed that there
were too few studies for meta-analyses involving CECs, and that while a
number of studies examine EPCs in the context of fithess and exercise,
very few have focused on habitual levels of physical activity. These issues,
along with many others are discussed in each of the subsequent sections.
Finally, since there were too few studies in the pediatric population to
perform the planned meta-analyses, a synthesis of the small body of
evidence examining EPCs and CECs in the context of exercise in youth is

provided.

1.4.2 Fitness, Physical Activity, Exercise and CECs in Adults

The first study to examine CECs in the context of exercise was
performed in a small sample of 44- to 85-year-old adults with diagnosed
effort angina (Mutin et al. 1999). Using the immunomagnetic bead isolation
technique, the authors reported no sign of CECs in any patient at rest, and

no significant change in CEC number immediately and 4-h after a
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symptom-limited maximal test (30-W step per 3-min stage) on a cycle
ergometer (Median [IQR]: 0 [0, 0] vs. 2 [0, 3] vs. 0 [0, 1], respectively, p =
0.417) (Mutin et al. 1999). Conversely, Boos et al. used a similar protocol
and observed almost a 2-fold increase in CECs immediately after a
symptom-limited maximal treadmill test (Bruce protocol) that returned to
baseline values by 30-min in a group of 58.4 + 9.8-year-old adults with
symptoms of exertion-related chest pain (Boos et al. 2008b). Neither
baseline nor change in CEC levels were associated with exercise time or
VO,max, Which led the authors to conclude that exercise-related changes
in CECs were “somewhat unpredictable” (Boos et al. 2008b).

The only other study to assess CECs as a primary outcome in the
context of exercise examined the effect of fitness level and exercise
training on CECs in healthy young men (O’Sullivan 2003). CECs were
identified by microscopy using cresyl violet- and vWF-stained smears, and
were elevated in the high-fit (Mean + SD, VOy.x = 71 + 2 ml/kg/min) vs.
low-fit group (VOomax = 53 + 2 mi/kg/min; CECs: 71 + 13 vs. 41+ 5
cells/mL blood, p < 0.05). Unlike the findings of Boos et al., baseline
CECs were positively associated with VO, (r = 0.56, p<0.05)
(O’Sullivan 2003). Moreover, 5 weeks of supervised 30-min cycling
sessions in the low-fit group led to an increase in resting CECs to levels
that were comparable to the high-fit group (53 £ 7 cells/mL, p = 0.26).

Consistent with the work of Mutin et al., no change was seen in CECs in
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either group following an acute maximal exercise test (30-W step per 3-
min stage). The author suggested that the elevated CECs in the high-fit
group and post-training are likely related to increased shear stress with
chronic exercise, and may be indicative of increased endothelial cell
turnover; however, markers of endothelial regeneration (i.e., EPCs) were
not assessed (O’Sullivan 2003).

An additional 4 studies have examined the effects of acute exercise
on CECs; however, these are often overlooked as CECs are reported as a
secondary outcome, with the primary focus being on EPCs (Shaffer et al.
2006b, Maobius-Winkler et al. 2009, Sandri et al. 2011, Schier et al. 2014).
Much like the findings of both O’Sullivan and Mutin et al., these studies
have reported no effect of a maximal bout of exercise on CECs in
individuals with diagnosed cardiovascular disease (Shaffer et al. 2006Db,
Sandri et al. 2011, Schier et al. 2014). On the other hand, a maximal
exercise test in healthy controls was found to increase CECs at 4-hours
post-exercise (Sandri et al. 2011), while prolonged exercise (240-min at
70% anaerobic threshold) led to an increase at 2-hours post-exercise, with
a peak at 3.5 hours (Mobius-Winkler et al. 2009). Interestingly, Mobius-
Winkler et al. also observed that the increase in CECs was followed by an
increase in VEGF and EPCs, and postulated that the increase in EPCs
may occur to counteract and maintain an intact endothelium. This finding

lends some support the theory of increased endothelial turnover with
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exercise proposed by O’Sullivan (O’Sullivan 2003, Mobius-Winkler et al.
2009). Taken together, the mixed findings in the adult population suggest
that exercise may have a more marked effect on CECs in healthy
individuals; however, this effect requires further investigation. Indeed, it is
not clear whether the increase in CECs in healthy adults is also met with
subsequent increase in the rate of clearance of CECs, nor is there any
indication of whether exercise can affect the total levels or proportions of

viable, necrotic, or apoptotic CECs in health or disease.

1.4.3 Fitness and Resting Concentrations of EPCs in Adults
Indicators of fitness are the most consistently reported descriptive
outcomes in exercise-related EPC studies; however, they are seldom
examined in the context of their association with EPC number or function.
Results of the meta-analysis that included any correlations between
markers of fithess and EPCs performed in human, adult, and healthy
and/or disease populations (n = 5; details of analysis reported in Appendix
A) suggested a moderate, positive link between fithess and EPCs (Fixed
effects pooled correlation coefficient [lower, upper 95% confidence
interval] = 0.457 [0.367, 0.538], p < 0.001; Figure 1.2). Although this meta-
analysis only included studies that quantified EPCs by flow cytometry, the
findings are consistent with cell-culture based studies that have reported

increased EPC migratory capacity (Van Craenenbroeck et al. 2010a, Yang
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et al. 2013), proliferative capacity (Yang et al. 2013), and colony forming
units (Sarto et al. 2007) in trained vs. untrained individuals.

It is important to note that of the 5 studies examined in the meta-
analysis, 3 either failed to report results pertaining to the correlation of
specific subsets of EPCs with fitness or reported negative findings but did
not provide any statistical details. For example, two separate studies by
Van Craenenbroeck et al. examined CD34" and CD34"CD309" cells in
adults with congestive heart failure and healthy controls, and reported a
significant association between CD34" cells and fitness (4a/b, and 5a/b in
Figure 1.2), defined as VO,nax and maximal workload; however, these
associations were not reported for CD34"CD309" cells (Van
Craenenbroeck et al. 2010a, 2010b). Similarly, while Manfredini et al.
reported the complete results of the observed positive association
between CD34°CD133"CD309" cells and both 6-minute walk distance and
maximal treadmill speed (2a-d in Figure 1.2), they also reported that the
CD34" subset of cells was not associated with either marker of fitness but
did not provide Pearson correlation coefficients or probability values. Aside
from the included studies, Povsic et al. found that EPCs were positively
associated with measures of mobility and endurance (gait speed, 6-minute
walk distance, chair stand time, and physical function score) in older
adults with impaired glucose tolerance, even after adjustment for age, BMI,

presence of medical conditions that affect function, and inflammation;
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however, the authors did not report correlation values (Povsic et al. 2013).
As such, the exclusion of the aforementioned findings has likely biased the
pooled analysis, and perhaps more importantly, the overall body of
literature, highlighting the need for appropriate and complete reporting of
statistical results. Despite these limitations, it is plausible that more fit
individuals would also present with higher EPCs, which may be secondary
to the effects of repeated bouts of exercise and/or increased levels of

habitual physical activity.

50



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

CD34+ (1a) -
CD34+ (1b) =
CD34+/CD3- (4a) : i
CD34+/CD3- (4b) i
CD34+/CD3- (5a) ]
CD34+/CD3- (5b) I
CD34+/CD309+ (1a) =
CD34+/CD309+ (1b) =
CD34+/CDA45dim/CD309+ (3) : »
CD34+/CD133+/CD309+ (2a) =
CD34+/CD133+/CD309+ (2b) =
CD34+/CD133+/CD309+ (2c) =
CD34+/CD133+/CD309+ (2d) =
Total (fixed effects) -
Total (random effects) g
| ! | ! | ! | | ! | ! | ! |
0.4 0.2 0 0.2 0.4 0.6 0.8 1.0

Correlation coefficient

Figure 1.2 Forest plot of correlations between fitness and EPCs in healthy
adults and adults with chronic disease. Pooled results of 13 correlations
from 5 studies revealed a moderate, positive relationship between fithess
and EPCs. Data are identified and sorted according to EPC cell definition

followed by the reference, where (1) a: VO,,,ax in healthy young men (19-

28 years), b: VO,m.x in healthy older men (67-76 years)(Thijssen et al.
2006); (2) Patients with end-stage renal disease on hemodialysis, a: EPCs
as % of collected cells and 6-minute walk distance, b: EPCs as % of
collected cells and maximum treadmill speed, c: EPCs as cells/uL and 6-
minute walk distance, d: EPCs as cells/uL and maximum treadmill speed
(Manfredini et al. 2009); (3) VO,m.x in patients with congestive heart
failure and healthy controls (Mezzani et al. 2013); (4) Patients with
congestive heart failure and healthy controls, a: VO,payx, b: maximal
workload (Van Craenenbroeck et al. 2010b); and (5) Patients with

congestive heart failure and healthy controls, a: VO,payx; b: maximal
workload (Van Craenenbroeck et al. 2010a).

1.4.4 Physical Activity and Resting Concentrations of EPCs in
Adults
Habitual physical activity is a well-established predictor of

cardiovascular health (Balagopal et al. 2011, Conraads et al. 2014),
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independent of aerobic fitness (Myers et al. 2015). Although the
mechanisms underlying this relationship are complex, the observed
association between habitual physical activity and endothelial function
suggests that it may involve EPCs (Abbott et al. 2002, Myers et al. 2015).
Only two studies have examined the link between habitual physical activity
and EPCs, both in patients with coronary artery disease. Luk et al. used
the self-reported International Physical Activity Questionnaire to estimate
habitual physical activity levels (defined as walking, moderate-, and
vigorous-intensity activity) in metabolic equivalents per week (Luk et al.
2009). They reported that while CD133"CD309" cells were highest in
individuals in the highest tertile of physical activity, neither CD133"CD309"
nor CD34"CD309" were associated with FMD or physical activity in a
multivariate regression model adjusting for age, sex, and presence of
cardiovascular risk factors (Luk et al. 2009). The authors suggested that
although increased physical activity is associated with an increase in
endothelial function (measured by FMD), this improvement does not likely
involve the action of EPCs (Luk et al. 2009). More recently, Kruger et al.
asked participants with a history of myocardial infarction to report their
weekly involvement in activities of daily living (e.g., walking, active
commuting to work, using the stairs), leisure activities (e.g., gardening),
and sport activities (e.g. swimming, tennis). Unlike Luk et al., the authors

found that CD34°CD309" concentrations were significantly and positively
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associated with total physical activity time (r = 0.60, p = 0.023), time spent
in activities of daily living (r = 0.560, p = 0.021), and to a lesser extent with
leisure and sport active time (r = 0.42, 0.41, respectively. p<0.05) (Krtuger
et al. 2014a). Conversely, CD34°CD45" concentrations were not linked
with any indicator of physical activity (data and statistics not reported).
Plasma G-CSF levels were positively associated with total activity and
activities of daily living, and when assessed by linear regression,
combinations of plasma G-CSF levels and total physical activity (8 = 0.41)
as well as G-CSF levels and activities of daily living (8 = 0.50) were
significant predictors of CD34"CD309" but not CD34"CD45" cells (again,
data and statistics not reported) (Kruger et al. 2014a). The authors
suggested that activity-related increases in G-CSF levels may play a role
in mobilizing specific subsets of EPCs, namely CD34°CD309" but not
CD34'CD45" cells.

Exercise training is a structured form of physical activity that has
been shown to increase resting EPC concentrations and function in health
and disease (Hoetzer et al. 2007, Sarto et al. 2007, Walther et al. 2009,
Erbs et al. 2010, Van Craenenbroeck et al. 2010b, Schlager et al. 2011,
Gatta et al. 2012, Cesari et al. 2012, 2013, Fernandes et al. 2012, Yang et
al. 2013, Mezzani et al. 2013, Ribeiro et al. 2013, Choi et al. 2014);
however, it is important to recognize that exercise training studies do not

provide an accurate indication of the relationship between EPCs and
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physical activity, per se. More specifically, these studies do not commonly
quantify any physical activity performed outside of the prescribed
intervention, which only represents a small fraction of waking and
potentially active time. Thus, the relationship between EPCs and physical
activity remains unclear. Not only are the available findings are limited by
the use of subjective measures of physical activity (Shephard and
Vuillemin 2003, Prince et al. 2008), but also by the confounding effect of

the various EPC cell definitions.

1.4.5 Effects of Acute Exercise on EPCs in Adults

A single, acute bout of exercise is known to upregulate a number of
factors involved in EPC mobilization, homing, paracrine activity, and
differentiation (Lenk et al. 2011, Koutroumpi et al. 2012, Volaklis et al.
2013, Palmefors et al. 2014). As such, it is not surprising that most
studies report a transient, positive effect of acute exercise on EPC number
and function in both healthy adults as well as those with chronic disease
(Lenk et al. 2011, Koutroumpi et al. 2012, Volaklis et al. 2013). However,
there is some evidence to suggest that the degree of change in number
and function may depend on a host of variables that include but are not
limited to experimental factors such as exercise duration (Laufs et al.
2005), intensity (Laufs et al. 2005), timing of blood sample collection
(Mobius-Winkler et al. 2009), as well as the presence and/or severity of

disease (Adams et al. 2004, Van Craenenbroeck et al. 2010a, 2011).
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Although most studies to date have examined changes in EPCs
following a graded maximal exercise test, one study by Laufs et al.
compared the effects of 3 protocols of varying durations and intensities on
EPCs in healthy males. They found that 30-minutes of running at either a
moderate (~68% VOyax) OF high intensity (~82% VO,,.x) elicited a similar
~1.5- to 2.5-fold increase in EPCs; no change was observed when the
high intensity exercise was performed for only 10-min (Laufs et al. 2005).
The results of an exercise duration subgroup analysis from our meta-
analysis suggested a graded EPC response by exercise duration (Figure
1.3; Details in Appendix A), whereby exercise of less than 20-min resulted
in the largest improvements in EPCs, followed by a smaller but still
significant increase with exercise between 21 and 180 minutes in length,
and a negligible effect of even longer bouts of exercise (>180-min). It is
important to note that the exercise intensity varied between the studies
included in the meta-analysis, with most of the studies of <20-min
consisting of a graded maximal exercise test. Therefore, it may be that a
maximal intensity is required to induce a significant EPC response during
short bouts of exercise; however, in the absence of a direct comparison, it
is difficult to truly distinguish the effects of exercise intensity and duration

on EPCs.
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Figure 1.3 Forest plot of the effects of an acute bout of (A) < 20-min, (B)
21- to 180-min exercise, and (C) >180-min exercise on EPCs in healthy
adults. A significant degree of heterogeneity was observed between
studies for all three exercise durations (Qa = 65.6, p<0.0001; 1?4 = 71.0
[lower, upper 95% Cl: 54.5, 81.6]; Qg = 47.4, p = 0.0001; I’ = 66.2 [43.8,
79.7]; Qc = 53.7, p<0.0001; I’c = 77.7 [62.2, 86.8]); pooled results were
examined using random effects models. Standardized mean difference
(SMD) values were calculated as post-exercise EPCs — pre-exercise
EPCs. The largest effect was seen with short bouts of acute exercise (A,
<20-min), which led to a significant increase in EPCs (medium effect,
SMDpoolea-a = 0.681 [0.394, 0.967], p<0.001), followed by a small, but still
significant positive, effect of exercise bouts between 21 to 180 minutes in
length (B; SMDpoolea-8 = 0.494 [0.164, 0.824], p = 0.003). Longer bouts of
exercise (>180-min) had no significant effect on EPCs when pooled
(SMDpooled-c = 0.023 [-0.308, 0.354], p = 0.893). Data are identified and
sorted according to EPC cell definition followed by the reference, where
(1) a: Marathon (range: 159 — 254 min), b: half-marathon (range: 69 — 91
min) (Bonsignore et al. 2002); (2) Maximal exercise test on a cycle
ergometer (25 W step per 3-min stage) (Adams et al. 2004); (3) Maximal
exercise test on a cycle ergometer or treadmill (no additional details
provided) (Rehman et al. 2004); (4) a: 30-min running at 100% velocity at
anaerobic threshold (~82% VO,max), b: 30-min running at 80% of velocity

56



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

at anaerobic threshold (~68% VOj,ax), C: 10-min running at 80% of
velocity at anaerobic threshold (~68% VO,mayx) (Laufs et al. 2005); (5)
Maximal exercise test on a cycle ergometer (25 W step per 2-min stage)
from a: PBMC samples (n = 11), and b: whole blood samples (n = 14)
(Van Craenenbroeck et al. 2008b); (6) Marathon (mean + SEM: 4 h 11 min
+ 4 min), a: EPCs expressed as cells/mL blood, and b: EPCs expressed
as a % of CD309" cells (Adams et al. 2008); (7) 30-min of cycling at a
workload equivalent to 80% of lactate threshold in a: South Asian men,
and b: white European men (Cubbon et al. 2010); (8) Maximal exercise
test on a treadmill (12% incline, 3.5 km/h); (9) Maximal exercise test on a
treadmill (Bruce protocol) (Scalone et al. 2013); (10) Ultra-endurance
cycling race consisting of 550-km (7,000-m altitude) over 4 days, 8-h
competition alternating with 8-h rest (Stelzer et al. 2014); (11) 30-min
treadmill running (heart rate maintained >140 bpm) (Chang et al. 2015);
(12) Maximal exercise test on a cycle ergometer (ramp protocol, 10 or 20
W/min stages) (Van Craenenbroeck et al. 2010a).

The temporal profile of the EPC response to an acute bout of
exercise is not entirely clear. Mobius-Winkler et al. examined EPCs at
baseline and over 15 time points during and up to 24-hours after 240-min
of cycling at 70% of anaerobic threshold in a sample of young, healthy
men. When EPCs were defined as CD34"CD309", a significant increase
from baseline was noted at 210 minutes, with a peak at 240-min of
exercise (5.5-fold increase); EPCs returned to baseline concentrations by
30-min post-exercise (Mobius-Winkler et al. 2009). Using the
CD133"CD309" cell definition, the authors reported a smaller 3.5-fold
increase and peak in EPC response at 210-min of exercise, which was
maintained until 120-min post-exercise, and returned to baseline values by
24-hours (Mobius-Winkler et al. 2009). Interestingly, a rapid increase in
VEGF was noted at 5 and 10 min of exercise (1.9-fold increase), which

correlated with the subsequent change in CD133"CD309" EPCs (r = 0.67,
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p = 0.005), but not CD34"CD309" EPCs (r = 0.05, p = 0.86). Sandri et al.
used the same two cell definitions to examine EPCs over a 72-hr period
following a maximal treadmill test, and reported a significant increase in
both EPCs at 360-480 min post-exercise, with a peak at 24-h post-
exercise in patients with peripheral arterial occlusive disease and healthy
controls (Sandri et al. 2011). Although the EPC responses were delayed in
comparison to the findings of Mdbius-Winkler et al., the pattern of change
was similar in that CD34"KDR™ EPCs returned to baseline before
CD133"CD309" cells, which remained elevated until the 72-h time point
(Sandri et al. 2011). Still other studies have reported an increase in EPCs
in as little as 10- to 30-min post-exercise; however, sampling time points
were limited to 1 or 2 time points within the 1-h period following and as
such, may have missed a peak in EPC response (Rehman et al. 2004,
Laufs et al. 2005, Van Craenenbroeck et al. 2008b). Nevertheless, the
available data from time-course studies suggest that the overall pattern of
the EPC response may be similar in health and disease, but the
magnitude and timing of the response may differ by group, or by the
duration and intensity of the exercise bout.

Exercise may represent a potent, non-pharmacologic tool to
increase EPCs, and as such, holds great potential as an adjunct therapy
for individuals at risk of poor cardiovascular health, as well as those with

diagnosed cardiovascular disease. Unfortunately, studies examining the
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effects of acute exercise on EPCs in these populations have yielded mixed
results, with some demonstrating a similar or exaggerated EPC response
to exercise (Adams et al. 2004, Van Craenenbroeck et al. 2010b), and
others reporting a smaller or completely blunted EPC response when
compared with healthy controls (Shaffer et al. 2006b, Sandri et al. 2011,
Van Craenenbroeck et al. 2011, Scalone et al. 2013). These
inconsistencies were reinforced by our meta-analysis (Figure 1.4; Details
in Appendix A), which revealed a large degree of variability (lower, upper
95% confidence interval: -0.468, 0.234) in the difference in EPC response
to acute exercise in adults with and without diagnosed medical conditions;
this led to an overall negligible difference in EPC response between
groups (SMDpooled = -0.117, p = 0.512). It is plausible that an exaggerated
EPC response to exercise observed in select clinical populations may
represent a compensatory mechanism to increase repair and prevent
further damage to the endothelium (Fadini et al. 2007, Van Craenenbroeck
et al. 2010a). Conversely, a blunted EPC response to exercise may be a
result of exhaustion of the bone marrow, and subsequent reduced
mobilization of EPCs (Kissel et al. 2007, Van Craenenbroeck and
Conraads 2013). As of yet, there is no clear evidence to inform the
differences in EPC responses between clinical populations; however, Van
Craenenbroeck et al. suggested that these may be related to the baseline

levels of oxidative stress and chronic inflammation (Van Craenenbroeck
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and Conraads 2013), which are often considered to be indicators of

disease severity.
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Figure 1.4 Forest plot of the comparison of the effects of acute exercise
on EPCs in healthy adults and adults with chronic disease. Pooled results
of 10 comparisons of adults with chronic disease and healthy controls from
5 studies revealed a significant degree of heterogeneity between studies
(Q =24.0, p=0.004; 1> = 62.55% [lower, upper 95% Cl: 25.7, 81.1]),
thereby prompting the use of a random effect model. SMD is calculated as
change in disease group — change in healthy controls, where a positive
value indicates a greater exercise response in the disease group, and a
negative value is a smaller exercise response in the disease group relative
to healthy controls. Pooled analysis suggested a trivial effect, and no
difference in EPC response to exercise between groups (SMDyooled = -
0.117 [-0.468, 0.234], p=0.512). Data are identified and sorted according
to EPC cell definition followed by the reference, where (1) Maximal
exercise test on a cycle ergometer (25 W step per 3-min stage) in a:
coronary artery disease and exercise-induced ischemia, and b: coronary
artery disease and no exercise-induced ischemia (Adams et al. 2004); (2)
Maximal exercise test on a treadmill (12% incline, 3.5 km/h) in peripheral
arterial occlusive disease (Sandri et al. 2011); (3) Maximal exercise test on
a treadmill (Bruce protocol) in a: microvascular angina, and b: diagnosed
coronary artery disease (Scalone et al. 2013); (4) Maximal exercise test on
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a cycle ergometer (ramp protocol, 10 or 20 W/min stages) in a: mild
congestive heart failure, and b: severe congestive heart failure (Van
Craenenbroeck et al. 2010a).

A single bout of acute exercise leads to transient changes in a host
of factors that may be involved in exercise-induced changes in EPCs
(Lenk et al. 2011, Palmefors et al. 2014). In both healthy and disease
populations, exercise-related increases in shear stress may increase the
bioavailability of NO (via an increase in eNOS), which then stimulates an
increase in MMP-9, a key regulator of EPC recruitment from the bone
marrow (reviewed in Section 1.3.4). In addition, exercise-induced skeletal
muscle secretion of VEGF (Gustafsson et al. 1999), SDF-1 (Ratajczak et
al. 2003), and HIF-1 (Gustafsson et al. 1999, Ameln et al. 2005) into the
general circulation may lead to enhanced EPC mobilization. In adults with
chronic medical conditions, particularly those with ischemic cardiovascular
disease, exercise-induced ischemia is thought to play a critical role in
upregulating circulating HIF-1, which acts in an MMP-9-dependent manner
to increase EPC mobilization (Ceradini et al. 2004, Volaklis et al. 2013).
There is some evidence to suggest that aside from an increase in EPC
mobilization, acute exercise may also increase the EPC proliferation,
differentiation, and paracrine activity, which may be related changes in the
systemic and local cytokine/hormonal environment (Chang et al. 2015).
Taken together, the evidence suggests that an acute bout of exercise may

modulate both EPC number and function; however, the exact pathways
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involved in regulating the EPC response are not entirely understood, and
may be influenced by a number of factors. Additionally, although the
results of our meta-analysis suggest that a short, acute bout of maximal
intensity exercise may have the most potent effect on EPCs, a more
rigorous and systematic investigation is needed to determine the optimal

exercise duration, intensity, and modality to maximize EPC response.

1.4.6 Exercise, CECs, and EPCs in the Pediatric Population

To date, there are no studies that have examined CECs and only 8
studies that have assessed EPCs in the context of fitness, physical activity,
and/or exercise in the pediatric population. Of these, 3 presented cross-
sectional data, 2 examined the effects of acute exercise, and 3 assessed
the effects of an exercise intervention on EPCs. The heterogeneity in
study populations, exercise protocols, and EPC definition yielded mixed
results between studies, which further highlights the need for additional
research to enhance our understanding of EPCs and their links with
fithess and activity in healthy youth.

Walther et al. found that aerobic fitness (VOynax) Was weakly
associated with EPC concentrations, defined as CD34"CD309" (r = 0.33,
p<0.001), in a sample of 50 healthy children between the ages of 11 and
12 years (Walther et al. 2008). No such relationship with VOyax WAS

observed when the same surface markers were used in a smaller sample
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(N = 24) of 8- to 16-year-old obese youth (r = 0.131, p = 0.572); however,
the authors reported slightly stronger associations between VO,,,.x and
EPCs when they were defined as CD34" (r = 0.458) or CD34"CD133" (r =
0.465, p<0.05) (Arnold et al. 2010). Similar discrepant findings have been
reported in comparisons of EPCs in athletes and healthy, non-athlete
controls (Walther et al. 2008, 2009, D’Ascenzi et al. 2014). Indeed, healthy
children receiving standard physical education classes (45 min, 2x/wk) but
not registered in any extra-curricular sports presented with approximately
41% lower resting levels of CD34*CD45%™CD309* EPCs, and 19% lower
fitness levels compared with children of the same age who were enrolled
in a specialized sport school (45 min, 12x/wk and competitive events)
(Walther et al. 2009). Conversely, D’Ascenzi et al. found no differences
between competitive soccer players (1.5-2.5 hr, 6-8x/wk and competitive
events) and healthy non-athlete controls for CD309",
CD34'CD133"CD309", CD34"CD133'CD309" or CD34'CD133"CD309"
cells (Walther et al. 2009, D’Ascenzi et al. 2014). The authors suggested
that chronic training may not influence baseline levels of EPCs in healthy
adolescents (D’Ascenzi et al. 2014). Training studies in both healthy
children, as well as overweight and obese youth, suggest otherwise
(Walther et al. 2009, Park et al. 2012, Bruyndonckx et al. 2015).

The first study to directly examine the effect of exercise training on

EPCs compared students receiving an intervention of daily physical
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education (45 min/session, at least 15-min aerobic exercise) in a school
setting over an academic year compared with controls receiving a
standard physical education curriculum of 2 x 45-min sessions/week
(Walther et al. 2009). They reported a 19.3% increase in
CD34*CD45%™CD309* EPCs in the intervention group, compared with a
14.6% decrease in controls (between group comparison, p = 0.023), but
no change in EPCs defined as CD34" or CD34°CD309" (p = 0.791 —
0.891) (Walther et al. 2009). Despite the increase in one subset of EPCs
in the intervention group, their values were still 27.8% lower than the
concentrations observed in children attending a specialized sport program
(p = 0.006). Interestingly, the increased exposure to physical education
classes did not have any effect on the migratory capacity of EPCs
exposed to SDF-1, which was similar in the intervention and control
groups, but still significantly lower than the specialized sport group
(Walther et al. 2009). This finding was consistent with a previous study by
the same authors (Walther et al. 2008), and in both cases they postulated
that a higher training volume and intensity might be required to alter EPC
function; however, they did not report any specific details about the
intensity of physical education classes (Walther et al. 2008, 2009).

More recently, both Park et al. and Bruyndonckx et al. reported
significantly larger improvements in EPCs of 266.7% and 62.8%,

respectively, following shorter interventions (12 weeks and 5/10 months,
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respectively) in overweight and/or obese youth (Park et al. 2012,
Bruyndonckx et al. 2015). Whether the marked differences in the
improvements in EPCs are related to the participant population and/or to
the exercise interventions is difficult to determine as neither Walther et al.
nor Bruyndonckx et al. provided any specific details with respect to the
intensity of the exercise performed in their studies. Park et al. reported that
their 3x/wk, 12-week combined aerobic (30-min at 50-70% of heart rate
reserve) and resistance training (2 x 8-12 repetitions, 7 exercises, 60% of
1 repetition max) program led to significant improvements in fitness, as
well as in markers of endothelial activation that may act as potential
regulators of EPC mobilization, including a decrease in resting levels of
sE-selectin, and increases in both VEGF and NO levels compared with the
non-exercising control group (Park et al. 2012). As part of their study,
Bruyndonckx et al. examined endothelial microparticles (defined as
CD34"CD42b’) and reported a 21.5% decrease in their concentrations at
the 10-month time point (Bruyndonckx et al. 2015). Endothelial
microparticles are small fragments of cells that are shed from activated
and apoptotic endothelial cells, and may therefore provide some insight
into the effects of exercise training on CEC levels. However, it must be
noted that endothelial microparticles are considered a distinct population
from CECs, and perhaps more importantly, that this study consisted of

both an exercise and dietary intervention, making it difficult to separate the
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unique effects each component of the intervention on both EPCs and
endothelial microparticles (Bruyndonckx et al. 2015). Taken together,
these findings suggest that a chronic exercise stimulus can positively
affect EPCs in healthy children, and may have an even more potent effect
on overweight and obese youth with increased risk factors for
cardiovascular disease.

Examining the impact of a single, acute bout of exercise on EPCs is
critical for enhancing our understanding of their relationship with exercise,
and the potential mechanisms underlying the exercise-induced
improvements in cardiovascular health. Zaldivar et al. examined changes
in EPCs following 10 x 2-min bouts of cycling at a workload corresponding
to 50% of the workload between anaerobic threshold and maximal oxygen
uptake in pre- and post-pubertal boys. They reported an 83 + 19%
increase in EPCs, defined as CD34*CD45%™, in pre-pubertal boys, and a
trend towards a larger 170 + 45% increase in the post-pubertal boys (p =
0.067) (Zaldivar et al. 2007). The change in EPCs was matched by an
increase in FMS-like tyrosine kinase 3 (FLT-3), G-CSF, and SDF-1, which
are each involved in upregulating EPC mobilization from the bone marrow
(Zaldivar et al. 2007). The only other study to examine the effects of acute
exercise on EPCs was in a small sample of youth with chronic kidney
disease, and reported no change in either CD34" or

CD34*CD31*CD45%™CD133* EPCs following 20-min of continuous cycling
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at 50% of the workload at maximal oxygen uptake (Lau et al. 2014). These
findings were unchanged when EPCs were re-examined using the same
definition as Zaldivar et al. (Obeid et al., unpublished observation). The
differences in EPC responses between these studies may be due to
differences in the exercise protocols, but may also be related to a reduced
EPC response to exercise in participants with a chronic medical condition,
as seen in adults with peripheral arterial disease (Shaffer et al. 2006b,
Sandri et al. 2011) and chronic heart failure (Van Craenenbroeck et al.
2011).

The findings of the small number of studies examining EPCs and
CECs in in youth serve to highlight a number of important gaps and
limitations in our understanding of these cells in the pediatric population.
First, there are no studies examining exercise and CECs in youth. Second,
although there are data available on the differences in EPCs in “active”
versus “non-active” children, no study has assessed the link between
habitual levels of physical activity, per se, and EPCs. Third, one common
factor underlying the discordant findings between studies is the difference
in cell definitions of EPCs, suggesting this may be an important
consideration for future work. Finally, the available literature in youth is
largely incomplete and much like adult studies, biased to primarily report
significant data, while under-reporting statistics surrounding insignificant

findings and important details about exercise protocols. Given the ever-
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growing body of evidence supporting the role of CECs and EPCs in the
monitoring and maintenance of cardiovascular health in adults, and the
potential beneficial effect of physical activity and exercise on these cells,
additional work that more closely examines the role of CECs and EPCs,

and their link with physical activity and exercise in youth seems warranted.

1.5 Objectives and Hypotheses

1.5.1 General Objective
The general objective of this thesis was to examine EPCs and CECs, and
the factors influencing their concentrations, during childhood and

adolescence.

1.5.2 Specific Objectives
The specific objectives of the studies in this thesis were to:

(1) Examine sex-, chronological- and biological age-related differences
in CECs at rest, and assess their association with aerobic fitness,
physical activity, and adiposity (Chapter 3);

(2) Examine sex- and biological age-related differences in EPCs at
rest, assess their association with aerobic fitness, physical activity,
and adiposity, and determine the effect of cell definition on EPC

levels (Chapter 4);
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(3) Conduct preliminary examination of potential differences in EPCs

1.5.3

and CECs at rest in children with JIA and healthy controls, and
compare changes in EPCs and CECs in response to acute bouts of
moderate intensity, continuous exercise, and high intensity, interval

exercise (Chapter 5).

Specific Hypotheses

The specific hypotheses of the studies in this thesis were that:

(1)

(2)

3)

CECs would vary between boys and girls, be lower in younger, less
mature participants, and demonstrate a negative association with
aerobic fitness and physical activity but a positive association with
adiposity (Chapter 3);

EPCs would vary between boys and girls, be higher in less mature
participants, demonstrate a positive association with aerobic fithess
and physical activity but a negative association with adiposity, and
vary significantly based on phenotypic definition (Chapter 4);

EPCs would be lower, and CECs higher in youth with JIA compared
with healthy controls, and that both types of acute exercise would
lead to similar increases in EPCs, and decreases in CECs in JIA

and healthy controls (Chapter 5).

69



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

CHAPTER 2: PROJECT DESIGN, STUDY PARTICIPANTS, AND

METHODOLOGICAL CONSIDERATIONS

Research in pediatric populations is challenged by a number of
unique issues ranging from obvious ethical concerns, to the potentially
confounding effects of growth and maturation on outcomes of interest.
Indeed, inter-individual differences in body size and pubertal status can
introduce significant variability in study outcomes, and potentially inflate
(Type | error) or mask (Type |l error) differences between participants or
time points. Thus, it is important for the pediatric researcher to account for
factors related to growth and maturation, and understand the impact of
inter-individual differences in the timing and tempo of their development
when designing studies involving children and adolescents.

In addition to the aforementioned challenges, the application of
multicolour flow cytometry for immunophenotyping of rare cell populations
is fraught with its own special considerations. Among these are the
selection of the appropriate number and type of antibodies for assessment
of rare cells, the development of robust and reliable protocols for cell
isolation and staining, as well as the standardization of analysis and gating
strategies to ensure objective assessment of cell populations.

The following sections will highlight the methodological

considerations surrounding the study design, participant recruitment, and
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flow cytometry measures used throughout this thesis. Detailed methods

for each study are presented in their respective chapters.

2.1 Project Design

The studies in this thesis are cross-sectional in nature. To date,
much of what is known about CECs and EPCs, and the factors influencing
their concentrations in the peripheral blood, is based on adult literature.
The studies presented in Chapters 3, 4, and 5 were designed to further
our understanding of CECs and EPCs in the pediatric population. More
specifically, Chapters 3 and 4 represent the first efforts towards
characterizing resting CECs and EPCs in children and adolescents, and
examining their associations with fitness, physical activity and body
composition. Although the ranges of CEC and EPC proportions and
concentrations were relatively large, most of the data was clustered
toward one end of the range, which was likely related to a low prevalence
of cardiovascular risk factors in healthy youth. This led to the design of a
study to examine these cells in children with JIA who may be at an
increased risk of CVD compared with their healthy peers (Chapter 5). The
effect of acute exercise on CECs and EPCs was also examined in Chapter
5 as a potential mechanism for exercise-related improvements in

cardiovascular health in children and adolescents.
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2.1.1 Estimate of Biological Age

In order to examine differences in CECs and EPCs by pubertal
status, biological age was estimated from anthropometric measurements
as described by Mirwald et al. (Mirwald et al. 2002). Standing and sitting
height, weight, and chronological age were determined to allow for
calculation of years from peak height velocity (YPHV), which was used as
an indicator of maturity offset. A positive YPHV value indicates that the
participant is beyond PHV (i.e., late- or post-pubertal), while a negative
value indicates that the participant has yet to attain PHV (i.e., pre- or early-
pubertal). Values were calculated separately for males and females using

the following equations:

YPHVmales = -9.236 + 0.0002708 - Leg Length x Sitting Height — 0.001663 - Age x Leg Length +
0.007216 - Age x Sitting Height + 0.002292 - (Weight + Height x 100)
YPHViemales = -9.376 + 0.0001882 - Leg Length x Sitting Height + 0.0022 - Age x Leg Length +
0.005841 - Age x Sitting Height — 0.002658 - Age x Height +

0.7693 - (Weight + Height x100)

2.2 Study Participants

2.2.1 Selection of a Representative Sample

Participant recruitment for Chapters 3 and 4 was designed to
capture a study sample that was generally reflective of the Canadian
pediatric population, and to maximize the likelihood of inter-individual

variability in fitness, physical activity, and body composition. For the most
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part, participants were healthy weight and recreationally active children
(i.e., not training for competitive sport). These participants (n = 59, ~63%
of sample) were recruited using flyers throughout the general community,
as well as through study information letters distributed to a stratified (by
geographical region) and randomized selection of elementary and
secondary schools in the Hamilton-Wentworth District School Board. By
design, ~22% of participants (n = 21) were overweight or obese based on
the Centre for Disease Control criteria (Ogden et al. 2002, Roberts et al.
2012). This group was recruited from the general community as well as
through the weight management program at the Children’s Exercise and
Nutrition Centre, McMaster Children’s Hospital. Another ~15% of the
sample (n = 14) comprised of youth training for competitive sport (i.e.,
participating in training 24 times per week), recruited from local hockey,
volleyball, and triathlon teams. With the exception of overweight/obesity,
children were only excluded if they had a diagnosed medical condition at
the time of study participation.

In order to assess differences in CECs and EPCs associated with
growth and maturation, participants were deliberately recruited in two
groups based on pubertal status: pre-/early-pubertal and late-/post-
pubertal. For the purposes of participant recruitment, these groups were
defined by chronological ages of 8 to 10 years and 14 to 16 years,

respectively. The decision to exclude 11- to 13-year-old children was
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based on the wide range of pubertal stages observed in this age range
(Rowland 1996, Armstrong et al. 1999a, 1999b). Moreover, given that
puberty is a time of rapid physiological and behavioural changes (Bar-Or
and Rowland 2004, Rowland 1996), and very little is known about how
these changes impact CECs and EPCs, we hypothesized that the
inclusion of a mid-pubertal group would increase the variability of our
findings, and thereby require a significantly larger sample to address our
objectives. Thus, children in two distinct age groups, 8 to 10 and 14 to 16
years, were recruited in an effort to maintain a reasonable sample size
and sufficient statistical power to examine CECs and EPCs by

chronological age and pubertal status.

2.2.2 Juvenile Idiopathic Arthritis and Healthy Controls

Specific details of the inclusion and exclusion criteria for the
participants with JIA and healthy controls are described in detail in
Chapter 5. Importantly, due to the demanding requirements of this study
with respect to time commitment, exercise intensity, and blood sampling,
we recruited children and adolescents in a broad age range of 7 to 17
years to participate. While children with JIA were asked to invite a friend or
sibling to participate as a healthy control, it became difficult to recruit
female participants in the control group to match the JIA participants. As
such, participants are only matched by age, and not sex. However, this is

not expected to have a significant impact on the study findings given that
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no sex-based differences were observed for either CECs or EPCs in

Chapters 3 and 4, respectively.

2.3 Flow Cytometry

2.3.1 Measurement of EPCs and CECs

Both CECs and EPCs in this thesis were quantified by flow
cytometry according to the protocol of Duda et al. (Duda et al. 2007). The
lyse-no wash protocol was performed on PBMCs isolated from 10 mL of
whole blood. The monoclonal antibodies and bound fluorochromes used
for cell enumeration were: CD34-APC, a marker of hematopoietic
precursor and endothelial cells; CD31-FITC, a marker of monocytes and
endothelial cells; CD45-PerCP and CD133-PE, markers of hematopoietic
precursors that are not expressed on mature endothelial cells (Woywodt et
al. 2004, Burger and Touyz 2012). Cells of interest were expressed as
both:
1. A proportion of PBMCs (% of PBMCs):

EPC or CEC count N

70 Of PBMCs = —5amecount

100

2. A concentration in whole blood:

PBMC count
L of whole blood

[CEC or EPC] = % of PBMCs x
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where PBMC count per litre of whole blood was calculated from the
sum of lymphocyte and monocyte counts from the same sample,

determined using a Coulter counter by the McMaster Core Facility.

2.3.2 Comparison of Flow Cytometers

In Chapter 5, two flow cytometers were used for assessment of
CECs and EPCs: a BD LSRII (n = 2 JIA and 2 controls) and a Miltenyi
Biotec MACSQuant (n = 5 JIA and 4 controls) flow cytometer. This was
done for practical reasons associated with the limited availability of the BD
LSRII unit. Importantly, participants with JIA and their matched control
were assessed on the same unit.

In order to determine if it was appropriate to pool our results, CECs
and EPCs were examined on both units with 10 blood samples taken from
a convenience sample of 5 participants. Dependent sample t-tests were
calculated to determine group level differences between units, and Bland-
Altman plots were generated to assess agreement and potential
systematic bias in CECs and EPCs as a percentage of PBMCs (Bland and
Altman 1986). Mean bias and 95% limits of agreement (LoA) were
calculated and corrected for multiple observations per individual, as
previously described by Bland and Altman (Bland and Altman 2007).
Acceptable agreement was based on the recommendations of Duda et al.,
which suggest that the standard deviation between duplicate samples

should be no more than 0.2% for CECs and 0.01% for EPCs (Duda et al.
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2007). These values were used as the upper threshold for the estimated
bias between units.

No significant differences were observed between the MACSQuant
and BD LSRII units for CECs (t = 2.17, df = 9; p= 0.06, Figure 2.1A) or
EPCs (t = 0.16, df = 9; p = 0.88, Figure 2.1B). For the agreement analysis,
differences between units were calculated as MACSQuant — BD LSRII.
Mean bias (LoA) for CECs was 0.011 (LoA =-0.022, 0.045; Figure 2.1C),
and EPCs was 0.001 (LoA =-0.067, 0.070; Figure 2.1D). These bias
values fell well below the recommended threshold, as did the calculated
standard deviations of the mean bias (CECs = 0.0002; EPCs = 0.001).
Taken together, these results suggest that CEC and EPC levels

determined using the MACSQuant and BD LSRII were similar.
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Figure 2.1 Comparison of the MACSQuant (MACS) and BD LSRII (BD)
flow cytometers. Analysis suggested comparable measurement of CECs
(A and C) and EPCs (B and D) expressed as a percentage of PBMCs.
Mean = weighted mean bias, calculated as the mean of the difference
between the MACS and BD, adjusted for multiple observations per
individual; Mean - 2SD and + 2SD = 95% lower and upper limits of
agreement, adjusted for multiple observations per individual.

2.3.3 Repeatability, Reliability and Reproducibility of Measurement
Both CECs and EPCs are rare cell populations (Woywodt et al.
2002, 2004, Duda et al. 2007). In adults, CECs and EPCs are estimated
to account for approximately 0.1 — 6.0% and 0.01 — 0.20% of PBMCs,
respectively (Duda et al. 2007). As such, it is not uncommon to detect
fewer than 50 events in a given sample, which highlights the need for
repeatable, reliable and reproducible measurement of these cells.

Repeatability and test-retest reliability of CEC and EPC enumeration were
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determined in duplicate with 10 samples collected at random. Blood
samples were collected and processed in accordance with the protocol
described in Chapters 3 and 4. Cells were enumerated on either the
MACSQuant (n = 5) or the BD LSRII (n = 5) flow cytometer, and data were
pooled for all statistical analyses. Reproducibility of CEC and EPC
enumeration was determined from resting blood samples taken from
Chapter 5. Intraclass correlation coefficients (ICC, model: two-way mixed)
were calculated, and interpreted according to Landis and Koch, where
poor agreement was defined as 0.0 — 0.20, 0.21 — 0.40 as fair, 0.41 — 0.60
as moderate, 0.61 — 0.80 as substantial, and 0.81 — 1.00 as almost perfect
agreement (Landis and Koch 1977).

Repeatability was established by examining a single sample on two
occasions, separated by approximately 1 hour. Samples were stored at 2-
8°C until analysis, and compensation settings were kept constant between
assessments. The repeatability coefficients for CECs and EPCs
suggested that the estimated absolute differences between duplicate
measurements were no greater than 0.001% and 0.002% on 95% of
occasions, respectively. The ICC for single measures of CECs was 0.958
(0.829, 0.990; p<0.001, Figure 2.2A), and the ICC for EPCs was 0.920
(95% upper, lower confidence intervals (Cl): 0.708, 0.981; p<0.001, Figure

2.2B).
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Figure 2.2 Repeatability of CEC and EPC assessments. Almost perfect
repeatability was observed for CECs (A) and EPCs (B). Data are
presented as group mean and standard deviations for sample #1 and
sample #2 (bars), with an overlay of paired individual samples.

Test-retest reliability was established by collecting and staining two
separate samples from each individual. Flow cytometry assessments of
duplicate samples were performed consecutively to avoid potential
differences due to sample degradation over time; however, the cytometer
and compensation settings were reset between assessments. The ICC
(lower, upper 95% CI) for single measurement of CECs was 0.823 (0.464,
0.952; p=0.001, Figure 2.3A), and 0.975 (0.907, 0.994; p<0.001, Figure

2.3B) for EPCs.
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Figure 2.3 Reliability of CEC and EPC assessments. Almost perfect levels
of agreement were found for both CECs (A) and EPCs (B) in 2 blood
samples collected from the same individual, suggesting reliable
enumeration of both cell populations. Data are presented as group mean
and standard deviations for sample #1 and sample #2 (bars), with an
overlay of paired individual samples.

Reproducibility was examined using resting blood samples
collected on two separate days from the same participants. Blood samples
were collected approximately 1 week apart, at the same time of day.
Participants were asked to replicate their diet and activity behaviours on
both days for 24 hours prior to sample collection, and to refrain from eating
and drinking for 3 hours before the blood sample. The reproducibility of
CEC measurement was poor, with a single measurement ICC (95% CI) of
-0.042 (-0.441, 0.532; p=0.562, Figure 2.4A). Conversely, the ICC for
single measurement of EPCs was substantial at 0.653 (0.067, 0.908;
p=0.021, Figure 2.4A), although this was lower than the ICCs reported for
the repeatability and reliability assessments. There is very little data to

inform the typical lifespan and turnover rates of CECs and EPCs; however,
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the relatively high levels of repeatability and reliability together with the low
levels of reproducibility, especially with the CEC cells, may be more
indicative of day-to-day variability in these cell populations rather than

variability in their isolation and identification.
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Figure 2.4 Reproducibility of CEC and EPC assessments. CECs (A) and
EPCs (B) assessed on day #1 and day #2 demonstrated poor and
substantial reproducibility, respectively. Data are presented as group
mean and standard deviations for each day (bars), with an overlay of
paired individual samples.

Although CEC and EPC assessments proved to be repeatable and
reliable in statistical tests, Bartlett and Frost emphasized that the
acceptable limits of reliability and agreement must also be based on
acceptable limits in a clinical context (Bartlett and Frost 2008). Table 2.1
presents the mean standard deviation of duplicates, and percentage of
samples from repeatability, reliability, and reproducibility assessments that
met the criteria for valid CEC and EPC enumeration in duplicate samples,

as outlined by Duda et al. It is important to note that although the
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variability (SD) in CEC and EPC measurements is similar, the
recommended acceptable variability for EPCs is significantly lower than
that of CECs (0.01% vs. 0.2%). This might be expected given the
relatively narrower range for normal values of EPCs reported in adult
populations (Duda et al. 2007). Thus, these data support the findings of
repeatable and reliable CEC and EPC assessments, and further suggest
that the low naturally occurring levels of EPCs may make their
assessment less stable than that of CECs.

Table 2.1 Mean values for the standard deviation between duplicate
samples (SD), and percentage of duplicates (%) that meet the clinical

recommendation of a standard deviation of <0.2% for CECs, and <0.01%
for EPCs (Duda et al. 2007).

CECs EPCs
SD % SD %
Repeatability 0.009 100 0.019 77.8
Reliability 0.013 100 0.011 70.0
Reproducibility 0.108 77.9 0.008 88.9

2.3.4 Gating Strategies

The gating strategies employed in this thesis were developed to
maximize objective selection of positive, negative, dim, and bright
populations of interest, and were based on the available published
literature (Kinik et al. 2005, Duda et al. 2007, Zaldivar et al. 2007, Walther
et al. 2008, 2009, Park et al. 2012). For CEC and EPC analyses based on
the Duda et al. protocol (Chapters 3, 4, and 5), sequential gating consisted
of identification of the lymphocytes and monocytes from the forward vs.

side scatter plots, followed by CECs defined as CD31°""CD45"
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CD34%™CD133 cells, and EPCs as CD31*CD45%"CD34”9"CD133" cells
(Duda et al. 2007), as illustrated in Figures 3.1, and 4.1 in Chapters 3, and
4, respectively. Importantly, samples were analyzed consecutively so as to
ensure a uniform and standardized approach to gating.

In Chapter 4, we examined the effect of eight different published
EPC definitions on cell counts and proportions. Where possible, the gating
strategies and calculation of EPC counts were performed as described in
the literature. In the event that the authors did not provide sufficient detail
to reproduce their gating strategy, a standard sequential strategy was
developed and applied to all collected samples. Appendix B provides
examples of the gating strategies and units of expression for each cell
definition presented in Chapter 4.

For all analyses, a linear scale was used for forward scatter versus
side scatter plots, while biexponential or hlog scales were used for all plots
of monoclonal antibodies. In addition, negative gates were set based on
the unstained control samples for each participant. Given the relatively dim
expression of CD34 on CECs, fluorescence minus one samples (lacking
the CD34 antibody) were used as an additional control to establish the
limits of the CD34" gate. For both the unstained control as well as the
fluorescence minus one samples, negative gates were consistently set at

99.5% of the collected PBMCs.
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CHAPTER 3: CIRCULATING ENDOTHELIAL CELLS IN CHILDREN: ROLE

OF FITNESS, ACTIVITY, AND ADIPOSITY

Originally published as:
Obeid J, Nguyen T, Walker RG, Gillis LJ, and Timmons BW (2014).
Circulating endothelial cells in children: role of fithess, activity, and
adiposity. Medicine & Science in Sports & Exercise 46: 1974-1980.

Wolters Kluwer Health Lippincott Williams & Wilkins®©.

3.1 Abstract

Purpose: Circulating endothelial cells (CEC) are thought to be useful
biomarkers of endothelial dysfunction and overall cardiovascular health.
The extent to which CEC are influenced by fitness, physical activity and
adiposity in youth remains unknown, as they have seldom been examined
in the pediatric population. This study assessed resting levels of CEC in
boys and girls of different chronological and biological age, and explored
the relationship between these cells and aerobic fitness, physical activity,
and adiposity. Methods: Seventy-five children (39 males, median
[interquartile range], age: 14.4 [5.8]) completed two study visits. During
the first visit, basic anthropometric data were collected and biological age
was calculated. Peak mechanical power (Wyeak) Was determined using the
McMaster All-Out Continuous cycling test. Participants then wore an

accelerometer over a 7-day period to assess habitual levels of moderate-
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to-vigorous physical activity (MVPA). During visit 2, percent body fat
(%BF) was assessed by DXA. A fasted blood sample was also collected
from which concentrations of CEC, identified as

CD31”""CD34*CD45 CD133", were quantified by flow cytometry.
Results: No differences were seen in CEC by sex, chronological or
biological age. The median (interquartile range) CEC concentration was
32.3 x 10° (63.0 x 10°), representing 1.3% (2.7) of collected peripheral
blood mononuclear cells. CEC concentration was associated with Wyeak
normalized to lean body mass (r=0.36, p<0.01), and time spent in MVPA
(r=-0.27, p=0.02). No relationship was observed between CEC and %BF.
Conclusion: Healthy children present with relatively low concentrations of
CEC. Because CEC represent a population of mature endothelial cells
shed from the intima following irreversible damage, they may be more
reflective of recent physical activity levels rather than fitness or level of

adiposity.

3.2 Introduction

Cardiovascular disease is the leading cause of mortality globally,
representing approximately 30% of all deaths (38). Recent reports from
the World Health Organization suggest that it will remain the single leading
cause of mortality, with an estimated 23.3 million annual deaths by 2030

(25), likely because of high rates of obesity. The realization that
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cardiovascular disease has its roots in childhood (4, 28) highlights the
need for early identification of cardiovascular dysfunction and intervention
to prevent the worsening of cardiovascular health into adulthood.

To date, several risk factors and biomarkers for the development of
cardiovascular disease have been identified in youth. Although more
traditional risk factors like family history, blood pressure, and adiposity
have been examined extensively, emerging evidence suggests that
nontraditional markers including C-reactive protein, endothelial progenitor
cells, and circulating endothelial cells (CEC) may be more representative
of early signs of cardiovascular damage (2, 6). In adults, elevated
concentrations of CEC have been linked with well-established plasma-
based markers of endothelial dysfunction, such as von Willebrand Factor,
as well as physiological markers such as impaired flow-mediated dilation
(21, 32). CEC, which represent a population of mature endothelial cells
shed from the intima after irreversible structural damage and injury to the
endothelial layer (5), have been identified in several disease states,
including diabetes (26), atherosclerosis and hypertension (16), as well as
in association with poor health behaviours, such as smoking (6, 31).
Moreover, the CEC concentration in peripheral blood demonstrates a
positive association with disease severity (5, 20), and is predictive of
adverse cardiovascular events in those with acute coronary syndromes (7,

22). Taken together, these lines of evidence suggest that CEC in
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peripheral blood may be clinically useful as a surrogate marker of early
endothelial abnormalities in adulthood (5, 8). The extent to which these
findings translate to a pediatric population remains unknown; however, the
limited evidence suggests that CEC may be elevated in severely obese
youth with elevated systolic blood pressure (19).

Both aerobic fitness and physical activity are also predictive of
cardiovascular risk in children and adults (1, 23, 33, 34). Emerging
evidence suggests a strong influence of fithness and physical activity on
circulating progenitor cells (23, 30, 41). Unlike CEC, endothelial
progenitor cells are thought to contribute to the neoangiogenic process or
to the repair of the damaged endothelial cell layer. In this way, regular
exercise is believed to mobilize these cells for the benefit of endothelial
adaptation (23). However, very little is known about the relationships
between fitness, physical activity, and CEC, which are more
representative of endothelial abnormalities. We sought to further
understand these relationships in children to provide an additional
perspective on fitness, physical activity and cardiovascular risk.

Clearly, more work is needed to identify and characterize CEC in
children as potentially sensitive and specific markers of endothelial
damage. Given their predictive value in endothelial dysfunction, it is
important to study CEC in the context of fithess, physical activity, and

adiposity. Such information may reveal pathways through which regular
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exercise affects vascular health and may ultimately help to optimize
physical activity recommendations according to age and sex. Therefore,
the objectives of this study were to 1) examine resting levels of CEC in
boys and girls of different chronological and biological age, and 2) explore
the relationship between these cells and aerobic fitness, physical activity,
and adiposity. We hypothesized that 1) given the relatively low level of
endothelial damage expected in youth, CEC would be similar in boys and
girls, and increase with both chronological and biological age in
accordance with increasing, albeit still low, levels of endothelial damage
over time, and 2) youth demonstrating lower levels of aerobic fitness and
physical activity, along with higher levels of adiposity, would present with

the highest concentrations of CEC.

3.3 Methods

Participants. Boys and girls between the ages of 8-10 yr (N = 48)
and 14-16 yr (N=46) participated in this study, which was approved by the
Hamilton Health Sciences/Faculty of Health Sciences Research Ethics
Board. Participants were recruited from the general community, as well as
from randomly selected elementary and secondary schools from a local
school board. Overweight and obese participants (23% of study sample)
were recruited, by design, from the Children’s Exercise and Nutrition

Centre’s weight management program. None of the children reported any
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medical conditions at the time of participation. A parent or guardian and
each participant provided written informed consent and assent,
respectively, before enrollment in the study. Participant characteristics are

presented in Table 1.

Table 3.1 Participant characteristics.

All Males Females
N 75 39 36
Age (yr) 14.4 (5.8) 10.7 (5.7) 14.7 (6.0)
Height (m) 1.6 (0.3) 1.5(0.3) 1.6 (0.3)
Weight (kg) 46.2 (31.5) 40.0(31.7) 50.8 (30.3)
BMI Percentiles? 57.1(60.3) 55.6(45.7) 65.3(52.5)
%BF* 20.2 (8.4) 16.9 (6.0) 24.0 (10.5)
Overweight/Obese (%) 22.7 231 22.2
Woeak (W-kgLean™") 4.6 (1.0) 4.6 (1.0) 4.7 (1.4)
MVPA (min-d-")* 57.9(27.7) 64.7 (20.5) 50.3 (24.8)

MVPA (min-h-! monitoring time)* 4.5 (2.3) 5.0 (2.4) 3.9(1.9)
Data are presented as median (IQR).

aBMI percentiles are based on the CDC charts for age (28).

*Significant difference between males and females, P < 0.05.

%BF, percentage body fat from DXA; Wpeak ,peak mechanical power relative
to lean body mass; MVPA, moderate-to-vigorous physical activity.

Study overview. Data collection occurred between September
2009 and July 2011. Participants were invited to our laboratory on two
occasions separated by ~7 days. During the first visit, basic
anthropometric data were collected and fitness testing was performed.
Participants were then provided with an accelerometer to wear for a 7-d
period to assess levels of habitual physical activity. At the end of the week
participants returned to the laboratory for their second visit, at which time

adiposity was assessed and a fasting blood sample was collected.
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Biological age and Adiposity. Standing and seated height (to the
nearest 0.1 cm) and nude weight (to the nearest 0.1 kg, BWB-800, Tanita
Corp., Japan) were assessed. Body mass index (BMI) was calculated as
weight / height2 and used for descriptive purposes only, where overweight
or obese participants were defined as having a BMI >85™ percentile for
age (29). Biological age was assessed as maturity offset, defined as the
estimated number of years from the age of peak height velocity (YPHV)
and calculated from anthropometric measures according to Mirwald et al.
(27). The primary measure of adiposity was % body fat (%BF) assessed
using dual energy x-ray absorptiometry (DXA). Whole body DXA scans
were performed in a supine position on a Hologic QDR 4500A scanner
(Hologic Inc., Waltham, MA, USA). Accompanying software (Version 12.3)
was used to determine total body fat mass.

Aerobic fitness. Aerobic fithess was assessed using the McMaster
All-Out Progressive Continuous cycling test on a mechanically braked
cycle ergometer (Fleisch-Metabo, Geneva, Switzerland). Participants were
instructed to cycle at a pace of 60 rpm as the workload was increased in
constant increments (10-50 Watts, based on height and estimated fitness
level) every 2 min until they were no longer able to maintain the prescribed
cadence, despite strong verbal encouragement. Peak mechanical power
in Watts (Wyeak) was defined as the highest achieved power output, pro-

rated to the time completed in the final stage. To account for differences in
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body size, Wpeak Was normalized to DXA-derived lean body mass (i.e.,
W-kgLean ).

Physical activity. At the end of their first visit, participants were
outfitted with an ActiGraph GT1M accelerometer and instructed to wear
the device over the right hip during all waking hours, with the exception of
water activities. The accelerometer was set to record in 3-sec epochs over
7 consecutive days. Participants were also provided with a logbook to
record the times the device was worn and removed during the week. Only
participants who wore the accelerometer for = 10 hours on = 4 days (at
least 1 weekend day) were included in the analyses (N = 82).
Accelerometer data were downloaded and visually inspected to ensure
that the time recorded in the logbook matched the accelerometer output.
Any activity recorded during participant-reported nonwear time was
excluded from analysis. A Microsoft Excel-based Visual Basic data
reduction program was then used to determine moderate-to-vigorous
physical activity (MVPA). Activity intensity was determined using cut points
developed by Evenson et al. (13), which have since been identified as the
most sensitive and specific activity intensity cut-points for youth between
the ages of 5 and 15 yr (36). MVPA was defined as = 115 counts per 3 s
and used in analyses as the primary physical activity variable because it is
the target of world-wide physical activity recommendations for children and

youth (24).
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Blood sampling and analysis. Participants were instructed to refrain
from participating in any strenuous activity for a 24-hour period, as well as
to fast for a 10-hour period before providing a blood sample, which was
drawn by venipuncture from the median cubital vein. Testing schedules
were organized for postpubertal females such that blood samples would
be collected during the follicular phase (days 7-10) of their menstrual cycle.
A complete blood count was performed on a portion of each sample by the
McMaster Core Facility (McMaster University). The remainder of the
sample was processed for flow cytometric analysis according to the
protocol described by Duda et al. (11). Briefly, peripheral blood
mononuclear cells (PBMC) were isolated from 10 mL of whole blood by
density gradient centrifugation according to manufacturer protocols
(Lymphoprep™, Axis-Shield, Oslo, Norway). Once isolated, the sample
was washed and incubated for 10 min with an Fc-receptor blocking
reagent so as to minimize nonspecific binding. This was followed by a 20-
min incubation with the following antibodies (with conjugated
fluorochromes): CD31 (FITC), CD34 (APC), CD45 (PerCP), and CD133
(PE). The sample was then lysed, fixed, and stored at 2°C—-8°C until
further analysis. CEC were defined as CD31°"9"CD34*CD45 CD133" (Fig.
1), and expressed as both concentrations as well as percent of collected
PBMCs. CEC were enumerated within 24-hours of sample collection on a

15-color BD LSRII flow cytometer (McMaster Flow Cytometry Facility,
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McMaster University), and subsequently analyzed with FlowJo (Version

8.7 for Maclntosh, Tree Star Inc.).
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Figure 3.1 A representative 4-colour analysis of circulating endothelial
cells. Peripheral blood mononuclear cells are stained for CD31 (FITC),
CD34 (APC), CD45 (PerCP), and CD133 (PE) and first gated based on
forward (size) and side (granularity) scatter characteristics (A). CECs were
then identified as CD31°""'CD45™ (B), and CD133 CD34" (C).

Statistical analyses. All variables were tested for normality using the
Shapiro-Wilk test. To examine the influence of sex, chronological age and
biological age, cell populations were compared between males and
females, between different age groups as well as between participants
who were 2 +1 YPHV and < -1 YPHYV, respectively, using either
independent sample t-tests or Mann-Whitney U-tests. Correlation
coefficients (Pearson and Spearman) were calculated to assess the
relationship between CEC and %BF, Wyeax, and MVPA. If these variables
demonstrated strong bivariate relationships (r=0.5), they were entered into
backward linear regression analyses to examine the degree to which
these variables could predict measured CEC concentrations. Statistical

significance was set at P < 0.05. All statistical analyses were performed in
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Statistical Package for the Social Sciences (version 20.0, IBM, Chicago,

IL).

3.4 Results

CEC in children. Complete data sets were available for 75
participants (39 males; 12 did not comply with physical activity
assessments, 7 did not provide a fasted blood sample). CEC were not
normally distributed; non-parametric statistics were employed and all data
are presented as median (interquartile range [IQR]). Both the CEC
concentration and the percentage of collected PBMC were similar in males
and females (P > 0.2; Table 2). When compared across chronological age
groups (8-10 vs. 14-16 yr) and by biological age (= +1 YPHV vs. < -1
YPHYV), there were no differences in the concentration or proportion of
CEC (P > 0.2; Table 2), thus, all data were combined. The median (IQR)
CEC concentration was 32.3 x 10° (63.0 x 10°), representing 1.3% (2.7%)

of collected PBMC.

Table 3.2 Circulating endothelial cells by sex, chronological, and biological
age.

Sex Chronological Age (yr) Biological Age (YPHV)
All Males Females 8-10 14-16 -1 2 +1
N 75 39 36 37 38 34 36
[CEC] (x 10° cells per liter) 32.3 (63.0) 32.6 (90.7) 32.1 (50.9) 26.4 (63.5) 46.8 (62.6) 26.4 (77.8) 38.2(39.2)
%CEC (% of PBMC) 1.3 (2.7) 1.4(2.8) 1.1(2.2) 1.0 (2.0) 1.7 (2.8) 1.0(2.6) 1.6(2.1)

Data are presented as median (IQR).
[CEC], concentration of circulating endothelial cells; %CEC, circulating endothelial cells as a percentage of
peripheral blood mononuclear cells (PBMC).
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Relationships between CEC and fitness, physical activity, and
adiposity. Spearman’s correlations between CEC and Wpeak, MVPA,
and %BF are presented in Table 3. Both CEC concentration and CEC
expressed as a percentage of PBMC were positively associated with Wpeak
normalized to lean body mass. Only the concentration of CEC was
negatively associated with time spent in MVPA. No relationship was
observed between CEC and %BF. Because none of the bivariate
correlations achieved a correlation coefficient 20.5, backward linear
regression analyses were not performed.

Table 3.3 Spearman rank order correlations between CECs and fitness,
physical activity and body composition.

[CEC] %CEC
Whpeak (W'kgLean'1) 0.36** 0.35*
MVPA (min-d-') -0.24* -0.18
MVPA (min-hr'' monitoring) -0.27* -0.22
%BF -0.16 -0.19

*Significant correlation, P < 0.05.

**Significant correlation, P < 0.01.

Whieak, peak mechanical power; MVPA, moderate-to-vigorous
physical activity; %BF, percentage body fat from DXA;
[CEC], concentration of circulating endothelial cells;

%CEC, CEC expressed as a percentage of collected PBMC.

3.5 Discussion

We simultaneously assessed the degree to which physical activity
and fitness are correlated with CEC concentrations, while considering
adiposity (%BF) in a group of apparently healthy youth. The main findings
of this study were that aerobic fitness was positively associated with the

concentration and proportion of CEC, whereas MVPA was negatively
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associated with the concentration of CEC only. Conversely, %BF was not
correlated with either concentrations or proportions of CEC. We also
found that males and females as well as less biologically mature versus
more biologically mature youths expressed similar concentrations and
proportions of CEC.

There remains a great deal of controversy around the best methods
and markers used for the identification of CEC (8, 11, 40). The literature to
date has included CEC identified by immunobeads, density centrifugation,
standard centrifugation, and flow cytometry, with each technique yielding a
broad range values from as little as <3 to 18,896 cells per milliliter of
healthy, adult whole blood (3, 6). Although flow cytometry, the technique
used in the current study, may be more sensitive to the identification of
these rare cells, marker selection may have an additional bearing on CEC
counts (6). To date, the more commonly used phenotypic markers include
expression of CD31, a marker of endothelial cells, together with the
absence of CD45 and CD133, markers of leukocytes and immaturity,
respectively (6, 11). In our study, we enumerated CEC as per the
recommendations set out by Duda et al. (11) because this protocol has
been utilized successfully in both healthy and clinical populations and
represents a more thorough assessment of CEC than the more commonly
utilized techniques that employ single markers for CEC identification. We

found that CEC ranged from 0.1 to 6.9% of PBMC, which falls in line with
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the 0.1 to 6.0% range reported by Duda et al. (11). Our median of 1.3%
fell on the lower side of this range, which may be due to a limited degree
of endothelial damage in a sample of relatively healthy youth.

To our knowledge, only two studies have examined CEC in a
pediatric population; however, the focus of these papers was primarily on
the association between these cells and adiposity (10, 19). As such, there
are no data to describe the influence of normal growth and development
on CEC. Such information is critical to our understanding of the potential
role of CEC in cardiovascular health by distinguishing normal growth and
development from factors such as physical activity, fitness, or disease. To
begin to fill this gap in the literature, we examined CEC in youth of varying
chronological and biological age, as defined by the maturity offset of
estimated years from peak height velocity, and found that CEC
concentrations are similar regardless of biological age. As previously
mentioned, the extent of endothelial damage may be low in this relatively
healthy sample and so it can be concluded that CEC are normally quite
low in healthy children. In future studies, it will be important to evaluate
CEC in children with chronic medical conditions, such as inflammatory
diseases, which are associated with elevated cardiovascular risk (15, 17,
18).

In apparently healthy children, strong evidence links physical

activity and fitness with favourable levels of traditional physiological risk
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factors for cardiovascular disease and biomarkers of vascular structure
and function (1, 14, 33-35). Unfortunately, we know virtually nothing about
the mechanisms that potentially link being active and fit with improved
cardiovascular health for children, or the extent to which these
relationships may be modified by adiposity. In the current study, we found
that aerobic fithess was positively associated with CEC, whereas the
correlation between MVPA and CEC concentration was negative — the
opposite direction than what we expected. Because fitness and physical
activity represent different attributes, these discordant findings may be
explained by the fact that fitness is a state of physiological function
whereas MVPA represents a behavior. In our study, CEC were analyzed
in a blood sample collected after 7 d of physical activity monitoring; thus,
the MVPA data reflect recent physical activity behavior and CEC may be
responsive to recent physical activity. It is also important to note that most
of the studies examining CEC to date report significantly elevated
concentrations in adults with chronic medical conditions compared with
healthy controls (8, 9, 26). It is therefore possible that the relationship
between fitness, physical activity and CEC is influenced by health status.
Clearly, more work is needed to understand the potential role of CEC in
cardiovascular health during growth and the extent to which recent

physical activity behavior and/or fitness influences their status.
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Given the commonly reported negative association between weight
status and endothelial function (37), we hypothesized a positive
relationship between adiposity and CEC. Nevertheless, we found no
association between %BF or BMI percentile (not reported) and proportions
or concentrations of CEC. Our finding are in line with those reported by
Dias et al., wherein activated CEC demonstrated no association with BMI
z-score, waist circumference, and %BF as measured by DXA (10),
although we did not specifically measure activated CEC. Conversely,
Kelly et al. reported moderately strong relationships between BMI, waist
circumference, and CEC (19). These discrepant findings may be partially
explained by the fact that Kelly et al. included a large proportion of
severely obese participants (25% of sample had a BMI 299" percentile).
Indeed, when examined by weight status groups (normal, overweight,
obese, and severely obese), only participants in the severely obese group
were found to have a higher number of CEC per mL of blood (19). Our
sample was relatively lean (median %BF of 20.2%), with only 5
participants (7% of sample) classified as severely obese, despite the fact
that we deliberately recruited ~25% of our sample from a weight
management program. Moreover, Kelly et al. enumerated CEC via
immunohistochemical examination of buffy-coat smears (19), making it

difficult to directly compare our findings. Future work should seek to
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include additional participants at the extremes of weight status before any
clinical interventions.

To our knowledge, this is the first study to examine CEC and their
association with fitness, physical activity and adiposity in youth; however,
our results must be interpreted in light of some limitations. Although we
attempted to recruit participants that were representative of the healthy
pediatric population, our sample remains fairly homogeneous, making it
difficult to extrapolate our findings to the general pediatric population.
Second, our definition of CEC was based on 4 markers (CD31, CD34,
CD45, and CD133) as described by Duda et al. (11). We did not include a
CD146 marker, which represents one of the commonly used primary
antibodies for CEC identification (12). We, therefore, cannot exclude the
possibility of some small degree of endothelial progenitor cell
contamination in our CEC sample. Finally, we enumerated CEC based on
phenotypic markers, which is common in the literature; however, we did
not examine their in vitro function, nor did we assess CEC activation state
in the peripheral circulation. More specifically, it has been suggested that
circulating CEC consist of live cells, as well as those that are apoptotic or
necrotic (39), which may ultimately impact their relationship with fitness,
physical activity, and adiposity. This notion is supported by the fact that
Kelly et al. reported stronger associations between BMI, waist

circumference, and the proportion of activated CEC compared with total
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CEC counts (19). Future work should seek to differentiate between these
populations in a more diverse pediatric population.

In conclusion, we found that CEC were similar in boys and girls as
well as by chronological and biological age. CEC were positively
associated with aerobic fitness but demonstrated no association with
adiposity. Conversely, youth engaging in higher levels of physical activity
presented with fewer CEC. Because CEC represent a population of
mature endothelial cells shed from the intima following irreversible
damage (5), they may be more reflective of recent physical activity levels

as opposed to a child’s state of fitness or level of adiposity.

3.6 Acknowledgements

The authors thank the participants for their time and effort. They
also acknowledge the assistance of Hong Liang at the McMaster Flow
Cytometry Facility as well as Colleen Cordukes and Megan Gao. This
study was made possible by a grant-in-aid from the Heart & Stroke
Foundation of Ontario (Grant no. NA 6445). JO was supported by a CIHR
Frederick Banting and Charles Best Canada Graduate Scholarship. TN
was supported by an NSERC Postgraduate Scholarship. RGW was
supported by a CIHR Undergraduate Studentship in Mobility,
Musculoskeletal Health and Arthritis Across the Lifespan. BWT is

supported by a CIHR New Investigator Salary Award. The authors have

102



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

no conflicts of interest to declare. The results of the present study do not

constitute endorsement by ACSM.

103



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

3.7 References

1.

10.

Abbott RA, Harkness MA, Davies PS. Correlation of habitual physical
activity levels with flow-mediated dilation of the brachial artery in 5-10
year old children. Atherosclerosis. 2002;160(1):233-9.

Balagopal PB, de Ferranti SD, Cook S et al. Nontraditional risk factors
and biomarkers for cardiovascular disease: mechanistic, research,
and clinical considerations for youth: a scientific statement from the
American Heart Association. Circulation. 2011;123(23):2749-69.

Batycka-Baran A, Paprocka M, Krawczenko A, Dus D, Szepietowski
JC. Increased number of circulating endothelial cells (CECs) in
patients with psoriasis - preliminary report. J Eur Acad Dermatol
Venereol. 2014;28(1):116-9.

Berenson GS, Srinivasan SR, Bao W, Newman WP, lll, Tracy RE,
Wattigney WA. Association between multiple cardiovascular risk
factors and atherosclerosis in children and young adults. The
Bogalusa Heart Study. N Engl J Med. 1998;338(23):1650-6.

Blann AD, Pretorius A. Circulating endothelial cells and endothelial
progenitor cells: two sides of the same coin, or two different coins?
Atherosclerosis. 2006;188(1):12-8.

Blann AD, Woywodt A, Bertolini F et al. Circulating endothelial cells.
Biomarker of vascular disease. Thromb Haemost. 2005;93(2):228-35.

Boos CJ, Soor SK, Kang D, Lip GY. Relationship between circulating
endothelial cells and the predicted risk of cardiovascular events in
acute coronary syndromes. Eur Heart J. 2007;28(9):1092-101.

Burger D, Touyz RM. Cellular biomarkers of endothelial health:
microparticles, endothelial progenitor cells, and circulating endothelial
cells. J Am Soc Hypertens. 2012;6(2):85-99.

Chong AY, Lip GY, Freestone B, Blann AD. Increased circulating
endothelial cells in acute heart failure: comparison with von Willebrand
factor and soluble E-selectin. Eur J Heart Fail. 2006;8(2):167-72.

Dias IB, Panazzolo DG, Marques MF et al. Relationships between

emerging cardiovascular risk factors, z-BMI, waist circumference and
body adiposity index (BAIl) on adolescents. Clin Endocrinol (Oxf). 2013.

104



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Duda DG, Cohen KS, Scadden DT, Jain RK. A protocol for phenotypic
detection and enumeration of circulating endothelial cells and
circulating progenitor cells in human blood. Nat Protoc. 2007;2(4):805-
10.

Erdbruegger U, Dhaygude A, Haubitz M, Woywodt A. Circulating
endothelial cells: markers and mediators of vascular damage. Curr
Stem Cell Res Ther. 2010;5(4):294-302.

Evenson KR, Catellier DJ, Gill K, Ondrak KS, McMurray RG.
Calibration of two objective measures of physical activity for children. J
Sports Sci. 2008;26(14):1557-65.

Froberg K, Andersen LB. Mini review: physical activity and fitness and
its relations to cardiovascular disease risk factors in children. Int J
Obes (Lond). 2005;29 Suppl 2):S34-S39.

Glowinska-Olszewska B, Moniuszko M, Hryniewicz A et al.
Relationship between circulating endothelial progenitor cells and
endothelial dysfunction in children with type 1 diabetes: a novel
paradigm of early atherosclerosis in high-risk young patients. Eur J
Endocrinol. 2013;168(2):153-61.

Hladovec J, Prerovsky |. Endothelial lesion in hypertension. Cor Vasa.
1989;31(1):51-4.

Jednacz E, Rutkowska-Sak L. Atherosclerosis in juvenile idiopathic
arthritis. Mediators Inflamm. 2012;2012):714732.

Kavey RE, Allada V, Daniels SR et al. Cardiovascular risk reduction in
high-risk pediatric patients: a scientific statement from the American
Heart Association Expert Panel on Population and Prevention

Science; the Councils on Cardiovascular Disease in the Young,
Epidemiology and Prevention, Nutrition, Physical Activity and
Metabolism, High Blood Pressure Research, Cardiovascular Nursing,
and the Kidney in Heart Disease; and the Interdisciplinary Working
Group on Quality of Care and Outcomes Research. J Cardiovasc Nurs.
2007;22(3):218-53.

Kelly AS, Hebbel RP, Solovey AN et al. Circulating activated
endothelial cells in pediatric obesity. J Pediatr. 2010;157(4):547-51.

Koc M, Richards HB, Bihorac A, Ross EA, Schold JD, Segal MS.
Circulating endothelial cells are associated with future vascular events
in hemodialysis patients. Kidney Int. 2005;67(3):1078-83.

105



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lee KW, Blann AD, Lip GY. Inter-relationships of indices of endothelial
damage/dysfunction [circulating endothelial cells, von Willebrand
factor and flow-mediated dilatation] to tissue factor and interleukin-6 in
acute coronary syndromes. Int J Cardiol. 2006;111(2):302-8.

Lee KW, Lip GY, Tayebjee M, Foster W, Blann AD. Circulating
endothelial cells, von Willebrand factor, interleukin-6, and prognosis in
patients with acute coronary syndromes. Blood. 2005;105(2):526-32.

Lenk K, Uhlemann M, Schuler G, Adams V. Role of endothelial
progenitor cells in the beneficial effects of physical exercise on
atherosclerosis and coronary artery disease. J Appl Physiol.
2011;111(1):321-8.

Lipnowski S, Leblanc CM. Healthy active living: Physical activity
guidelines for children and adolescents. Paediatr Child Health.
2012;17(4):209-12.

Mathers CD, Loncar D. Projections of global mortality and burden of
disease from 2002 to 2030. PLoS Med. 2006;3(11):e442.

McClung JA, Naseer N, Saleem M et al. Circulating endothelial cells
are elevated in patients with type 2 diabetes mellitus independently of
HbA(1)c. Diabetologia. 2005;48(2):345-50.

Mirwald RL, Baxter-Jones AD, Bailey DA, Beunen GP. An assessment
of maturity from anthropometric measurements. Med Sci Sports Exerc.
2002;34(4):689-94.

Newman WP, Ill, Wattigney W, Berenson GS. Autopsy studies in
United States children and adolescents. Relationship of risk factors to
atherosclerotic lesions. Ann N 'Y Acad Sci. 1991;623):16-25.

Ogden CL, Kuczmarski RJ, Flegal KM et al. Centers for Disease
Control and Prevention 2000 growth charts for the United States:
improvements to the 1977 National Center for Health Statistics version.
Pediatrics. 2002;109(1):45-60.

Park JH, Miyashita M, Kwon YC et al. A 12-week after-school physical
activity programme improves endothelial cell function in overweight
and obese children: a randomised controlled study. BMC Pediatr.
2012;12):111.

106



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Prerovsky |, Hladovec J. Suppression of the desquamating effect of
smoking on the human endothelium by hydroxyethylrutosides. Blood
Vessels. 1979;16(5):239-40.

Rajagopalan S, Somers EC, Brook RD et al. Endothelial cell apoptosis
in systemic lupus erythematosus: a common pathway for abnormal
vascular function and thrombosis propensity. Blood.
2004;103(10):3677-83.

Reed KE, Warburton DE, Lewanczuk RZ et al. Arterial compliance in
young children: the role of aerobic fithess. Eur J Cardiovasc Prev
Rehabil. 2005;12(5):492-7.

Saakslahti A, Numminen P, Varstala V et al. Physical activity as a
preventive measure for coronary heart disease risk factors in early
childhood. Scand J Med Sci Sports. 2004;14(3):143-9.

Shea S, Basch CE, Gutin B et al. The rate of increase in blood
pressure in children 5 years of age is related to changes in aerobic
fithess and body mass index. Pediatrics. 1994;94(4 Pt 1):465-70.

Trost SG, Loprinzi PD, Moore R, Pfeiffer KA. Comparison of
accelerometer cut points for predicting activity intensity in youth. Med
Sci Sports Exerc. 2011;43(7):1360-8.

Woo KS, Chook P, Yu CW et al. Overweight in children is associated
with arterial endothelial dysfunction and intima-media thickening. Int J
Obes Relat Metab Disord. 2004;28(7):852-7.

World Health Organization. Global status report on noncummunicable
disease 2010. Geneva, Switzerland: World Health Organization; 2011,
p. 9-28.

Woywodt A, Bahimann FH, De GK, Haller H, Haubitz M. Circulating
endothelial cells: life, death, detachment and repair of the endothelial
cell layer. Nephrol Dial Transplant. 2002;17(10):1728-30.

Woywodt A, Kirsch T, Haubitz M. Immunomagnetic isolation and
FACS--competing techniques for the enumeration of circulating
endothelial cells. Thromb Haemost. 2006;96(1):1-2.

Zaldivar F, Eliakim A, Radom-Aizik S, Leu SY, Cooper DM. The effect
of brief exercise on circulating CD34+ stem cells in early and late
pubertal boys. Pediatr Res. 2007;61(4):491-5.

107



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

CHAPTER 4: CIRCULATING ENDOTHELIAL PROGENITOR CELLS IN

YOUTH: FITNESS, PHYSICAL ACTIVITY, AND ADIPOSITY

Submitted for publication as:
Obeid J, Nguyen T, and Timmons BW. Circulating endothelial progenitor
cells in children and adolescents: impact of aerobic fithess, physical

activity, and cell definition. International Journal of Sports Medicine.

4.1 Abstract

Background: Circulating endothelial progenitor cells (EPCs) are early
markers of cardiovascular impairment. The role of EPCs in youth remains
unclear, and is complicated by differences in how cells are identified. This
study (1) described EPCs in pre- and late-pubertal males and females, (2)
examined their association with fitness, activity and adiposity, and (3)
compared EPCs by published cell definitions. Methods: Ninety-four
participants completed two sessions. During the first session, aerobic
fitness (Wpeak) and moderate-to-vigorous physical activity (MVPA) were
assessed. During the second session, percent body fat (%BF) was
determined by DXA, and a fasted blood sample was collected to measure
EPCs by flow cytometry. EPCs were identified as
CD31*CD34""9"CD45%™CD133*. Samples were reanalyzed and cell
counts were compared according to 8 previously published EPC

definitions. Results: EPCs were similar in pre- and late-pubertal males and
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females (p>0.05). Neither EPC concentrations nor proportions were
correlated with Wyeak (p=-0.04- -0.06), MVPA (p=-0.09- -0.07), or %BF
(p=0.20-0.14). Agreement between cell data analyzed according the
different cell definitions ranged from K=-0.06-0.82. Conclusion: EPCs were
not associated with fitness, MVPA or adiposity in youth. The overall poor
agreement across definitions may be indicative of distinct EPC

subpopulations.

4.2 Introduction

Physical activity and aerobic fitness are among the most well
established predictors of cardiovascular health in both children and adults
[1,31,36]; however, the mechanisms underlying these relationships are
only beginning to emerge. Identification and characterization of new,
sensitive, and specific markers of cardiovascular dysfunction in youth
could help to optimize clinical physical activity recommendations, which
are important now more than ever in light of persistently high childhood
obesity rates [32]. To this end, emerging evidence supports a critical role
for bone marrow-derived circulating endothelial progenitor cells (EPCs) in
supporting post-natal vasculogenesis and vascular repair [5,10,38], and
suggests that their concentration in peripheral blood may be clinically
useful as an early marker of cardiovascular risk, at least among adults

[19,42].
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A potent stimulus to increase EPCs is physical exercise [6,25,34].
Research involving healthy adults and those with diagnosed
cardiovascular disease has demonstrated that acute bouts of exercise can
lead to 66-309% increases in EPCs [35,39]. Consistent with an apparent
benefit of specific episodes of exercise, adults with higher levels of
habitual physical activity [26] and physical fitness [6] experience higher
EPCs concentrations. A small number of studies suggest that acute
exercise, physical activity and fitness can also increase EPCs in youth,
albeit to a lesser degree [3,30,40,41,43]. Specifically, Zaldivar et al.
reported 83% and 170% increases in EPCs following acute exercise in
pre- and post-pubertal males, respectively [43]. Moreover, the addition of
45 min of daily physical activity in a school setting over a 1-year period led
to an 18% increase in EPCs, with a concomitant 29% increase in aerobic
fitness [40]. Taken together, these data indicate that EPC mobilization
may represent one mechanism translating physical activity and aerobic
fitness into improved cardiovascular health.

Despite the promising links between exercise and EPCs, our
understanding of the naturally occurring concentrations of these cells in
youth is limited by the equivocal findings of the available literature. In a
comparison of EPCs across the lifespan, children and adolescents (1-17
years of age) demonstrated three times higher EPC counts compared with

adult age groups (20-60, and 60-81 years)[22]. Conversely, Jung et al.
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found lower levels of EPCs in adolescents (13-17 years) compared with
adults (>34 years)[23]. Only one study from Zaldivar et al. examined
differences in EPCs by maturation and reported higher resting
concentrations in pre-pubertal compared with post-pubertal males,
suggesting that the biology of these cells and/or their precursors may be
influenced by puberty or chronological age [43]. Conflicting findings on the
effect of weight status on EPCs have also been reported, with data to
support a drastic reduction [7], no change [24], and an increase [23] in
EPCs in overweight or obese youth compared with their healthy weight
peers. These findings highlight the need for a comprehensive assessment
of EPCs, as well as the factors influencing their resting concentrations, so
as to explore their potential as markers of cardiovascular health in youth.
The discrepancies between studies in the pediatric population are
likely related to the different protocols and cell markers (i.e., phenotype)
used to identify EPCs. In fact, a number of adult-based studies have
revealed little to no agreement in EPC concentrations when cells were
quantified using different isolation protocols (i.e., whole blood vs.
peripheral blood mononuclear cells), cell markers (i.e., CD34, CD45,
CD133, CD309), and enumeration techniques (i.e., flow cytometry vs. cell
culture) [8,9,14,15,17]. Importantly, marker selection continues to be a
matter of debate since most available monocloncal antibodies are not

specific to EPCs, and as such, often fail to distinguish between
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hematopoietic and endothelial progenitor cell lineages [15,37]. A better
understanding of the impact of cell marker selection on EPC identification
is necessary to allow for comparison and interpretation of the previously
reported findings in the pediatric literature, as well as for the design of
future studies of EPCs in youth.

To begin addressing these gaps in the literature, the primary
objectives of this study were to 1) assess and compare resting levels of
EPCs in typically developing, pre- and post-pubertal males and females,
and 2) examine the relationship between these cells and aerobic fitness,
physical activity, and body composition. Given the wide range of markers
used to identify EPCs in youth (Table 1), the secondary objective of this
study was to compare EPC concentrations in the same sample of
participants according to previously reported protocols in the pediatric

population.
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Table 4.1 Characteristics of EPC populations assessed by flow cytometry
in association with fitness, physical activity and/or body composition in the

pediatric population.
Study Cells of Interest Cell Definition Units of Group* N (males) Age Resting
(Reference) Expression (yrs) Concentrations
Kinik et al. CD34+ Hematopoietic CD34+* % of mononuclear Obese 31(15) 47-74 0.0-24
(2005) stem cells cells Control 30(17) 5.0-87 0.0-24
Zaldivar et al. Peripheral blood CD45dimCD34+ Cells per pL of Pre-Pubertal 14 (14) 10.3+0.3 112+ 21
(2007) hematopoietic stem blood Post- 13 (13) 165+ 63+8
cells Pubertal 0.42
Walther et al. Circulating endothelial (1) CD3-CD34*KDR*; Cells per mL Intervention 50 (24) 11.1+0.1 (1)600 + 34
(2008) progenitor cells (2) CD34+; blood Class (2) 2,759 £ 190
(3) CD133%; (3) 12,347 £ 1,074
(4) CD45%; (4)2.05x 108 + 10,6001
(5) CD133*KDR* (5) 301 +27
Control 42 (18) 11.3+0.1 (1)466 + 28
Class (2) 2,388 + 155
(3) 11,104 £ 1,498
(4)2.01 x 108 + 88,663
(5) 189 £ 10
Sports 19(12) 11.4+0.1 (1)768 + 42
Gymnasium (2) 3,458 + 371
(3) 17,110 £ 4032
(4)2.05x 108+ 11,515
(5) 529 + 83
Walther et al. Circulating endothelial (1) CD34*; Cells per mL Intervention 84 — 101 NS (1) 1,269 + 1,297
(2009) progenitor cells (2) CD34*KDR*; blood Class (NS) (2) 224 + 191
(3) CD45¢mKDR*CD34+* (3) 305 + 132
Control 57 - 61 NS (1) 1,485 + 867
Class (NS) (2)312 £ 204
(3) 308 + 103
Sport 29 (17) 11405 (1)NS
Gymnasium (2) NS
(3)524 + 134
Jung et al. Circulating endothelial (1) CD34+*CD133*KDR* Cells per mL Overweight 37 (37) 15.0+1.4 (1)30.0+16.1
(2009) progenitor cells (2) CD34-CD133*KDR* blood (2)946+£76.8
Control 42 (42) 15.4+0.9 (1)245+14.4
(2)59.1 £ 54.9
Amold etal. Circulating endothelial (1) CD34+; Cells per 106 N/A 24(9) 82-16.3 (1)70-390
(2010) progenitor cells (2) CD34*KDR*; leucocytes (2)0-114
(3) CD34+CD133%; (3) 30.1 - 299.3
(4) CD34*CD117+ (4)30.1-277.4
Park et al. Circulating endothelial (1) CD34+; % of lymphocytes Exercise 15(7) 12.1£0.1 (1)0.03 £0.01
(2012)* progenitor cells (2) CD133%; Group (2)NS
(3) CD34+CD133+ (3)NS
Control 14(7) 12.2+0.1 (1)0.03 £0.01
Group (2)NS
(3)NS
Bruyndonckx Circulating endothelial CD34+*KDR*CD45dim- Cells per 108 Obese 57 (15) 15.2+1.4 16.8 (12.3,24.2)
et al. (2014)t progenitor cells mononuclear cells
Control 30(9) 15.4+1.5 27.1(22.0, 42.9)
D’Ascenzi et Hematopoietic stem (1) CD34+CD454im; Cells per 108 Athletes 20 (20) 18.4+0.5 (1)NS
al. (2014) cells and Endothelial  (2) KDR*; events and Cells (2)NS
Progenitor Cells (3) KDR*CD133+CD34+; per mL blood (3)NS
(4) KDR*CD133+CD34-; (4)NS
(5) KDR*CD133-CD34+; (5) NS
Sedentary 9(9) 187104 (1)NS
(2) NS
(3)NS
(4)NS
(5) NS

Values are presented as range or mean + SD where available. *Values presented are Mean + SEM. T Values presented are median

(IQR). * Groups were defined by the authors of each respective paper.

analyzed in the current study. NS = not specified.
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4.3 Materials and Methods

Participants. A total of 94 participants (52 males) were recruited
from the general community, local recreation centres, as well as a random
selection of elementary and secondary schools from the Hamilton region.
A subset of children (N = 21, 22.7% of total) was also recruited from the
weight management program at the Children’s Exercise & Nutrition Centre
so as to ensure that our sample was more representative of the general
Canadian pediatric population from a body composition perspective [32].
By design, an equal number of participants were selected for the pre-
pubertal (8-10 years, N=48) and late or post-pubertal groups (14-16 years,
N=46). None of the children reported any medical conditions at the time of
participation. A parent or guardian and each participant provided written
informed consent and assent, respectively, prior to their enrollment in this
study, which was approved by the Hamilton Health Science/Faculty of
Health Sciences Research Ethics Board.

Study Overview. Participants were invited to visit the Child Health &
Exercise Medicine research laboratory on two occasions separated by
approximately 1 week. During the first visit, basic anthropometric
measures were collected including weight, standing and sitting height.
Pubertal status was defined as maturity offset or the estimated number of
years from peak height velocity (YPHV) calculated from anthropometric

measures according to Mirwald et al [27]. This was followed by an
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assessment of aerobic fitness, which was defined as the highest power
output (Wpeak) achieved during the McMaster All-Out Progressive
Continuous cycling test. Finally, participants were asked to wear an
ActiGraph GT1M accelerometer during all waking hours over a 7-day
period so as to quantify of habitual levels of moderate-to-vigorous physical
activity (MVPA) [13]. At the end of the week, participants returned to the
laboratory for their second visit where body composition (% body fat) was
assessed using dual energy X-ray absorptiometry, and a fasted blood
sample was collected for the enumeration of EPCs. A detailed description
of body composition, maturation status, aerobic fitness, and physical
activity assessments is available elsewhere [29].

Blood sampling and analysis. A 12-mL blood sample was drawn
from each participant by venipuncture from the median cubital vein for
determination of complete blood count (2 mL, McMaster Core Facility) as
well as EPC levels (10 mL). Participants were instructed to refrain from
eating for at least 10-hours prior to sample collection, and the timing of the
sample for post-pubertal females was arranged such that it coincided with
the follicular phase (days 7 to 10) of their menstrual cycle. All blood
samples were processed within 2 hours of collection in accordance with
the protocol described by Duda et al [12]. More specifically, peripheral
blood mononuclear cells (PBMCs) were isolated from whole blood by

density gradient centrifugation according to manufacturer protocols
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(Lymphoprep, Axis-Shield, Oslo, Norway). The sample was then
incubated with an Fc-receptor blocking reagent for 10-min so as to
minimize non-specific binding. This was followed by a 20-min incubation
with fluorochrome-conjugated monoclonal antibodies, including: CD31-
FITC, CD34-APC, CD45-PerCP, and CD133-PE. Finally, the sample was
lysed, fixed, and stored at 2-8°C until analysis on a 15-color BD LSRII flow
cytometer (McMaster Flow Cytometry Facility, McMaster University). All
analyses were performed within 24 hours of sample collection. EPCs,
defined according to Duda et al. as CD31*CD34*"9"CD45%™CD133"
(Figure 1, [12], were enumerated from 8.0 x 10° to 1.0 x 10° events
collected in the PBMC gate, and analyzed offline using FlowJo (Version
8.7 for Maclntosh, Tree Star Inc.). In a separate experiment using 10
samples not from the participants in the current study, intraclass
correlation coefficients for repeatability and test-retest reliability
assessments of EPCs were 0.920 (95% lower, upper confidence intervals:

0.708, 0.981, p<0.001), and 0.975 (0.907, 0.994, p<0.001), respectively.
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Figure 4.1 Circulating endothelial progenitor cells, as defined by Duda et
al. (2007). Peripheral blood mononuclear cells (lymphocytes and
monocytes) were isolated and gated (A, R1), from which CD31*CD45%™
cells were identified (B, R2), and further classified into CD133*CD34""
cells (C, R3).

To address the secondary objective of this study, each sample was
examined an additional 8 times according to the EPC definitions set out by
Kinik et al. [24], Zaldivar et al. [43], Walther et al. [40], Arnold et al. [3], and
Park et al [30]. Since a 4-marker protocol was employed in the current
study, only EPC definitions that included one or more of these markers
were included in the analysis (See Table 1, all bolded and underlined EPC
definitions), and expressed in the units described in the original study from
which the definition was retrieved.

Statistical analyses. Statistical analyses were performed in SPSS
(version 20.0, IBM, Chicago, IL). All variables were tested for normality
using the Shapiro Wilk test; however, the ability of this statistical tool to
detect non-normal distributions may be affected by a moderate (~50+)

sample size [2,33]. As such, each variable was also visually examined to

confirm sample distribution, and subsequent statistical analyses were
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performed using a bootstrap technique, where possible, so as to reduce
the impact of potentially skewed distributions and maximize robustness of
the reported findings [18]. A total of 1,000 stratified resamples based on
pubertal group and sex were employed for all bootstrap analyses, and
bias-corrected and accelerated 95% confidence intervals were calculated.
To examine the influence of sex and pubertal status, two-way ANOVAs
were performed using sex (males vs. females) and pubertal status (pre-
pubertal: 2 +1 YPHV vs. late/post-pubertal: < -1 YPHV) as factors. Tukey’s
HSD post hoc tests were used to examine any significant interaction.
Spearman correlation coefficients were calculated to assess the
relationship between EPCs, as either a concentration or percentage of
PBMCs, and aerobic fitness (Wpeak), physical activity (MVPA), and body
composition (% body fat). If these variables demonstrated strong bivariate
relationships (r=0.5), they were entered into backward linear regression
analyses to examine the degree to which these variables could predict
measured EPC levels.

Given that the units of expression for the EPC definitions outlined in
Table 1 varied by study (i.e., % of PBMCs, cells/mL blood, % lymphocytes,
etc.), it was impossible to directly compare counts. Rather, we sought to
examine the degree to which these EPC definitions were assessing the
same attribute, whereby those participants presenting with the highest or

lowest EPCs should retain their relative rank, regardless of the markers
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used for identification. First, cell counts within each of the cell definitions
were converted into percentile ranks. Second, Kendall’'s coefficient of
concordance (Kendall’s W) was used to examine whether participant
ranks were maintained across each of the 10 cell definitions. Kendall's W
values range from 0, indicating no agreement, to 1, suggesting complete
agreement [16]. Finally, participants were split into tertiles based on EPCs
(high, mid, or low) within each cell definition, and pairwise Kappa statistics
were performed to assess the level of agreement in overall ranking across
the 10 cell definitions (i.e., were participants in the high CD34" group also
in the high CD45%™CD34" group?). Kappa statistics were interpreted
based on Munoz et al., where <0 are considered poor, 0-0.19 are slight,
0.2-0.4 are fair, 0.4-0.59 are moderate, 0.6-0.79 are substantial, and 0.8-
<1.0 are almost perfect strengths of agreement [28]. All data are
presented as median and bootstrap bias-corrected and accelerated 95%

confidence intervals (BC5; 95% CI), unless otherwise indicated.

4.4 Results

EPCs by sex and pubertal status. Of the 94 participants enrolled in
this study, complete data sets were available for 75 (39 male) participants
(12 did not comply with physical activity assessments, 7 did not provide a
fasted blood sample). When examined as a whole group, all variables,

with the exception of physical activity outcomes, were not normally
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distributed. When split by sex and pubertal group, both proportion and

concentrations of EPCs demonstrated normal distributions. Two-way

ANOVAs of EPC concentrations revealed no main effects for sex (F(1, 78)

= 0.59; p = 0.44), pubertal group (F(1, 78) = 0.11, p = 0.74), and no

significant interaction (F(1, 78) = 0.85, p = 0.34). Similarly, there were no

significant differences in the proportion of EPCs by sex F(1, 78) = 0.08; p

= 0.78), pubertal group (F(1, 78) = 0.19, p = 0.66), nor any interactions

(F(1,78)=1.0, p =0.32). Table 2 provides participant characteristic as

well as a breakdown of EPCs by group. All data were combined for

subsequent analyses.

Table 4.2 Participant characteristics.

N Al <-1 YPHV 2 +1 YPHV

Females Males Females Males
Age (yrs) 94 13.2(10.4,14.8) 9.4 (9.3,10.0) 9.8 (9.8,9.8) 15.3 (15.1, 15.8) 15.2(15.0, 15.7)
Height (m) 94 1.5(1.4,1.6) 14(14,1.4) 1.4 (1.4,1.4) 1.7 (1.7,1.7) 1.7 (1.7,1.8)
Weight (kg) 94 47.4(36.4,56.8) 31.3(29.5,34.5) 32.2(30.7,34.4) 61.7(57.7,66.7) 68.4(63.5,78.7)
BMI Percentiles 94 61.0(53.2,72.4) 55.2(33.4,79.4) 52.0(39.0,57.5) 76.4(62.6,82.4) 85.5(57.1,89.4)
%BF 89 20.3(19.2,22.3) 23.5(21.1,29.6) 17.8(17.0,18.2) 24.2(20.7,25.2) 16.5(14.3,17.3)
Overweight/Obese (N (%)) 94 21(22.7) 4(21.0) 2(6.9) 5(21.7) 7 (30.4)
Woeak (W/KGLean) 89 46(4.4,49) 4.3(3.8,4.7) 45 (4.2,4.8) 49 (4.2,5.0) 46 (4.4,5.1)
MVPA (min/d) 82 58.0(54.3,65.0) 58.1(50.3,59.4) 70.1(66.3,74.6) 47.2(40.5,50.5) 54.3(47.6,63.1)
MVPA (min/hr monitoring time) 82 4.5 (4.0, 5.0) 4.4 (3.7,5.0) 5.6 (5.1, 6.0) 3.6 (3.1, 4.0) 3.8(3.3,4.6)
[EPC] (x 105 cells/L) 82 3.3(2.4,4.0) 25(1.8,7.4) 2.9(1.7,4.0) 3.9(2.6,4.8) 3.8(1.9,5.7)
% EPC (% PBMCs) 82 0.01(0.0,0.02) 0.01(0.01,0.02) 0.01(0.01,0.02) 0.01(0.01,0.02) 0.02(0.01,0.02)

Data are presented as median (lower, upper BC. 95% Cl). YPHV = years from peak height velocity (Mirwald et al. 2002), %BF =
percentage body fat from DXA, Wpeak = peak mechanical power relative to lean body mass, MVPA = moderate-to-vigorous physical
activity. BMI percentiles and overweight/obesity % calculated according to CDC criteria for age (Ogden et al. 2002).

Relationship between fitness, physical activity, body composition
and EPCs. Spearman’s correlations between EPCs and Wpeak, MVPA,
and %BF are presented in Table 3. Neither concentrations of EPCs nor
cells expressed as a % of PBMCs were associated with Weax normalized

to lean body mass, MVPA or % BF. Because none of the bivariate
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correlations achieved a correlation coefficient 20.5, backward linear
regression analyses were not performed.

Table 4.3 Spearman rank order correlations between EPCs, and fitness,
physical activity and body composition.

[EPC] %EPC
-0.06 -0.04

Wheak (W/kgLean) (-0.29, 0.18) (-0.26, 0.18)

. -0.09 -0.07

MVPA (min/d) (-0.29, 0.15) (-0.28, 0.15)

MVPA (min/hr monitoring) (-0 é%og 16) -0 é%og 17)
0.20 0.14

[

7BF (-0.02, 0.40) (-0.08, 0.37)

Data are presented as Spearman’s rho and lower, upper BCa 95% CIl. Wpeak = peak
mechanical power, MVPA = moderate-to-vigorous physical activity, %BF = percentage
body fat from DXA, [EPC] = concentration of circulating endothelial progenitor cells,
%EPC = EPCs expressed as a percentage of collected PBMCs.

Assessment of Agreement by EPC definitions. Median and BC,
95% CI are presented for each of the cell definitions assessed in the
current study in Table 4. Kendall's W statistic suggested very little
agreement in percentile ranks across cell definitions (Kendall's W = 0.02,
p = 0.212). Kappa statistics revealed a broad range of agreements by cell
definition, from poor to almost perfect (Table 5).

Table 4.4 EPC levels by cell definition.

Cell Definition Reference Min. Max. Median BC. 95% CI
Lower Upper
(1) CD34>CD133*CD45%"CD31* (% of PBMCs) Duda et al. 2007 0.0 0.1 0.01 0.0 0.02
(2) CD34"CD133*CD45%mCD31* (x 10° cells/L) Duda et al. 2007 0.02 213 3.3 24 4.0
(3) CD34* (% of mononuclear cells) Kinik et al. 2005 0.01 1.0 0.1 0.1 0.1
(4) CD34* (% of lymphocytes) Park et al. 2012 0.02 1.0 0.1 0.1 0.1
(5) CD34" (cells/mL) Walther et al. 2008, 2009  477.2 26,970.5 1,935.2 1,674.7 2,698.5
(6) CD45" (cells/mL) Walther et al. 2008 0.55 x 10° 3.78 x 105 1.87 x 10° 1.71 x 10° 1.97 x 10°
(7) CD133* (% of lymphocytes) Park et al. 2012 0.02 9.6 0.3 0.3 0.4
(8) CD133" (cells/mL) Walther et al. 2008 504.5 297,794.9  7,233.1 5,925.5 8,932.6
(9) CD34*CD133* (% of lymphocytes) Park et al. 2012 0.00 04 0.03 0.02 0.04
(

Zaldivar et al. 2007,
D’Ascenzi et al. 2014*

*D’Ascenzi et al. reported data using the same definition as Zaldivar et al., but in different units (cells/mL).

10) CD459mCD34* (cells/uL) 0.04 38.8 2.8 22 3.6
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Table 4.5 Kappa statistics for pairwise comparisons of percentile ranks by

cell definition.

(2) (3) (4) (5) (6) (7) (8) (9) (10)

o 082 0.211 0.16* 0.07 0.25¢ -0.06 -0.03 0.12 0.03
() (0.71,0.91) (0.06, 0.36) (-0.01, 0.32) (-0.09. 0.22) (0.07, 0.42) (-0.20, 0.09) (-0.17, 0.14) (-0.02, 0.27) (-0.13, 0.19)

2 ) 0.27t 0.14 0.12 0.36t -0.06 0.05 0.14 0.10
(0.12, 0.40) (-0.02, 0.32) (-0.05, 0.31) (0.18, 0.54) (-0.21, 0.10) (-0.11, 0.22) (0.0, 0.29) (-0.06, 0.26)

) ) ) 0.58t 0.52t 0.03 0.16* 0.19* 0.42t 0.27t
(0.4, 0.71) (0.37, 0.67) (-0.14, 0.19) (0.0,0.32) (0.02,0.37) (0.27, 0.56) (0.12, 0.43)

@ ) ) ) 0.67t -0.04 0.16* 0.25¢ 0.41t 0.20t
(0.53,0.78) (-0.19, 0.11) (0.0.0.29) (0.09, 0.40) (0.27, 0.54) (0.15, 0.43)

5) ) ) ) ) 0.10 0.25¢ 0.20t 0.40t 0.421
(-0.06, 0.27) (0.09, 0.41) (0.11, 0.46) (0.23, 0.54) (0.26, 0.56)

©) ) ) ) ) 0.07 0.10 0.05 0.16*
(-0.08, 0.22) (-0.06, 0.27) (-0.10, 0.19) (0.0, 0.31)

, ) ) ) ) ) 0.74t 0.18* 0.14
™ (0.62, 0.89) (0.02, 0.32) (-0.01, 0.31)

® ) ) ) ) ) ) 0.20* 0.14
(0.04, 0.35) (-0.02, 0.29)

0.29
® - - - - - - - (0.13, 0.44)

Values are presented as Kappa statistic (lower, upper BC. 95% Cl). (1

) CD34°'CD133*CD45¢4mCD31* (% of PBMCs),

(2) CD34°"CD133*CD454mCD31* (x 1068 cells/L), (3) CD34* (% of mononuclear cells), (4) CD34+ (% of lymphocytes),
(5) CD34+ (cells/mL), (6) CD45* (cells/mL), (7) CD133* (% of lymphocytes), (8) CD133* (cells/mL), (9) CD34*CD133* (%

of lymphocytes), (10) CD459mCD34+* (cells/uL). * p < 0.05; T p < 0.001.

4.5 Discussion

There is limited evidence in the pediatric population for links

between fitness, physical activity and EPCs, which are emerging as

potentially important effectors of cardiovascular health. For this reason, we

simultaneously assessed the degree to which physical activity and fitness

are associated with EPC concentrations, while

considering body

composition in children and adolescents. The main findings of this study

are that neither proportions nor concentrations

of EPCs were associated

with markers of aerobic fithess, physical activity, or body composition. We

also found that these cells were expressed similarly in males and females

122



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

in early and late phases of maturation, as defined by estimated years from
peak height velocity.

In a series of reviews of mainly the adult literature, convincing links
between EPCs and measures of vascular function, fithess and physical
activity were provided [26,35,39]. These findings are in line with some of
the pediatric literature where EPCs were weakly, but positively associated
with exercise capacity [41], and elevated by 25-54% in youth presenting
with higher baseline aerobic fitness, assessed as maximal oxygen uptake,
compared with their peers [40]. We found no association between fitness,
physical activity and EPCs, which is consistent with a recent study
demonstrating similar levels of EPCs in competitive athletes and
sedentary controls [11]. Our findings may be attributable to the
homogeneous nature of our participants. Indeed, the incidence of overt
acquired cardiovascular disease in children is extremely low, and the
reported BC, 95% Cl values reported in Tables 2 and 4 highlight the small
degree of variability in our sample. Since D’Ascenzi et al. did not directly
measure aerobic fitness or physical activity levels in their participants, the
degree of difference between their active and sedentary groups remains
unclear. Both studies from Walther et al. required full classroom
participation and actively recruited students from a specialized school for
competitive sport, which increased the probability that both active and fit,

as well as sedentary and unfit students were included in their sample.
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Aside from fitness and physical activity, we also reported no
association between percentage body fat and EPC proportion or
concentration. This finding is consistent with that of Kinik et al. and is not
all together surprising in light of the work of Arnold et al. suggesting that
physical fithess, and not body fatness or body mass index, is associated
with EPC number in obese youth [3,24]. More recently, Bruyndonckx et al.
reported a 38% reduction in EPCs in obese youth (297" sex- and age-
specific percentile for BMI) compared with healthy weight controls [7]. In
the current study, only 7 of 21 participants met the criteria used by
Bruyndonckx et al. for obese classification; of these, all 7 participants were
enrolled in a lifestyle modification program that included both diet and
activity counseling and as such, may not have been representative of
overweight and obese youth in the general population. Although we aimed
to recruit a sample that was representative of the general Canadian
pediatric population, it may be important for future work to examine youth
at the extremes of the population, specifically focusing on those presenting
with increased risk of cardiovascular disease.

Pubertal development is associated with a number of physiological
and behavioral changes that might also impact EPC concentrations;
however, we did not observe any differences in EPC levels between pre-
and late/post-pubertal youths. Conversely, Zaldivar et al. reported that

CD45%™CD34" cells were more abundant early pubertal compared to late
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pubertal males, based on the development of secondary sex
characteristics (i.e., Tanner stages). This difference is likely related to the
cell populations assessed in each of the respective studies. Specifically,
Zaldivar et al. examined a broader population of CD34" peripheral blood
stem cells (PBSC) that may play a role in key tissue repair mechanisms,
which include, but are not limited to, vascular repair [43]. Therefore, it may
be that the cells examined in the current study represent a subset of the
CD34" PBSC population.

Given the wide range of markers and gating strategies in previously
reported exercise- and body composition-related pediatric studies of EPCs,
our secondary objective was to compare EPC enumeration techniques in
the same sample of youth. Our results suggest that there is little to no
agreement in the overall ranking of participants according to the 10
examined phenotypic definitions of EPCs. This finding is consistent with
previous studies in the adult population examining various protocols and
phenotypic definitions of EPCs [8,17]. When participants were grouped
into tertiles and examined in pairs of cell definitions, the CD34" definition
employed by Kinik et al. demonstrated slight to moderate with all but one
cell definition, CD45". This may explained by the fact that the Kinik et al.
definition was relatively broad and included all CD34" events from both the
lymphocyte and monocyte gates. Both the CD45" definition from Walther

et al. and the Duda et al. definition employed in the current study were in
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least agreement with the remainder of the cell definitions. This may be
attributable to the more stringent criteria used in the cell gating of these
definitions. Specifically, Walther et al. gated only on lymphocytes, while
the Duda et al. definition employed included 4 markers for EPC
characterization, which may have led to exclusion of some EPC
subpopulations. Taken together, these data lend additional support to the
finding that EPCs do not represent a single type of cell, but rather a group
of cells at various stages of maturation [4,15,37]. To date, at least 3 EPC
subtypes have been identified according to characteristics observed in
vitro: early EPCS or circulating angiogenic cells, colony forming units, and
late EPCs or endothelial colony forming cells [20]. Further, there is
evidence to suggest that the early EPC subtype, which appears to be
consistent with the phenotypes examined in the current study, represents
a heterogeneous cell population in and of itself, and includes a subset of
cells that may develop into late EPCs [21]. Therefore, it is likely that the
large variability in EPC marker selection among the pediatric studies has
led to an inadvertent assessment of distinct subpopulations of early and
late EPCs. Given the reported differences in the contributions of these
subpopulations to vasculogenesis and vascular repair [21], it is plausible
that some subpopulations may also be more responsive and tightly linked
with fitness, physical activity, and body composition than others. It is

important that future studies clearly define their EPC of interest and,
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ideally, isolate and assess the individual contributions of these cells to
vascular maintenance and repair so as to better understand their potential
as early markers of cardiovascular impairments in youth.

The findings of this study must be interpreted with some limitations
in mind. The EPC enumeration protocol we employed was developed and
verified by Duda et al.; however, we did not isolate the cells of interest to
verify that their morphology was consistent with that of EPCs. Our protocol
used peripheral blood mononuclear cells, whereas the majority of studies
in listed Table 1 used whole blood. This limited our ability to directly
compare our findings to previously published studies since PBMC and
whole blood EPC enumeration protocols are known to demonstrate
relatively low levels of agreement [8]. However, it is important to note that
PBMC isolation may yield more valid estimates of EPCs than whole blood,
which may be more susceptible to false positives [8,9]. Given that the
Duda et al. protocol required 4 markers for EPC identification, and that
most of the available literature employs a 2- or 3-marker approach, it is
possible that we excluded some cells that might fall under the EPC
umbrella. Moreover, our 4-marker protocol did not include KDR (or
CD309/VEGFR2), a commonly used EPC marker, nor did we examine
definitions including CD3 or CD117, thus we were unable to compare our
results to all of the previously reported cell populations in exercise- and

body composition-related studies youth. Finally, our study sample
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represented a relatively healthy and homogeneous group children and
adolescents. It may be that differences in EPCs are only seen at the
extremes of the population; therefore, future work should seek to include
children with chronic medical conditions that may predispose them to
increased risk of cardiovascular disease.

To our knowledge, this was the first study to examine resting EPC
concentrations and their associations with fitness, physical activity and
body composition in a sample of healthy children and adolescents. We
found that EPCs were similar in pre- and post-pubertal males and females,
and were not associated with aerobic fitness, physical activity or body
composition. We also reported overall poor agreement with regard to EPC
concentrations identified using previously reported phenotypic definitions,
which may be indicative of various subsets of EPCs involved in the
complex process of vascular repair and remodeling. Future work should
seek to isolate and examine the quantity, mobilization and function of
these cells in relation to an exercise stimulus, so as to better understand
the role of EPCs in exercise-induced improvements in cardiovascular

health during the pediatric years.
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CHAPTER 5: EFFECTS OF EXERCISE ON CIRCULATING ENDOTHELIAL
PROGENITOR CELLS IN CHILDREN AND ADOLESCENTS WITH

JUVENILE IDIOPATHIC ARTHRITIS AND HEALTHY CONTROLS

Submitted for publication as:
Obeid J, Nguyen T, Cellucci T, Larché MJ, and Timmons BW. Effect of
exercise on circulating endothelial and progenitor cells in children and
adolescents with juvenile idiopathic arthritis and healthy controls. Pediatric

Rheumatology.

5.1 Abstract

Background: Youth with juvenile idiopathic arthritis (JIA) may be at risk of
poor cardiovascular health. Circulating endothelial progenitor cells (EPCs)
and circulating endothelial cells (CECs) are markers of cardiovascular
repair and damage, respectively, and respond to exercise. The objectives
of this study were to compare resting levels of EPCs and CECs in JIA and
controls, and to assess the effects of distinct types of exercise on EPCs
and CECs in JIA and controls. Methods: Seven youth with JIA and six
controls completed 3 visits. First, aerobic fithess was assessed.
Participants then performed either moderate intensity, continuous exercise
(MICE) or high intensity, intermittent exercise (HIIE) on separate days.
Blood samples were collected at the beginning (REST), mid-point (MID)

and end of exercise (POST) for determination of EPCs
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(CD31*CD34*"9"CD45%MCD133%) and CECs
(CD31°""CD34*CD45°CD133") by flow cytometry. Between group
differences in EPCs and CECs were examined using two-way ANOVA,
followed by Tukey’s HSD post hoc, where appropriate. Statistical
significance set at p < 0.05. Results: Both EPCs and CECs were similar
between groups at REST (p=0.18 — 0.94). During MICE, EPCs remained
unchanged in JIA (p=0.95) but increased significantly at POST in controls
(REST: 0.91 + 0.55 x 10° cells/L vs. POST: 1.53 + 0.36 x 10° cells/L,
p=0.04). Compared with controls, lower levels of EPCs were observed in
JIA at MID (0.48 + 0.50 x 10° cells/L vs. 1.10 + 0.39 x 10° cells/L, p=0.01)
and POST (0.38 + 0.34 x 10° cells/L vs. 1.53 + 0.36 x 10° cells/L,
p<0.001) during MICE. No changes were detected in CECs with MICE in
JIA and controls (p=0.69). Neither EPCs nor CECs were modified with
HIIE (p=0.28-0.69). Conclusion: Youth with JIA demonstrated a blunted
EPC response to MICE when compared with controls. Future work should
examine factors that may increase or normalize EPC mobilization in JIA.
Keywords: juvenile idiopathic arthritis, flow cytometry, exercise,
cardiovascular risk factors, endothelial progenitor cells, circulating

endothelial cells.
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5.2 Background

Children and adolescents with juvenile idiopathic arthritis (JIA) may
be at an increased risk of developing poor cardiovascular health, with
early signs of atherosclerosis manifesting as young as 4 years of age [1,
2]. This finding might be expected given that cardiovascular disease
(CVD) is the leading cause of death among adults with rheumatoid arthritis
(RA), and a number of predisposing factors for CVD, including chronic
inflammation and low levels of physical activity, are also present on a long-
term basis in JIA [3—6]. In fact, recent evidence suggests that
approximately 41% of patients with JIA maintain an active disease state,
marked by increased levels of inflammation and medication usage, 30
years after disease onset [7]. Interestingly, the increased incidence of
CVD in adults with RA cannot be solely explained by traditional risk factors,
highlighting the need for sensitive and specific alternative markers of CV
health in this population and in younger patients with JIA [3, 8].

Recent evidence from healthy controls and patients supports a
critical role for two distinct cell populations, circulating endothelial
progenitor cells and circulating endothelial cells, in CV health [9, 10].
Circulating endothelial progenitor cells (EPCs) are a heterogeneous
population of cells derived from the bone marrow that contribute to
vascular repair and post-natal vasculogenesis via paracrine secretion of

angiogenic factors or differentiation into mature endothelial cells [11, 12].
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Concentrations of EPCs are inversely associated with markers of
endothelial dysfunction and are known to predict occurrence of
cardiovascular events [9, 13]. Moreover, EPCs are reduced in numerous
pathologic conditions, including RA [13—17]. Much less is known about
circulating endothelial cells (CECs), which represent a population of
mature endothelial cells shed from the intima following irreversible
structural damage to the endothelium [18]. Elevated levels of CECs are
consistently reported in individuals with known risk factors for
cardiovascular disease, including RA, and may be predictive of
cardiovascular events [10, 13, 19]. Only one study has assessed EPCs in
children with JIA and reported similar concentrations to healthy controls
[20]. Conversely, CECs have yet to be assessed in JIA; however, the
available evidence in various clinical populations suggest that both EPCs
and CECs cells may provide important, clinically relevant insight into CV
repair and damage, respectively.

Given the altered EPC and CEC profiles observed in clinical
populations at risk of CVD, identification of methods to enhance their
mobilization may allow for the development of therapeutic agents to
improve CV remodeling. Exercise may represent one such stimulus as it
has been shown to increase peripheral blood EPCs in adults and children
[21-25]. Specifically, acute bouts of both high and moderate intensity

running in adults led to similar increases in EPCs of 34-120% and 20-
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163%, respectively [22]. In healthy children, EPCs have only been
examined in response to an acute bout of high intensity intermittent cycling,
which increased EPCs by 83-170% [23]. Unlike EPCs, the effect of acute
exercise on CECs has only been examined in two studies of older adults
with CVD with mixed results; however, a negative association between
CECs and habitual physical activity among healthy children was recently
reported [26—28]. Thus, exercise-induced changes in EPCs and CECs
require additional study as one potential mechanism to enhance CV repair
and remodeling, and ultimately impact overall CV health.

To date, no study has examined both resting and exercise-related
changes in EPCs and CECs in JIA or compared the effects of distinct
types of exercise on these cells. As such, the objectives of this study were
to: 1) compare resting levels of EPCs and CECs in youth with JIA and
healthy, age-matched controls; 2) assess the effects of acute bouts of high
intensity and moderate intensity exercise on EPCs and CECs in JIA; and
3) compare exercise-induced changes in EPCs and CECs in JIA and
healthy controls. Given the high levels of inflammation and low levels of
physical activity and fitness reported in JIA, it is plausible that they would
demonstrate lower levels of EPCs and elevated CECs at rest compared
with their healthy peers [6, 29]. Further, we hypothesized that specific
episodes of exercise, regardless of intensity, would lead to a transient

increase in EPCs in both JIA and controls. Since CECs are negatively
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associated with CV health, and exercise is a potent stimulus to improve
CV health, we hypothesized that acute exercise may transiently decrease

CECs [18, 30, 31].

5.3 Methods

Children with JIA were recruited by a research coordinator during
their regularly scheduled visit to the McMaster Children’s Hospital
Pediatric Rheumatology Clinic. All patients were 8 to 17 years of age, and
were diagnosed with JIA in accordance with the International League of
Associations for Rheumatology criteria [32]. Patients were only excluded
from participation if they did not have a confirmed JIA diagnosis, were
diagnosed with any other medical condition, or had contraindications for
exercise, including joint pain or swelling that would prevent completion of
the exercise tests. They were also excluded if they were currently on
biologic therapy or had received corticosteroid injections within 3 months
of study participation as these treatments may alter resting EPCs or their
precursors [20, 33, 34]. Healthy controls were matched by age to
participants with JIA (within 1 year) and were either friends of participants
with JIA or were recruited from the general community. Participants were
not matched by sex as our previous work revealed no sex differences in
either EPCs or CECs [26]. Healthy participants were excluded if they had

any known medical conditions or had a BMI = 85" percentile for their age,
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since these might impact EPCs and CECs. All participants and
parents/guardians provided written informed consent and assent,
respectively, prior to enrollment in this study, which was approved by the
Hamilton Health Sciences/Faculty of Health Sciences Research Ethics
Board (REB #08-276).

Study Overview. Demographic and disease-related characteristics
were retrieved by retrospective review of each participant’s health records.
All participants were invited to the Child Health & Exercise Medicine
Program research laboratory on 3 occasions. During their first visit, basic
anthropometric data were collected, including standing height measured to
the nearest 0.1 cm, and weight measured to the nearest 0.1 kg. This was
followed by an assessment of aerobic fitness. During their second and
third visits, participants performed either a moderate intensity, continuous
cycling exercise (MICE) or a high intensity, intermittent cycling exercise
(HIE) in a randomized, counterbalanced order. Blood samples were
collected to assess EPC and CEC levels at rest, mid- and immediately
post-exercise. Participants were then provided with an accelerometer to
wear over a 9-day period to assess levels of moderate-to-vigorous
physical activity (MVPA).

Aerobic fitness assessment. Aerobic fitness was assessed using
the McMaster All Out Continuous Progressive test on either a

mechanically or electromagnetically braked cycle ergometer (Flesich-

141



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

Metabo, Geneva, Switzerland; Lode Corival, Lode, The Netherlands,
respectively). Progression in this test was achieved by fixed increases in
workload every 2-min, such that the participant’s maximal workload was
achieved by 8- to 12-min. The test was terminated when the participant
was no longer able to maintain the prescribed pedaling cadence of 60-70
rpm, despite strong verbal encouragement. To assess aerobic fitness,
defined here as the maximal volume of oxygen consumed over 30-sec
(\'/ozpeak), participants were asked to breathe into a mouthpiece connected
to a calibrated metabolic cart (Care Fusion, Cardinal Health) for
determination of breath-by-breath inspired O, and expired CO,. Maximal
workload, defined as the peak power (Wyeak) achieved during the test
prorated to the time completed in the last stage, was also determined so
as to normalize the workload for the subsequent cycling tasks.

MICE and HIIE Protocols. During visits 2 and 3, participants
performed either the MICE or HIIE protocols on the same cycle ergometer
used in their aerobic fitness assessment. These sessions were performed
at the same time of day, at least 4 days apart. The MICE protocol
consisted of 2 x 30-min bouts of cycling at 50% of Wpeak, with a 6-min rest
between bouts. The continuous nature of this exercise was designed to
mimic traditional adult-based exercise prescriptions that have commonly
been utilized in the JIA population [35, 36]. The HIIE protocol consisted of

6 sets of 4 x 15-sec bouts of cycling at 100% of Wyeak for a total of 6-min
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of exercise; participants were given a 1-min rest between bouts, and 6-min
rest between sets. The intermittent, but intense, nature of this exercise
was selected to reflect the typical physical activity patterns of children [37].
Physical Activity Assessment. Each participant was outfitted with an
ActiGraph GT1M accelerometer (The ActiGraph, Pensacola, FL), which is
a small device that provides objective and valid measures of habitual
physical activity in youth [38]. Accelerometers were initialized to sample
data in 3-sec intervals, and participants were instructed to wear the device
over the right hip during all waking hours, with the exception of water
activities, for 9 consecutive days. Levels of MVPA were determined and
reported in minutes per day and minutes per hour of monitoring time, as
previously described [26, 38]. Participants were included in the analyses if
they wore the device for 2 10 hours on 2 4 days, including 1 weekend day.
Blood Samples. Participants were instructed to avoid engaging in
any strenuous activity for at least 24 hours, and to refrain from eating and
drinking, with the exception of water, for 3 hours prior to arrival to the
laboratory. Blood samples during both MICE and HIIE protocols were
collected at rest approximately 15 min before exercise (REST), at the mid
point of exercise (MID), and immediately at the end of exercise (POST)
from an indwelling catheter placed in the ante-cubital region of the arm.
For each blood sampling time point, 12 mL of whole blood was collected of

which 2 mL were processed for a complete blood count by the McMaster
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Core Facility, and the remainder was stained for determination of EPCs
and CECs, as previously described [26, 39]. Briefly, peripheral blood
mononuclear cells (PBMCs) were isolated by density gradient
centrifugation according to manufacturer protocols (Histopaque 1077,
Sigma-Aldrich). Samples were then incubated with an FcR blocking
reagent so as to minimize non-specific, receptor-mediated antibody
binding. This was followed by a 20-min incubation with antibodies and
conjugated fluorochromes for CD31-FITC, CD34-APC, CD45-PerCP and
CD133-PE. Cells were then lysed and fixed prior to analysis for EPCs,
defined as CD31°CD45°™CD34”'CD133", and CECs, identified as
CD31°"CD45CD34%™CD1337[26, 39]. Samples were analyzed within 24
hours of collection on either a BD LSRII flow cytometer (2 JIA and 2
matched controls) or a Miltenyi Biotec MACSQuant flow cytometer. Pilot
data from samples assessed on both units revealed no significant
differences in EPC and CEC counts (Obeid et al., unpublished
observation). All analyses were performed using FlowJo (Version 8.7 for
Maclntosh, Treestar Inc.), and both EPC and CEC levels are reported as a
concentration as well as a percentage of PBMCs.

Statistical Analyses. All variables were assessed for normality using
the Shapiro-Wilk test. Independent sample t-tests were used to assess
differences in anthropometric, fitness, and physical activity variables

between groups. To examine differences in resting EPCs and CECs, two-
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way ANOVAs were performed with group (JIA vs. control) and day (Visit 2
vs. Visit 3) as factors. The effects of exercise on EPCs and CECs were
compared in JIA and healthy controls by two-way ANOVA, with time
(REST vs. MID vs. POST) and group (JIA vs. controls) as factors, for
MICE and HIIE separately. Given the previously reported associations
between EPCs, CECs, and physical activity, ANOVAs were repeated with
levels of MVPA included as a covariate. Two-way ANCOVAs were also
performed using resting EPC and CEC concentrations as a covariate.
Significant main effects and interactions were further examined using
Tukey’s HSD post hoc, with statistical significance set at p < 0.05. Cohen’s
d (ES) was calculated as a measure of effect size, standardized to the
variance in the control group, where small, medium, and large effects were
defined as 0.2 — 0.49, 0.5 - 0.79, and >0.79, respectively [40]. All
statistical analyses were performed in Statistica (version 10.0, Statsoft,
Inc., Tulsa, OK). Data are presented as mean + SD and 95% confidence

intervals, unless otherwise specified.

5.4 Results

Participants Characteristics. Seven patients with JIA and 6 healthy
controls completed this study. Disease-related participant characteristics
are presented in Table 1. Participant characteristics, fitness, and physical

activity are compared in children with JIA and healthy controls in Table 2.
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\702peak, a measure of aerobic fitness, tended to be lower in JIA vs.

controls, but Wyeak Was similar. There were also no differences between

groups in average time spent in MVPA per day or per hour.

Table 5.1 Disease-related characteristics of children with JIA.

Age JIA Type Disease @ CRP ESR Active Medications
(Sex) Duration Joints
(years)
I 128 (F) Psoriatic 3.8 0.34 6.0 Wrists NSAID
I 10.8 (M) Systemic 6.0 0.052 n/a None None
M 17.4 (M) Oligoarthritis 14.2 0.75% 6.0 None None
(ANA-, RF+)
IV 13.8 (M) Polyarthritis 3.6 280 11.0 None Methotrexate
(ANA-, RF-)
V 111 (F) Polyarthritis 3.6 090 15.0 Ankles Methotrexate
(ANA-, RF+) Corticosteroid
VI 11.5(F) Polyarthritis 7.3 <0.20 9.0 None Methotrexate
(ANA-, RF-)
VII 16.5 (F) Oligoarthritis 156.2 n/a n/a None NSAID
(ANA+, RF-)

ANA: Antinuclear Antibody; CRP: C-reactive protein; ESR: Erythrocyte
Sedimentation Rate; n/a: not available; NSAID: Non-Steroidal Anti-Inflammatory
Drugs; RF: Rheumatoid Factor. Disease duration was calculated as the date of
confirmed diagnosis of arthritis to date of enroliment in the study. CRP values were
based on a blood sample taken at the clinic visit closest to study participation
(@ CRP was measured from a study visit blood sample since participants did not
have any recent clinic visits). Active Joints refer to joints assessed as tender or
swollen by the participant’s rheumatologist at the clinic visit closest to study
participation. Medications refer to those taken regularly by the participant at the time
of study completion (Off medication duration: Il = 5.0 years, and Ill = 0.9 years).
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Table 5.2 Participant characteristics by group.

JIA Control Mean Difference P ES
(Lower, Upper 95% CI)

N (Males) 7(3) 5(1) n/a n/a n/a
Age (years) 134+26 14.0+23 -0.6 (-3.8, 2.6) 0.67 0.26
Height (cm) 157.5+15.0 162.1+5.2 -4.6 (-20.4, 11.1) 0.53 0.88
Weight (kg) 56.0£16.7 50.1+7.1 5.9 (-11.9, 23.8) 0.48 0.83
\'/o2peak (ml/kg/min) 456+114 579183 -12.4 (-25.7, 1.0) 0.07 1.48
Wpeak (W/kg) 3.0+£1.0 35105 -0.4 (-1.5,0.7) 0.43 1.00
MVPA (min/d) 35.7+13.0 26.1+9.7 9.6 (-6.3, 25.5) 0.21 0.99
MVPA (min/hr wear time) 4.4+2.0 3.8+1.9 0.6 (-2.0, 3.3) 0.61 0.32

ES: effect size; VOzpeak: maximal volume of oxygen consumed over 30-sec during the
aerobic fitness test; Wpeak: peak workload achieved during the aerobic fitness test; MVPA:
moderate-to-vigorous physical activity. Mean difference calculated as JIA — control.
Statistical significance set at p < 0.05.

Resting EPCs and CECs. No differences were observed in resting
levels of EPCs or CECs in youth with JIA compared with healthy controls.
This finding was consistent when cells were expressed as either a
proportion of PBMCs or as a concentration (p = 0.18 — 0.94). Mean
resting EPC and CEC values by group are presented in Table 3.

Exercise responses in JIA and Healthy Controls. While the MICE
protocol led to a significant post-exercise increase in the concentration of
EPCs in healthy controls, these cells remained unaltered in JIA (group x
time F(2, 20) = 5.48, p = 0.01). Both MID (1.11 + 0.39 x 10° cells/L) and
POST (1.68 + 0.33 x 10° cells/L) EPCs were significantly higher in healthy
controls compared with REST (ES = 1.44, 2.71), MID (0.48 + 0.50 x 10°
cells/L, p = 0.02-0.04; ES = 1.60, 2.89) and POST (0.43 + 0.33 x 10°

cells/L, p < 0.01; ES = 1.86, 3.17) EPCs in JIA. A similar interaction was
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observed when EPCs were expressed as a proportion of PBMCs (F(2,20)
=5.11,p=0.01; ES = 0.60-2.41; Figure 1). No changes were detected in
proportions or concentrations of EPCs in response to the HIIE protocol in
either JIA or healthy controls (p = 0.33-0.38; ES = 0.22-1.13). Moreover,
neither the MICE nor HIIE protocol had an effect on proportions or
concentrations of CECs in JIA and healthy controls, as presented in Figure
1 (p =0.28-0.69; ES = 0.08-4.1). These findings were unchanged when
resting concentrations and/or MVPA were included as covariates in the
analyses.

Table 5.3 Resting EPC and CEC concentrations in JIA and controls.
JIA Controls Effect
MICE HIIE MICE HIIE Size

EPC

%of PBMCs 0.02+0.02 002+0.02 003+0.02 0.02+0.01 0.25
(0.004, 0.03) (0.003,0.04) (0.01,0.05) (-0.003, 0.05)

x106cells/lL 055+0.48 055+050 091+055 079+042 055
(0.10,0.99) (0.03, 1.08) (0.22,1.60) (-0.24, 1.83)

CEC

%of PBMCs 0.23+0.26 0.11+0.13 020+023 022+022 0.17
(-0.01,0.46) (-0.03,0.24) (-0.09, 0.48) (-0.33, 0.77)

x106cells/lL 6.36:+9.61 285+3.19 628+7.24 826+888  0.37
(-2.52, 15.24) (-0.49, 6.20) (-2.71, 15.28) (-13.81, 30.3)

Data are presented as mean x SD (lower, upper 95% CI). Effect size calculated in JIA
vs. controls, standardized to the pooled SD of the control group.
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Figure 5.1 Resting, mid- and post-exercise proportions EPCs and CECs
in youth with JIA and healthy controls. A significant interaction was seen
for EPCs as a proportion of PBMCs during MICE (A), whereby healthy
controls demonstrated an increase in EPCs while EPCs in JIA remained
unchanged. Conversely, HIIE (B) did not alter EPCs in healthy controls or
JIA. Similarly, neither MICE (C) nor HIIE (D) had any effect on CECs in
JIA and healthy controls. * significant difference from rest, p = 0.05; @
significant difference between JIA and healthy controls, p = 0.05; °
significant difference between JIA and controls, p <0.01.

5.5 Discussion

This is the first study to compare exercise-induced changes in
EPCs and CECs in children with JIA and healthy controls. Our findings
suggest that similar resting concentrations and proportions of EPCs and
CECs are present in both groups. During MICE, healthy controls

demonstrated a steady increase in EPCs, which was not observed in

149



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

participants with JIA. Conversely, CECs were unaltered in both groups
during MICE, and HIIE had no effect on either CECs or EPCs.

Resting EPC and CEC concentrations were similar in JIA and
controls, which is similar to the recently reported findings of Rusak et al. in
JIA, but differs from previous studies that showed altered EPC and CEC
levels in children and adults with chronic medical conditions compared
with controls [14—-17, 20, 41-45]. This may be related to the fact that our
participants with JIA had a small number of active joints and relatively low
C-reactive protein (CRP) and erythrocyte sedimentation rates (ESR),
which may suggest they also had lower levels of disease activity at the
time of participation. Data from adults with RA lend additional support to
this finding. More specifically, a comparison of adults with active RA
(disease activity score of = 3.2), low or inactive RA and healthy controls
revealed that only those with active disease demonstrated significantly
impaired EPCs (active: 0.026 + 0.002% vs. no/low active: 0.052 £ 0.006%
vs. controls: 0.045 + 0.008%) [14]. The authors also reported a significant,
negative relationship between EPCs and disease activity score (r=-0.38,
p<0.01) [14]. Similarly, Egan et al. reported significant negative
associations between EPCs and ESR as well as rheumatoid factor level,
as indicators of inflammation [15]. While the only study to assess CECs in
adults with RA reported higher concentrations of these cells compared

with controls, the 2-fold difference between groups was less than expected
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when compared with other disease groups that demonstrate 6- to 20-fold

higher levels of CECs relative to controls [10]. The authors reasoned that
this was likely related to low disease activity and drug management in the
RA group [10].

The exact underlying mechanism linking EPCs, CECs, and disease
activity remains unclear but is likely mediated, at least in part, by systemic
levels of inflammation and medication use. Grisar et al. reported that
patients with high levels of tumor necrosis factor alpha (TNF-a) presented
with low EPCs, and when examined according to medication use, those on
anti-TNF therapy demonstrated similar levels of EPCs to healthy controls
[14]. More recently, Rusak et al. found that patients with JIA treated with a
combination of glucocorticoids, methotrexate, and anti-TNF therapy
presented with reduced EPCs compared with those treated with either
methotrexate alone, a combination of methotrexate and glucocorticoids,
and healthy controls [20]. The pilot nature of this study did not allow us to
examine these factors; however, it may be important to consider both
factors in future study designs.

Exercise is a potent stimulus to transiently increase EPCs in adults,
whereby a single bout can lead to a 66-309% increase in peripheral blood
concentrations of these cells [25]. In children, only two studies have
examined the effect of an acute bout of exercise on EPCs [23, 46].

Zaldivar et al. assessed healthy, pre- and post-pubertal males and
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reported an 83-170% increase in EPCs [23]. Conversely, Lau et al.
examined youth with chronic kidney disease and reported no change in
EPCs [46]. In the present study, a single bout of moderate intensity,
continuous exercise led to a ~100% increase in EPCs in healthy children,
but did not elicit any change in EPCs in participants with JIA. The fact that
we were unable to detect a change in EPCs in JIA may suggest an
impaired mobilization of EPCs from the bone marrow. In healthy
individuals, a number of angiogenic factors are associated with increased
EPC proliferation and mobilization into the circulation; chief among these
is Vascular Endothelial Growth Factor (VEGF) [47]. Interestingly, elevated
VEGF levels are consistently reported in RA, but are not matched by an
increase in EPCs [14, 41, 43, 47]. The mechanisms inhibiting the
commonly reported effects of VEGF on EPCs in RA remain unknown. If
our participants presented with chronically elevated VEGF, it is plausible
that the exercise stimulus may not have been sufficient to stimulate
additional VEGF production to promote EPC mobilization; however, this
cannot be ascertained since VEGF levels were not assessed. Alternatively,
we may have failed to detect a change in peripheral blood EPCs if they
were rapidly taken up by another tissue. In fact, there is some evidence to
suggest that EPCs may be recruited from the peripheral blood into the
synovium in RA [48]. It has been hypothesized that EPCs may be trapped

in the synovium leading to increased synovial blood vessel formation,
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recruitment of inflammatory markers to the affected joints, and a reduced
ability for EPCs to respond to CV damage [43, 48, 49]. Since EPCs were
similar in JIA and healthy controls at rest, it seems unlikely that an acute
bout of exercise would lead to a substantial increase in EPC recruitment to
the synovium. However, we cannot rule out the possibility that the timing
of our blood samples may have limited our ability to detect changes in
EPCs in JIA. Taken together, our data suggest that exercise affects EPCs
levels differently in youth with JIA and healthy controls.

Given that short bouts of intense exercise led to significant
increases in EPCs in the work of Zaldivar et al., we anticipated similar
increases with our HIIE protocol [23]. However, we did not detect any
changes in EPCs in either JIA or healthy controls during HIIE. This finding
may be related to the timing of our blood collection (too early, or too late),
which may have missed a peak in EPCs. It is more likely that the exercise
duration of our HIIE protocol was not sufficient to alter levels of these cells.
In fact, when EPC responses in adults were compared following 30-min of
high intensity, 30-min of moderate intensity, or 10-min of moderate
intensity running, only the 30-min bouts led to similar increases in EPCs
[22].

Neither HIIE nor MICE had any effect on CEC concentrations in
participants with JIA or healthy controls. Given that CECs are a population

mature endothelial cells detached from the vasculature following
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irreparable damage, they are likely more representative of long-term
dysfunction and cumulative injury to the endothelium [10]. It is plausible
that a single, acute bout of exercise, regardless of intensity or duration,
may not be sufficient to induce any changes in CEC concentrations.
Whether repeated bouts of exercise can modify CEC concentrations
remains to be determined.

A number of limitations should be considered in the interpretation of
our findings. First, this study assessed a small group of patients with
different types of JIA making it difficult to determine the generalizability of
our results. However, the majority of the calculated effect sizes were
medium or large, suggesting the reported results were meaningful,
irrespective of sample size. Second, there is no consensus with respect to
the best protocol and markers for EPC and CEC enumeration [18, 39, 50].
Because of similarities in cell surface markers, there is a chance that
some mature endothelial cells and hematopoietic stem cells were gated
with EPCs and vice versa. Despite this potential overlap, the high degree
of repeatability and reliability of our EPC (intraclass correlation coefficient,
ICC =0.92 and 0.98, respectively) and CEC (ICC = 0.96 and 0.82)
enumeration protocol lends support to the sensitivity of our measurements
(Obeid, unpublished observation). Third, our EPCs and CECs response
profile is limited to 2 time points at MID and POST, which may not reflect

the peak response times of these cells. Finally, we assessed EPC and
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CEC concentrations but did not assess their function in the circulation.
Future work should seek to include functional assays given that there may
be a disconnect in the quantity and function of EPCs in adults with chronic

conditions [41, 47, 49].

5.6 Conclusion

To our knowledge, this was the first study to simultaneously
compare EPCs and CECs at rest and in response to exercise in youth with
JIA and healthy controls. Our results suggest that resting levels of both
EPCs and CECs are similar in JIA and healthy controls. In addition, EPCs
in healthy controls increased by an average of ~100% in response to an
acute bout of moderate intensity, continuous cycling but remained
unchanged in JIA. Conversely, high intensity, intermittent exercise had no
effect on either EPCs or CECs in JIA and controls. The EPC response to
exercise in JIA may be blunted as a result of disease-related inflammation
and medication use, but may also reflect recruitment of EPCs from the
circulation into the synovium. Future studies should explore factors that
may be inhibiting exercise-induced changes in EPCs, as well as the
impact of blood sample timing on EPC and CEC responses to exercise.
Given the growing body of evidence supporting the role of these cells in
maintaining and improving vascular health, a better understanding of the

effects of exercise on their concentrations and function may allow for
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development of an appropriate adjuvant therapy to maintain CV health in

JIA.
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CHAPTER 6: SUMMARY OF MAIN FINDINGS AND GENERAL

DISCUSSSION

The general aim of this thesis was to enhance our understanding of
naturally occurring levels of CECs and EPCs in the pediatric years. To do
this, the three included investigations: 1) examined differences in CECs
and EPCs by sex, chronological, and biological age (Chapters 3 & 4); 2)
assessed the relationships between CECs, EPCs and fitness, physical
activity, and adiposity (Chapters 3 & 4); and 3) determined the effects of
acute exercise on CECs and EPCs in healthy children and those with JIA
(Chapter 5). The main findings of the conducted studies suggest that
children and adolescents demonstrate a relatively broad range of CECs
and EPCs, with most clustering at the lower range of reported values in
adults. There were no differences in the levels of either cell population
between males and females, chronological or biological age groups
(Chapters 3 & 4). In addition, CECs, but not EPCs, demonstrated a
significant positive association with fitness, and negative relationship with
levels of habitual physical activity (Chapters 3 & 4). Neither CECs nor
EPCs were related to level of adiposity (Chapters 3 & 4). Finally, although
children with JIA and healthy controls presented with similar resting levels
of CECs and EPCs, only healthy children demonstrated a significant,
transient increase in EPCs with a single bout of continuous, moderate

intensity cycling (Chapter 5). The following discussion will address the
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main results and novel findings in this thesis, as well as future research
directions. Selected data from Chapters 3, 4, and 5 are combined, and
supplemental data are presented where appropriate to synthesize and

support the interpretation of these findings.

6.1 The Interaction of CECs and EPCs in Youth

We examined CECs and EPCs separately throughout this thesis;
however, there is some evidence to suggest that concurrent assessment
of these cells may provide better insight into the balance between damage
and repair of the vascular endothelium (Blann and Pretorius 2006). To
examine the potential link between CECs and EPCs in youth,
supplementary analyses were performed using pooled data from chapters
3, 4, and 5. A trend toward a weak, negative relationship between CECs
and EPCs was observed (Appendix C, C-1), but this did not reach
statistical significance. Since CECs have been linked with both stimulation
and inhibition of EPC mobilization (Holmén et al. 2005, Goon et al. 2006),
it may be important to consider CEC status (i.e., activated, necrotic, or
apoptotic) in future assessments of the potential interaction between
CECs and EPCs. There may also be differences in the factors regulating
CECs and EPCs in youth. This appears to be in line with the findings of

this thesis, which suggest that while fitness and habitual physical activity
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do not have any lasting effects on the resting concentrations of EPCs, they

may be significant mediators of naturally occurring levels of CECs.

6.2 The Influence of Sex, Chronological, and Biological Age

As expected, our data indicate that there were no differences in
CECs between males and females, regardless of chronological or
biological age. One important consideration for post-menarcheal females
is the cyclical fluctuations in hormones associated with the menstrual cycle
(Schisterman et al. 2014). Only one study has examined changes in CECs
based on phase of menstrual cycle in young, healthy women (ages: 23-51
years), and reported consistent CEC concentrations across the menstrual,
follicular, periovulatory, early luteal, middle luteal, and late luteal phases
(Tanaka et al. 2012). Thus, based on these findings, and the fact that male
and female participants in our study were similar with respect to fitness
and physical activity levels, as well as prevalence of overweight or obesity,
there is no obvious physiological rationale that would support a difference
in resting CECs between sexes.

Unlike CECs, there is some evidence to suggest that EPCs are
sensitive to the fluctuations in reproductive hormones (Hoetzer et al. 2007,
Fadini et al. 2008, Lemieux et al. 2009, Tanaka et al. 2012). Indeed, the
cyclical increase in EPC number and function in females of reproductive

age is believed to represent one mechanism underlying the protective
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effects of estrogens on cardiovascular health (Mendelsohn and Karas
1999, Fadini et al. 2008). More specifically, EPCs peak during the
ovulatory and middle luteal phases, both of which correspond to changes
in estradiol, luteinizing hormone, and G-CSF (Tanaka et al. 2012). Not
only do EPC concentrations increase roughly 2-fold during ovulation, but
they also demonstrate improved colony forming capacity, and adhesion to
a mature endothelial layer when compared with cells from age-matched
males (Fadini et al. 2008). Interestingly, exposure of EPCs from male
participants to estradiol led to similar increases in colony formation and
adhesive properties, thereby highlighting the key role of estrogens in
modulating EPC number and function (Fadini et al. 2008). In this thesis,
both pre/early-pubertal and late/post-pubertal males and females
presented with similar levels of EPCs. This finding is likely related to the
timing of our blood sample, wherein all post-menarcheal females were
tested during the follicular stage of their menstrual cycles, which precedes
the peaks in progesterone and estrogen, and most closely matches
hormonal profiles in males.

Resting levels of CECs and EPCs were similar in the two
chronological and biological age groups assessed in Chapters 3 and 4. In
adults, EPCs consistently decrease in number and/or function with age
(Rauscher et al. 2003, Heiss et al. 2005, Jie et al. 2009), while the CEC

literature suggests no change or an increase in CECs with age (Shaffer et
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al. 2006, Strijbos et al. 2008, Fabbri-Arrigoni et al. 2012). It is important to
note that these observations in adults were made in vastly different age
groups, with at least a 10-year difference between the “young” and “old”
participants. Therefore, it is plausible that the extent of endothelial damage
in childhood, and more specifically across a narrow 2-year age range, is
not sufficient to detect a notable change in either resting CECs or EPCs at
the group level. In both chapters 3 and 4 analyses were performed with
participants grouped dichotomously by chronological (8-10 vs. 14-16
years) and biological age (< -1 YPHV vs. 2 + 1 YPHV), making it difficult to
comment on the distinct effects of age and puberty. To further assess the
effect of puberty on CECs and EPCs, supplementary exploratory analyses
were performed in 1-year increments of estimated YPHV (range: -3 to +3
years). There was no main effect of YPHV on either concentrations or
proportions of CECs and EPCs, but a trend toward reduced CECs and
increased EPCs at -1 YPHV was observed (Appendix C, Figure C-2),
which may be indicative of a pubertal effect. This finding must be
interpreted with some caution since we excluded participants in the mid-
pubertal group. It is interesting to note that even when participants were
grouped in smaller, and likely more homogenous, bins according to YPHV
there remained a large degree of inter-individual variability in both CECs
and EPCs. As such, it may be more informative to assess individual

trajectories of CECs or EPCs over time rather than group level differences.
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6.3 The Influence of Fitness

Aerobic fitness, defined in our study as peak mechanical power
normalized to lean body mass, demonstrated a moderate, positive
association with CECs in healthy children and adolescents. O’Sullivan et
al. reported a similar, but slightly stronger, association between CECs and
aerobic fitness, defined as maximal volume of oxygen uptake, in healthy
high-fit and low-fit adults (O’Sullivan 2003). The authors proposed that
individuals with higher fitness levels likely engage in more exercise and
therefore experience more vascular wall shear stress, which in turn may
stimulate increased endothelial cell turnover (O’Sullivan 2003). While it is
plausible that an increase in shear stress would lead to greater endothelial
cell detachment from the vessel wall, our findings do not appear to support
the hypothesis of increased endothelial cell turnover, as we did not
observe any relationship between fitness and EPCs in our participants.

The first study to examine the relationship between aerobic fitness
and EPCs was performed in a sample of 11- to 12-year-old boys and girls
upon completion of a 1-year school-based physical education intervention.
When both the control and intervention classes were pooled, a weak, but
significant positive relationship was observed between VO, and
CD34'CD309" EPCs (r = 0.33, p < 0.001) (Walther et al. 2009). The
discrepancy between our findings may be related to the differences in

indicators of aerobic fitness. Although we recognize that VO,ay IS @ More
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direct measure of aerobic fitness, the use of peak mechanical power in
this thesis was due to technical difficulties with our oxygen analyzer. The
only other study to assess this relationship in youth was performed in a
smaller sample of obese participants, and used both VO, and peak
mechanical power, as well as 4 separate EPC definitions (Arnold et al.
2010). Unlike Walther et al., the authors reported that VO,ax Was Not
related to CD34"CD309" EPCs or CD34"CD117" EPCs, but a moderate
relationship was observed between VO,,,., and EPCs defined as CD34",
and CD34"CD133" (Arnold et al. 2010). A positive association of similar
magnitude was reported for peak mechanical power normalized to body
weight and CD34" cells, as well as for CD34"CD117" EPCs (Arnold et al.
2010). Taken together, these findings suggest that the association
between aerobic fitness and EPCs may differ by EPC subtype; however,
our knowledge of the exact number, or relationship between the different
EPC subtypes and their respective roles in the maintenance of

cardiovascular health remains limited (Timmermans et al. 2009).

6.4 The Influence of Physical Activity

The studies in this thesis are the first to directly assess the
relationship between CECs, EPCs, and objectively measured physical
activity. In fact, fitness (usually aerobic fitness defined as maximal oxygen

uptake) is assessed in every pediatric study examining EPCs, while
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habitual physical activity levels are not considered or are assumed based
on level sport participation. For example, Walther et al. reported lower
levels of resting EPCs (CD45%™CD34*CD309") in children receiving
standard 2 x 45-min of weekly physical education classes compared with
those enrolled in a specialized sport school who received 12 x 45-min of
weekly physical education classes in addition to their involvement in
competitive sporting events (Walther et al. 2009). Whether this difference
is a result of increased fitness (measured), physical activity (not
measured), or an interaction of the two is unknown. The same can be said
for the differences in EPCs reported between high- and low-fit groups
(Arnold et al. 2010, D’Ascenzi et al. 2014), as well as pre- and post-
exercise or lifestyle interventions (Walther et al. 2008, Park et al. 2012,
Bruyndonckx et al. 2015).

Our findings suggest that average daily minutes of MVPA were
inversely associated with CECs (Chapter 3), but were not related to EPCs
(Chapter 4) in children and adolescents. The decision to examine CECs
and EPCs in relation to MVPA was based on the fact that this intensity is
the focus of activity recommendations in Canada and abroad (Tremblay et
al. 2014). Supplementary analysis was performed to examine potential
differences in CECs and EPCs among participants who were meeting the
current Canadian physical activity guidelines of at least 60-min daily

MVPA compared with those not meeting this recommendation (Tremblay
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et al. 2011). Although there were no differences in CECs or EPCs
between activity groups (Appendix C, Figure C-3), it must be noted that
the analysis was complicated by the fact that only 3 (4%) of the 82
participants with valid physical activity data were meeting the MVPA
guideline. Conversely, 30 (37%) participants did not meet the guideline on
more than 1 monitoring day. This distribution may help to explain the
observed relationships or lack thereof between CECs, EPCs, and MVPA.
Moreover, we only examined total daily volume of MVPA, which includes
bouts of MVPA that might be as short as 3 sec. Based on the findings in
Chapter 5, it may be important to consider both intensity and the duration
of activity bouts in future assessments of the relationship between MVPA

and EPCs.

6.5 The Effects of Acute Exercise

6.5.1 Healthy Controls

We reported that neither moderate intensity, continuous exercise
nor high intensity, intermittent exercise had an effect on peripheral blood
concentrations or proportion of CECs in children. This finding is consistent
with some but not all of the adult literature (Mutin et al. 1999, O’Sullivan
2003). Indeed, there is some evidence to suggest an increase in CECs
immediately following exercise (Boos et al. 2008), while others have

reported a delayed CEC response, peaking between 2- and 4-h into
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recovery (Mobius-Winkler et al. 2009, Sandri et al. 2011). Thus, it is
possible that our sampling time points (midpoint and end of exercise) may
not have been appropriate to detect a change in CECs.

Aside from this potential methodological limitation, it is also
important to consider the effects of acute exercise on immune cells and
inflammatory markers, which are thought to be involved in cleavage of the
integrins and adhesion molecules that anchor endothelial cells to the
basement membrane (See Section 1.2.4). Previous work from our
laboratory demonstrated that compared with adults, boys experienced a
smaller change in natural killer cells and IL-6, as well as a faster recovery
of lymphocyte subsets following an acute bout of exercise performed at
the same relative intensity (Timmons et al. 2004). In a separate study,
Timmons et al. reported consistently lower levels of neutrophils, and
smaller exercise-induced perturbations to the immune system in younger
boys and girls (12-years-old) compared with their older counterparts (14-
years-old) (Timmons et al. 2006). Moreover, TNF-a only increased in the
older boys and men, but remained consistent in young boys and girls, as
well as in older girls (Timmons et al. 2004, 2006). The authors suggested
that children might be relatively resistant to major inflammatory responses
during and following exercise so as to maintain the anabolic pathways that
support optimal growth and development (Timmons 2005, Timmons et al.

2006). Although we did not measure inflammatory markers in Chapter 5,
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seven of our twelve participants were <12 years of age at the time of
assessment, therefore, it is possible that neither HIIE nor MICE led to a
sufficient change in the immune cells and cytokines involved in endothelial
cell detachment.

The data indicate that EPCs increased ~100% with MICE but
remained unchanged with HIIE in healthy children. Our HIIE protocol
consisted of 15-sec bouts of cycling at 100% of peak mechanical power
for a total of 6 minutes. The fact that EPCs were unchanged with HIIE is
consistent with the work of Laufs et al., which suggest that exercise
duration is more important that intensity for EPC mobilization (Laufs et al.
2005). The only other study to examine the effects of acute exercise on
EPCs in healthy children also used an intermittent exercise protocol,
however, each bout consisted of 2 min of cycling at ~75% of VOzmax, and
was repeated 10 times for a total of 20 minutes (Zaldivar et al. 2007). The
authors reported an 83-170% increase in EPCs, which is comparable to
the change observed in this thesis with MICE (Zaldivar et al. 2007). The
increase in CD34"CD45%™ cells reported by Zaldivar et al. was also
accompanied by an increase in FLT-3, G-CSF and to a lesser extent,
SDF-1q, each of which have been implicated in EPC mobilization in the
human adult and animal literature (Asahara et al. 1997, Aicher et al. 2005,
Zaldivar et al. 2007, Tilling et al. 2009). Interestingly, the EPC response to

exercise in children and adolescents appears to be smaller than that in
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adults, which is reported to increase up to 300% from baseline values
(Volaklis et al. 2013). This difference may be related to differences in the
exercise protocols used, with most adult studies examining changes in
EPCs following a maximal exercise test (Koutroumpi et al. 2012). Given
that both immune cells and inflammatory mediators are involved in the
mobilization and homing of EPCs (Aicher et al. 2005), this observation
may be linked to the child-adult differences in immune responses to
exercise described above (Timmons 2005). It also seems likely that the
reduced EPC response in children may simply reflect the fact that they are
less likely to demonstrate the same degree of cardiovascular damage as
adults (Stary 1989).

In Chapter 4, we reported that there was no agreement between
resting EPCs defined according to Duda et al. and Zaldivar et al. (k = -0.13,
0.26, p > 0.05). It is interesting to note that despite this finding at rest, the
effect of exercise and the magnitude of change in EPCs were similar in
our study and that of Zaldivar et al. Moreover, the exercise-induced
increase in EPCs following MICE was similar when we re-examined our
cells according to the definition of Zaldivar et al. This observation is
consistent with our previous work, where we reported that EPCs were
unchanged following a 20-min bout of exercise in children with chronic
kidney disease when cells were defined as

CD31*CD34""9"CD45%CD133" (Duda et al. 2007) or CD34*CD45%™
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(Zaldivar et al. 2007, Lau et al. 2014). Taken together, these findings
suggest that the effects of exercise are relatively consistent across more
than one of the identified heterogeneous subpopulations of EPCs, which

may have important implications for cardiovascular health.

6.5.2 Juvenile Idiopathic Arthritis

Unlike healthy controls, children with JIA did not exhibit any change
in EPCs with MICE. Since both heart rate and ratings of perceived
exertion were similar in the JIA and healthy controls throughout MICE
(Appendix C, C-4), it seems unlikely that the difference in EPC response is
related to the exercise stimulus. Although interpretation of this difference is
somewhat limited by the lack of functional assays, there are a number of
potential explanations for the blunted EPC response in JIA, including
between group differences in endothelial dysfunction, exercise-induced
inflammation, and autonomic activity.

Vlahos et al. recently reported that children with JIA between the
ages of 7 and 18 years present with ~30% reduction in brachial FMD
compared with healthy controls, regardless of JIA subtype (Vlahos et al.
2011). Endothelial dysfunction, as measured by FMD, is generally
indicative of reduced NO bioavailability (Celermajer et al. 1992), a key
regulator in the MMP-9-mediated pathway of EPC mobilization (described
in Section 1.3.4) (Tilling et al. 2009). The authors found that endothelial

dysfunction was largely attributable to inflammation in JIA, since between
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group differences disappeared after adjustment for ICAM-1 and ESR
(Vlahos et al. 2011). Given that the available resting ESR and CRP data
from our JIA participants is similar to that of the healthy controls assessed
by Vlahos et al. (ESR: 9+ 4 vs. 8 +4 mm/h, CRP:0.8+1.0vs. 1.7 £0.7
mg/dl, respectively) (Vlahos et al. 2011), it seems unlikely that our findings
are related to endothelial dysfunction in JIA.

Although the data suggest low levels of inflammation in our
participants with JIA at rest, it is possible that exercise-induced changes in
inflammatory markers were more pronounced in JIA, which may have in
turn inhibited EPC mobilization in these participants. However, two studies
from our laboratory reported that the IL-6 and TNF-a response to MICE
was similar in healthy controls and children with chronic inflammatory
conditions, including cystic fibrosis (Nguyen et al. 2012), and inflammatory
bowel disease (Ploeger et al. 2012). It is impossible to definitively
conclude that youth with JIA demonstrated a similar response to these
earlier studies since inflammatory markers were not measured in our
participants.

In adults, an impaired EPC response to exercise was observed in
individuals diagnosed cardiovascular disease including peripheral arterial
disease (Shaffer et al. 2006, Sandri et al. 2011), microvascular angina
(Scalone et al. 2013), and chronic heart failure (Van Craenenbroeck et al.

2011). Much like the results of the current study, Van Craenenbroeck et al.
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reported similar pre-exercise EPCs in the patient group (chronic heart
failure) and control groups, but a blunted EPC response immediately after
exercise in the chronic heart failure group, which was maintained up to 24-
h post-exercise (Van Craenenbroeck et al. 2011). The authors reasoned
that the damaged endothelium in chronic disease states may lead to a
compensatory increase in EPC mobilization from the bone marrow at rest
such that the exercise stimulus is no longer sufficient to induce an
additional increase in EPC mobilization from the “overdemanded” bone
marrow (Van Craenenbroeck et al. 2011). It is important to note that the
aforementioned studies in adults involve participants with a more
prolonged history of chronic disease and exposure to cardiovascular risk
factors than the young participants in our study; however, the extent of
bone marrow exhaustion in JIA may be an important area for future
investigations. In a separate study, the same authors suggested that since
the bone marrow is innervated by the sympathetic nervous system, EPC
proliferation and release might also be modulated by autonomic balance
(Van Craenenbroeck et al. 2009). Interestingly, there is some evidence of
autonomic nervous system dysregulation in youth with active and inactive
JIA (Kuis et al. 1996, Kavelaars et al. 1998, El-Sayed et al. 2009). While it
is plausible that this imbalance might affect on EPCs in JIA, it is not clear
why this effect is only observed with exercise and not at rest. Indeed, the

fact that EPCs were similar in JIA and healthy controls at rest may indicate
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that the impairment in JIA may be related to one or more of the factors
unique to exercise-induced EPC mobilization. Additional work is needed to
more closely examine the mechanisms underlying the blunted EPC
response in youth with JIA, and to determine whether this response is

common among children with other chronic inflammatory conditions.

6.6 Novelty of Findings

This thesis represents the first efforts towards a more
comprehensive understanding resting and acute exercise-induced
changes in CEC and EPC levels in children and adolescents. The key
novel findings and the contributions of this thesis to advancing the state of
knowledge in this field are summarized as follows:

1. Chapter 3: This is the first study to assess CECs, and factors that
might influence their resting concentrations, in a sample of healthy
children and adolescents. In addition, it is the first study in both the
pediatric and adult literature to assess objectively measured
physical activity in relation to CECs. The findings suggest that
CECs are similar in pre/early-pubertal and late/post-pubertal males
and females. Children with the highest MVPA present with the
lowest CEC levels; conversely, those with the highest power output

have the highest CECs.
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2.

3.

Chapter 4: This is the first study to concurrently examine the effects
of sex, age, fitness, objectively measured physical activity, and
adiposity on EPCs in children and adolescents. EPCs are similar in
pre/early-pubertal and late/post-pubertal males and females.
Fitness, physical activity, and adiposity are not related to resting
EPCs in youth. This is also the first study to collate and compare
EPCs based on the different cell surface marker definitions used in
the pediatric exercise literature to date. There is very little
agreement among these EPC cell definitions, which may have
important implications for comparisons of the available studies
examining EPCs in the context of health in children and
adolescents.

Chapter 5: This is the first study to compare the effects of acute
exercise on CECs and EPCs in children with JIA and healthy
controls. This also represents the first study to assess the effects of
two distinct types of exercise on CECs and EPCs in the pediatric
population. CECs do not change with MICE or HIIE in either JIA or
healthy controls. Conversely, healthy children demonstrate a robust

increase in EPCs with MICE; this response is blunted in JIA.
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6.7 Future Research Directions

Although the findings of this thesis begin to address some of the
gaps in our understanding of CECs and EPCs in the pediatric population,
they have also served to highlight a number of areas that require further
investigation. Perhaps the most important issue to address, and one that
is discussed repeatedly throughout this thesis, is the lack of consensus
with respect to identification and isolation of CECs and EPCs. Given the
large discrepancies in EPCs between cell definitions reported in Chapter 4,
it is clear that this methodological issue has severely limited the growth
CEC and EPC biology, and the potential application of these cells in the
clinical setting. However, beyond this limitation, it is important that future
studies in youth examine CEC and EPC number and function concurrently,
along with assessment of the host of factors involved in their mobilization,
differentiation (for EPCs), and eventual fate. In addition, although the adult
literature has consistently demonstrated that resting CEC and EPC level
and function are sensitive markers of cardiovascular health (Hill et al. 2003,
Blann et al. 2005, Werner and Nickenig 2006, Erdbruegger et al. 2010),
comparable literature in children is lacking. To better establish their
importance in the pediatric population, further investigations that also
include assessment of well-established measures of endothelial or general
cardiovascular health, including ultrasound-based measures of endothelial

structure and function (i.e., intima media thickness, FMD) are needed.
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Given the large range of EPCs and CECs reported in this thesis, it may be
critical to assess changes in these cells at the individual level over time.
More specifically, a longitudinal analysis of the change in CEC and EPC
number, function, and link to other markers of endothelial and
cardiovascular health will provide us with a more complete picture of the
role of these cells in the pediatric population.

The effect of a single bout of acute exercise differed between EPCs
and CECs, exercise type, and between healthy children and those with JIA.
These findings raise a number of potential questions for future research.
First, is there an optimal exercise intensity or duration to elicit favourable
changes in EPCs and CECs? The answer to this question may be
particularly important for children with chronic medical conditions
associated with an increased risk of poor cardiovascular health. Second,
what factors are involved or responsible for the blunted EPC response in
JIA? Understanding the mechanisms underlying this finding, which may be
linked to an interaction between inflammation and EPC mobilization, may
provide us with unique insights into the observations of increased
cardiovascular risk factors in JIA and other chronic inflammatory
conditions of childhood. Third, how do the effects of a single, acute bout of
exercise change with chronic or repeated bouts of exercise? The limited
training studies in youth suggest that chronic exercise can increase EPC

levels (Walther et al. 2008, 2009, Park et al. 2012, Bruyndonckx et al.
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2015), but the specific exercise protocols in these studies are unclear, and
the effects on CECs have not been examined. Finally, do changes in
CECs and EPCs with chronic exercise exposure lead to long-term
improvements in cardiovascular outcomes? Examining these questions in
the context of both CEC and EPC number and function will provide critical
evidence to support the mechanisms translating exercise into improved

cardiovascular health beginning in childhood.
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APPENDIX A: DESCRIPTION OF META-ANALYSIS

A review of the literature and a series of meta-analyses were
designed to address the following questions in human adults, and
separately in youth:
1. Is there a relationship between fithess and resting EPCs and/or
CECs in healthy individuals and those with chronic disease?

2. Is there a relationship between physical activity and resting
EPCs and/or CECs in healthy individuals and those with chronic
disease?

3. What is the effect of an acute bout of exercise on EPCs and/or

CECs in healthy individuals?
4. Does the effect of an acute bout of exercise on EPCs and/or
CECs differ between healthy individuals and those with chronic

disease?

Searches of the PubMed and EMBASE databases were performed
using combinations of the keywords “exercise” OR “physical activity” OR
“fitness” AND “endothelial progenitor cell” OR “circulating endothelial cell”
OR “endothelial cells”. All relevant titles were screened based on their
abstracts, and full texts were retrieved for studies involving human
participants (adults and children separated) and assessment of EPCs or

CECs by flow cytometry. Studies with mixed methods were included, but

222



Ph.D. Thesis — J. Obeid McMaster University — Kinesiology

only results from flow cytometric analyses were extracted for the meta-
analysis. Reference lists from selected studies were examined for any
additional studies not captured in the general search. The number of
studies examined at each stage of the analysis is presented in the
PRISMA flow diagram in Figure A-1.

Full text articles were grouped into one or more of 3 broad
categories to address the aforementioned questions: (1) correlations of
fithess with EPCs and/or CECs; (2) correlations of physical activity with
EPCs and/or CECs; and (3) effects of acute exercise on EPCs and/or
CECs. Studies were further divided into subgroups based on the
populations: (1) healthy adults; (2) adults with chronic disease; and (3)
children and adolescents. After exclusion, the number of studies reporting
results in the context of exercise on CECs in adults and youth, as well as
those examining EPCs in youth was insufficient for pooling results. As
such, data extraction and meta-analyses were only performed on studies
examining EPCs in adult populations (study findings summarized in tables
A-1 and A-2).

Data extraction for correlation studies included sample size,
statistical test performed (Pearson or Spearman), and test statistic
(Pearson correlation coefficient or Spearman’s rho). Data extraction for
acute exercise studies included information on sample size, groups

assessed (experimental vs. control groups), exercise protocol (type,
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intensity, duration), number of time points assessed, measures of central
tendency for EPCs at each time point (mean or median), variance in
reported values at each time point (standard deviation, range, interquartile
range, or 95% confidence intervals). Because of the differences in blood
sampling time points, the meta-analyses performed only included resting
or baseline samples compared with post-exercise samples (within 1-hr of
exercise completion). All data were extracted from the text or tables of the
article; data were not extracted when presented in the form of figures

alone.
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Figure A-1 PRISMA flow diagram of the database search, screening, and
inclusion/exclusion of studies in the meta-analysis (Moher et al. 2009).
After assessing full-text articles, 43 articles were examined for data
extraction, of which 17 met the criteria for inclusion in the meta-analyses.
The data extraction process revealed that only 1 of the retrieved
full-text articles examined the relationship between EPCs and physical
activity, and as such, this was not examined further by meta-analysis. Of

the 8 papers assessing correlations of EPCs with fitness, only 5 reported

the necessary statistics for inclusion in the meta-analysis. Thus, of the 8
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planned meta-analyses (4 questions x 2 age groups), 3 were conducted
data from studies examining the relationship between fithess and EPCs in
adults (n = 5), the effects of acute exercise on EPCs in healthy adults (n =
8 in healthy adults only, 4 with both healthy and chronic disease — healthy
extracted), and differences in exercise-induced changes in EPCs in
healthy adults vs. adults with chronic disease (n = 4). It is important to
note that when EPCs were examined using multiple definitions in a single
study, data from each definition was included in the analysis.

Subgroup analyses were performed in the healthy adults in an effort
to reduce the heterogeneity within the pooled data that may be linked to
differences in exercise protocols between studies (Figure A-2). Specific
exercise intensity (i.e., % of max heart rate or VO,,,,.,) was not always
provided, as such, studies were broadly grouped into two distinct exercise
stimuli: (1) constant workload, moderate-intensity exercise (n = 6, Figure
A-3A), and (2) graded workload, maximal exercise (n = 8, Figure A-3B). A
second subgroup analysis was performed using exercise time, since there
is some evidence to suggest that EPC response may be more affected by
exercise time than intensity (Laufs et al. 2005). For this analysis, studies
were grouped as: (1) short protocols (< 20-min, n = 7; Figure 1.3A); (2)
mid protocols (20-180 min, n = 4; Figure 1.3B); and (3) long protocols (>

180 min, n = 3; Figure 1.3C).
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To examine the effects of acute exercise on EPCs (questions 3 and
4 above), standardized mean differences (i.e., a measure of effect size)
were calculated to account for the heterogeneity in selection of
monoclonal antibodies and units for reporting EPCs between studies
(Borenstein et al. 2009). Standardized mean difference (SMD) was
calculated using Hedges g:

_ )_(post')_(pre
Spooled

Where Xpost is the mean post-exercise, Xyre is the mean pre-exercise value,
and spooled IS the pooled standard deviation of pre- and post-values,

calculated as follows:

+n

npost pre'2

_ \[(npost_1 )SEJOSt-}-(ﬂpre_1 )Sgre
Spooled_
Where n represents the sample size in each group. For the second
analysis comparing EPC responses between disease and control groups,

the standard deviation of the difference in post-exercise and pre-exercise

values within each group was calculated as:

— 2 2
Sdifference ™ \/Spost + Spre -2xrx Spost x Spre

Where s is the reported standard deviation at pre- and post-exercise time
points, and r is the correlation between pre- and post-scores. Since these
correlations were seldom reported, r was fixed at 0.5. Analysis was

repeated with r values of 0.0 and 1.0 to assess the effect on calculated
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standard deviation values, which resulted in minimal, non-significant
changes in calculated standard deviations. Hedges g values were
corrected to account for inherent bias of small samples (Borenstein et al.
2009), and both fixed and random effects models as well as forest plots
were generated using MedCalc 15.2.2.

Fixed or random effect model selection was based on assessments
of heterogeneity across studies using Cochran’s Q and I? statistic. A
significant Cochran’s Q (p < 0.10) and moderate I° statistic (>40%) were
interpreted as significant heterogeneity, resulting in selection of the
random effects model (Higgins et al. 2003, Ryan and Cochrane
Consumers and Communicaton Review Group 2014). To address the
aforementioned questions, pooled standardized mean difference values
for the fixed effects or random effects models were interpreted using
Cohen'’s criteria for effect size where values of <0.2 indicate a trivial effect,
0.2 — 0.49 a small effect, 0.5 — 0.79 is a medium effect, and 2 0.8 is a
large effect (Cohen 1988).

Finally, forest plots were generated using the standardized mean
difference or correlation (marker) value and 95% confidence interval (tails)
for each study. The size of each marker corresponds to the weight
assigned to the study in the overall model. The size of diamond markers
used for the fixed and random effects models are indicative of the

precision of the estimate (Higgins et al. 2003, Borenstein et al. 2009).
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Figure A-2 Effects of acute exercise on EPCs in healthy adults. This pooled analysis
represents the data from all 12 studies included in the meta-analysis, with no distinction
between exercise protocols. Data are sorted by cell definition to illustrate the fact even
identical EPC cell definitions demonstrated large variability, suggesting that EPC cell definition
alone cannot explain the significant degree of heterogeneity between studies (Q = 223.2,
p<0.001; 1> = 78.1 [lower, upper 95% Cl: 71.4, 83.1]). This finding prompted further
investigation into the potential effects of different exercise protocols on EPC responses.
Despite the heterogeneity, the pooled SMD of the random effects model suggested a small
effect (SMDpo0eq = 0.447 [0.246, 0.647], p<0.001), favouring an increase in EPCs with acute
exercise. (1) a: Marathon (range: 159 — 254 min), b: half-marathon (range: 69 — 91 min)
(Bonsignore et al. 2002); (2) Maximal exercise test on a cycle ergometer (25 W step per 3-min
stage) (Adams et al. 2004); (3) Maximal exercise test on a cycle ergometer or treadmill (no
additional details provided) (Rehman et al. 2004); (4) a: 30-min running at 100% velocity at
anaerobic threshold (~82% VO,max), b: 30-min running at 80% of velocity at anaerobic
threshold (~68% VOomayx), C: 10-min running at 80% of velocity at anaerobic threshold (~68%

VO,max) (Laufs et al. 2005); (5) Maximal exercise test on a cycle ergometer (25 W step per 2-
min stage) from a: PBMC samples (n = 11), and b: whole blood samples (n = 14) (Van
Craenenbroeck et al. 2008b); (6) Marathon (mean + SEM: 4 h 11 min = 4 min), a: EPCs
expressed as cells/mL blood, and b: EPCs expressed as a % of CD309" cells (Adams et al.
2008); (7) 30-min of cycling at a workload equivalent to 80% of lactate threshold in a: South
Asian men, and b: white European men (Cubbon et al. 2010); (8) Maximal exercise test on a
treadmill (12% incline, 3.5 km/h); (9) Maximal exercise test on a treadmill (Bruce protocol)
(Scalone et al. 2013); (10) Ultra-endurance cycling race consisting of 550-km (7,000-m
altitude) over 4 days, 8-h competition alternating with 8-h rest (Stelzer et al. 2014); (11) 30-
min treadmill running (heart rate maintained >140 bpm) (Chang et al. 2015); (12) Maximal
exercise test on a cycle ergometer (ramp protocol, 10 or 20 W/min stages) (Van
Craenenbroeck et al. 2010a).
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Figure A-3 Effects of an acute bout of (A) constant workload, moderate-intensity
and (B) graded workload, maximal exercise on EPCs in healthy adults. A
significant degree of heterogeneity was observed between studies for both types
of exercise (Qa = 146.6, p<0.001; I’ = 78.2 [lower, upper 95% Cl: 67.8, 84.2]; Qg
= 51.1, p<0.001; I’; = 68.7 [48.3, 81.0]). Both types of exercise led to an increase
in EPCs, with the pooled SMD from the random effects model revealing a
significant small effect (SMDyooiea-a = 0.309 [0.068, 0.550], p = 0.012) of constant
workload exercise, while the graded workload exercise demonstrated a
significant medium effect (SMDpooeas = 0.714 [0.400, 1.022], p < 0.001).
References are identical to Figure A-2.
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APPENDIX B: FLOW CYTOMETRY ANALYSIS BY EPC DEFINITION
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Figure B-1 Gating strategy for CD34" cells based on the cell definition of
Kinik et al., 2005. PBMCs were identified based on forward scatter and
side scatter properties (A, R1), followed by gating for CD34" cells from a
CD34 vs. side scatter plot (B, R2). Cell counts were expressed as a
percentage of total PBMCs (R1).
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Figure B-2 Gating strategy for CD45"™CD34" cells based on the cell
definition of Zaldivar et al., 2007. Gating was performed in accordance
with the published ISHAGE protocols (Sutherland, 1996). First, CD45"
cells were gated from the CD45 vs. side scatter plot (A, R1), followed by
gating of CD34" cells from the CD34 vs. side scatter plot (B, R2). Next,
CDA45+ cells with low side scatter were identified from a CD45 vs. side
scatter plot (C, R3). Finally, lymphocytes with typical side scatter and
slightly higher forward scatter properties were gated from a forward scatter
vs. side scatter plot (D, R4). Cell counts were expressed as cells per

microliter of blood.
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Figure B-3 Gating strategy for CD34" cells based on the cell definition of
Park et al., 2012 and Walther et al. 2008; 2009. Lymphocytes were gated
from a plot of forward scatter vs. side scatter (A, R1), followed by gating
for CD34" cells from a CD34 vs. side scatter plot (B, R2). Cell counts
according to Park et al. were expressed as a percentage of lymphocytes
(R1); and as cells per milliliter of blood according to Walther et al.
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Figure B-4 Gating strategy for CD133" cells based on the cell definition of
Park et al., 2012 and Walther et al., 2008. Lymphocytes were gated from a
plot of forward scatter vs. side scatter (A, R1), followed by gating for
CD133" cells from a CD133 vs. side scatter plot (B, R2). Cell counts
according to Park et al. were expressed as a percentage of lymphocytes
(R1); and as cells per milliliter of blood according to Walther et al.
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Figure B-5 Gating strategy for CD45" cells based on the cell definition of
Walther et al., 2008. Lymphocytes were gated from a plot of forward
scatter vs. side scatter (A, R1), followed by gating for CD45" cells from a
CD45 vs. side scatter plot (B, R2). Cell counts were expressed as cells per
milliliter of blood.
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Figure B-6 Gating strategy for CD34°CD133" cells (D) based on the cell
definition of Park et al., 2012. Lymphocytes were gated from a plot of
forward scatter vs. side scatter (A, R1), followed by gating for CD34" cells
from a CD34 vs. side scatter plot (B, R2); finally, CD133" cells were gated
from a CD133 vs. side scatter plot (C, R3). Cell counts were expressed as
a percentage of lymphocytes (R1).
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APPENDIX C: SUPPLEMENTARY DATA AND FIGURES
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Figure C-1 The relationship between CEC and EPC proportions (A) and
concentrations (B) were assessed using Spearman correlations. A trend
towards a negative link between CECs and EPCs was observed for both
proportions (p = -0.200 [BC, 95% lower and upper CI: -0.410, 0.034], p =
0.053) and concentrations (p = -0.183 [-0.385, 0.063], p = 0.077).
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Figure C-2 To assess the effects of puberty on CECs and EPCs,
participants were grouped in 1-year increments based on estimated years
from peak height velocity. Kruskal-Wallis tests revealed no differences
across YPHV for CEC proportions (A; p = 0.158), and concentrations (B; p
= 0.092), as well as EPC proportions (C; p = 0.182), and concentrations
(D; p = 0.129). Paired comparisons, corrected for multiple comparisons
(significance set at p < 0.01), revealed a trend towards lower CECs, and
higher EPCs at -1 YPHV relative to -3 (p = 0.029 — 0.054), -2 (p = 0.043 -
0.070) , +2 (p = 0.007 — 0.20), and +3 YPHV (p = 0.070 — 0.308). Data are
presented as median, and interquartile range; whiskers represent
minimum and maximum values.
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Figure C-3 CECs and EPCs were examined in children meeting and not
meeting the Canadian physical activity guidelines of 60-min of daily MVPA.
Mann Whitney U tests suggested no difference between groups for CEC
proportions (A; U = 91.5, p = 0.665), and concentrations (B; U =91.0, p =
0.656), as well as EPC proportions (C; U = 85.5, p = 0.552), and
concentrations (U = 97.5, p = 0.787). These results should be interpreted
with caution as only 3 participants (4%) of 82 were meeting the physical
activity recommendations. Data are presented as median and interquartile
range; whiskers represent the minimum and maximum values.
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Figure C-4 Heart rate (A) and ratings of perceived exertion (B) were
similar in children with JIA (circles) and healthy controls (squares)
throughout the MICE protocol, as determined by two-way ANOVA (p =
0.487 and 0.341, respectively). Heart rate was measured at rest and
every 5 minutes of the exercise, while Borg'’s ratings of perceived exertion
was assessed every 10 minutes of exercise.
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APPENDIX D: COPYRIGHT PERMISSION FORMS

Chapter 3: Manuscript Permission from Wolters Kluwer for
Publication in Medicine & Science in Sports & Exercise
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Lippincott Williams & Wilkins = Author: JOYCE OBEID, THANH NGUYEN, ([RightsLink using your
RACHEL WALKER. et al lcopyright.com credentials.
Requesting permission to »eta lAlready a RightsLink user or
reuse content from an Publication: Medicine & Science in Sports &  |want to earn more?
LWW publication. Exercise
Publisher: Wolters Kluwer Health, Inc.
Date: Jan 1, 2014
Copyright © 2014, (C) 2014 American College of Sports
Medicine

This reuse is free of charge. No permission letter is needed from Wolters Kluwer Health, Lippincott
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AIDS: 13 November 2013 - Volume 27 - Issue 17 - p 2679-2689. Wolters Kluwer Health Lippincott
Williams & Wilkins© No modifications will be permitted.
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