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Summary

Summary

Several tissue engineering strategies were developed to obtain cardiovascular constructs
able to integrate and regenerate within the body. A clinically relevant concept for
replacement of cardiovascular defects proposes to implant either bare synthetic scaffolds
or synthetic scaffolds seeded with autologous cells, entrusting the host inflammatory
response to promote successful integration of the construct. The aim of this thesis is to
provide a deeper insight into the modulation of the inflammatory response by mechanical
forces acting on implanted load-bearing cardiovascular constructs, such as heart valves
and arteries. More specifically, the effect of strain and shear stress on immune cell
recruitment, differentiation, and signaling in synthetic scaffolds was investigated.

Monocyte chemotactic protein-1 (MCP-1) is considered by others a key player in
regeneration of synthetic scaffolds. The first part of this thesis aims at elucidating the
response of subsets of circulating immune cells to a scaffold loaded with MCP-1. Using
migration assays, we demonstrated that MCP-1 selectively attracts angiogenic and
reparative circulating monocytes and fibrocytes. In conditions of pulsatile flow, on the
other hand, a marked increase in immediate monocyte recruitment was observed, but
without evident specificity in monocyte subsets. This suggests that the recruitment
selectivity is dependent on the release kinetics of the MCP-1, as it is overruled by the effect
of shear stress after the initial burst-release.

After investigating cell recruitment, we focused on the effect of cyclic strain on the
adherent cells. We selected human peripheral blood mononuclear cells (PBMCs) as the
immune cell source representative of the population of cells infiltrating into a synthetic
scaffold in vivo. PBMCs were seeded into electrospun scaffolds of bisurea-modified
polycaprolactone thermoplastic elastomers and subjected to a range of cyclic
deformations in a FlexCell® tension system. We showed that PBMCs differentiate into
macrophages upon contact with the scaffold and that moderate strain levels (below 7%)
promote polarization of these macrophages toward an anti-inflammatory, pro-tissue-
healing macrophage phenotype. These results suggest that macrophage polarization might
be controlled by adapting the mechanical properties of the synthetic scaffolds, therefore
tuning the resulting strain.

Monocyte-derived macrophage infiltration was shown to be enhanced by the
incorporation of autologous cells into the synthetic scaffolds prior to implantation, but the
underlying mechanism is not clear. In the final part of this thesis, we included pre-seeded

cells into the synthetic scaffolds to identify the signaling factors involved in immune cell
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recruitment and wound healing, which are secreted by the pre-seeded cells in the
presence of physiological strain and shear flow. We demonstrated that human
mesenchymal stromal cells (MSC) seeded onto PCL-based electrospun scaffolds are
responsible for the synthesis of the immunomodulatory and trophic factors MCP-1,
vascular endothelial growth factor (VEGF), and basic fibroblast growth factor (bFGF), and
their release is not influenced by strain. On the other hand, a synergistic increase in bFGF
protein production by MSC exposed to circulating PBMC in pulsatile flow was observed.
Similarly, the gene expression of SDF-la factor, involved in tissue repair, was
synergistically upregulated by MSC exposed to immune cells.

In conclusion, when aiming for acellular replacements, MCP-1, SDF-1a, and bFGF
are promising immunoregulatory and trophic factors, that may be included as bioactive
components into the scaffolds, but their release kinetics at the site of implantation should
be finely tuned to account for shear stress effects. Furthermore, mechanical properties of
the scaffold should be designed as such that adherent cells are exposed to moderate
strains (in the order of 7%). The results obtained in this thesis serve to tailor instructive

scaffolds for in situ cardiovascular regenerative therapies.

VI
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Chapter 1

Cardiovascular tissue engineering aims at generating viable and autologous substrates
capable of growing and remodeling in vivo, thus providing a functional alternative to
current treatments for the repair of damaged or diseased tissues, including heart valves
and blood vessels. The in situ approach of tissue engineering represents a promising route
to deliver cell-free, off-the-shelf constructs able to restore functionality and provide living
replacements, by harnessing the host inflammatory response or by selective recruitment
of specific cell types. We hypothesized that circulating immune cells activated by the
implant and recruited shortly after implantation play a crucial role in the long term tissue
regeneration. The design of advanced biomaterials able to modulate the early immune
response represents therefore the key challenge of such approach. Furthermore,
cardiovascular tissues are exposed to a complex hemodynamic environment, involving a
wide range of loads, that can significantly affect cell recruitment and fate, and influence
extra cellular matrix formation. The aim of the present work is to elucidate the impact of
biophysical cues, such as shear and tensile stress, on the interactions between cells and
scaffolds. The acquired knowledge could serve to design constructs able to tune the early

immune response and guide later tissue formation towards final regeneration.

1.1 The target: cardiovascular tissues

The cardiovascular system enables the blood circulation through the body, thus providing
transport of oxygen, nutrients and hormones, removal of waste products, signalling for the
immune system and heat distribution. The central organ of the human cardiovascular
system is the heart, a hollow muscle consisting of two pumps that work synchronously,
but in series, to direct the blood through the pulmonary and the system circulation.
Unidirectional blood flow during the cardiac cycle is ensured by four heart valves,
classified as atrio-ventricular or inflow (tricuspid and mitral) and semilunar or outflow
(pulmonary and aortic) valves (Butcher et al, 2011). The vascular system distributes the
blood to the tissues through a dense network of vessels, organized in arteries, capillaries
and veins. During each cardiac cycle, the pumping action of the heart and the consequent
blood flow result in a wide range of loads acting on the components of the cardiovascular
system. The following paragraphs will provide a description of the basic anatomy and
physiology of semilunar heart valves and small caliber blood vessels. These structures
represent relevant targets for cardiovascular tissue engineering, due to the severe risks

connected to their failure and the lack of optimal substitutes (Bouten et al., 2011).
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1.1.1 Semilunar heart valves

Essential anatomy and physiology

Semilunar heart valves consist of three half-moon shaped leaflets with a layered
architecture. The outflow side (fibrosa) is composed by dense collagen fibers oriented
circumferentially, that provide mechanical strength to the valve. The preferred orientation
of the collagen fibers result in anisotropic behavior: the leaflet can withstand high tensile
stresses in the circumferential direction, thus preventing prolapse and retrograde flow,
and the high compliance in the radial direction allows for proper coaptation of the orifice
area (Schoen, 2012). The central core of the leaflets (spongiosa) consists of loosely
arranged connective tissue rich in highly hydrated glycosaminoglycans (GAGs) that
lubricate the adjacent layers and cushion compressive forces during the cardiac cycle.
GAGs also play a role in sequestration of soluble compounds, serving as a reservoir for cell
signaling molecules (Sacks et al., 2009; Franz et al., 2011). The inflow layer (ventricularis)
consists of an organized network of elastin that ensures leaflet flexibility and guides
collagen fiber reorientation during valve unloading (Vesely, 1998). The valve surface in
contact with the blood is covered by a monolayer of endothelial cells, while most of the

cellular component within the leaflet is represented by valvular interstitial cells.

Biomechanical environment

The aortic and the pulmonary valves prevent retrograde blood flow into the ventricle
during the diastolic phase and are exposed to stresses of different amplitude, as result of
the different downstream environments. The aortic valve opens during the systolic phase
in response to the ventricular contraction and blood flows through the leaflet with a peak
velocity of 1.2 m/s, generating laminar shear stresses on the ventricular surfaces (Figure
1.1A) (Otto, 2001). In presence of a flow rate of 5 I/min and a heart rate of 70 beats/min,
the ventricular side is subjected to a unidirectional, pulsatile shear stress with a sinusoidal
waveform, varying from 0 to 7,1 Pa, while the aortic surface is exposed to oscillatory
shear stresses with a peak of 2 Pa (Yap et al, 2012). During diastole, the ventricle relaxes
and the valve closes, being exposed to a pressure difference of 80 mmHg, that induces
strains of 10-20% in the circumferential direction and 40-60% in the radial direction
(Figure 1.1B) (Guyton & Hall, 2000; Choon Hwai Yap , Hee-Sun Kim , Kartik Balachandran,
Michael Weiler , Rami Haj-Ali, 2010; Butcher et al, 2011). The pulmonary valve is exposed

to a similar profile, but to a significantly lower transvalvular pressure (10 mmHg).
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Figure 1.1 Semilunar valves kinematics. A) During the systolic phase, the blood flow induces shear
stresses on the surfaces of the open leaflets. B) During the diastole, the blood pressure applied on the
closed leaflets generates local deformations. Adapted from (Arjunon et al.,, 2013)

Disease and replacements

Heart valve diseases represent a major health problem worldwide. The number of valvular
replacements needed every year is in constant growth, as result of the increased incidence
of valve degeneration inevitably connected to the rise in life expectancy (d’Arcy et al,
2011). Besides the progressive valve stiffening related to aging, valves can be affected by
congenital defects, nodular calcification, fibrous thickening or endocarditis (Schoen,
2012). When valvular functions are severely impaired, stenosis or insufficiency occur and
the valve requires surgical repair or replacement. Aortic and pulmonary valves are often
not suitable for wvalvuloplasty, therefore replacement remains the most common
procedure for their treatment (Friedewald et al., 2007).

Currently available prostheses are classified as mechanical and biological.
Mechanical valves offer long-term durability, but their tendency to induce
thromboembolic complications imposes to the recipients a daily anticoagulation therapy.
Bioprostheses of human or animal origin do not require anticoagulant treatment, but are
prone to degeneration and calcification, that lead to the need for reoperation (Mol et al,
2009). Beyond their specific limitations, a fundamental problem related to the mechanical
and biological valves is their incompetence to repair, remodel and grow. The inherent lack
of these capabilities makes the current prostheses suboptimal, especially for pediatric

patients, that need to undergo stages interventions during their childhood.
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1.1.2 Small caliber blood vessels

Essential anatomy and physiology

The blood vessels are tubular structures organized in three concentric layers. The luminal
side is covered by confluent endothelial cells residing on a basal membrane and oriented
in the direction of the main flow. The endothelium absorbs the nutrient from the
circulating blood and is involved in the control of vasomotor tone, blood cell trafficking,
hemostatic balance and immune response. The intermediate layer consists of smooth
muscle cells oriented circumferentially that set the vascular tone and regulate the blood
flow, and of elastin fibers that provide for elastic recoil. The external layer is composed by
a matrix of collagen fibers organized in the longitudinal direction, which supply
mechanical strength to the vessel. Only the capillaries do not present a layered structure,
as they consist exclusively of small endothelial linings that allow rapid exchange of
products and gases between the blood and the tissues.

The anatomy of the blood vessels is strictly connected to their function and
location in the vascular system. Moving distally from the heart, the decrease in blood
pressure is reflected in a change of diameter and morphology of the vessels. Large arteries
are compliant and elastic, to accommodate changes in blood volume, while in small
muscular arteries (#=0.3-6 mm) a predominance of smooth muscle cells in the medial
layers provides the contractile force to allow for continuous blood circulation. The
coronary arteries, that supply the heart with nutrients and oxygen, typically exhibit a
diameter of 3-4 mm and a wall thickness of 1 mm and are therefore considered as small
arteries. The veins carry the blood towards the heart with increasing diameter from the
peripheral districts and display large internal lumen and limited presence of muscular

components (Marieb, 2001).

Biomechanical environment

The pumping action of the heart generates a pulsatile blood flow, that results in cyclic
stresses acting on the arteries (Figure 1.2 A). In particular, the hydrostatic pressure
induces radial deformations of the vessel and circumferential tensile strain in the wall
(Figure 1.2B), while the flow causes shear stresses on the endothelium (Figure 1.2C).

Moreover, the physiological pre-stretch of the vessels results in a longitudinal elongation.
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Figure 1.2 Hemodynamics of the small caliber arteries. A) Pulsatile blood pressure in the arteries
is induced by the periodic contraction of the left ventricle. Adapted from (Safar, 2010). B-C) Schematic
representation of the force acting on small caliber arteries: the hydrostatic pressure of the blood
causes cyclic strains on the vessel walls in radial and circumferential direction, while the blood flow
induces wall shear stresses.

Small arteries are exposed to high pressures (70-120 mmHg) that induce circumferential
strain of 10-15% in the medial layer, while the axial pre-stretch is approximately around
30% (van Andel et al, 2003). The laminar blood flow within the vessel generates a
parabolic velocity profile and a wall shear stress of 1-2 Pa, that can be sensed by the

endothelial cells (Soulis et al., 2006).

Disease and replacements

Vascular diseases pose a great economic and social burden. Coronary artery disease alone
requires 800,000 bypasses per year, while peripheral arterial disease affects 10% of the
worldwide population, increasing to 30% for patients above 50 years of age (Tendera et
al, 2011; Mascarenhas et al, 2014). The most common pathology affecting small arteries
is atherosclerosis, an inflammatory process in which lipid rich plaques are deposited
within the arterial walls. Large plaques or plaque ruptures can obstruct the lumen, causing
hypoxia and ischemia of the downstream tissues with the associated vascular
complications (Jaipersad et al, 2014). Furthermore, atherosclerotic arterial walls are
weakened and prone to aneurysmal dilation, which can lead to rupture of the vessel.

From a clinical point of view, reparative surgery, such as angioplasty or stent
application, is preferred for the treatment of partially occluded arteries. When the
obstruction of the lumen is severe, the artery section must be replaced or by-passed with a
graft. Autologous grafts are not always available in diseased patients, while synthetic graft

are susceptible to hyperplasia, coagulation and thrombogenesis when used to replace
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small-diameter conduits (Huang & Niklason, 2014). The high incidence of small artery
diseases combined with the limited availability of vascular substitutes results in the
critical demand for off-the-shelf grafts with improved mechanical and biological

properties.

1.13 New perspectives for cardiovascular tissue replacements

The lack of optimal replacements for cardiovascular tissues generated the need for
functional and clinically relevant alternatives. Tissue engineering emerged as a new,
evolving field that proposed to regenerate the damaged tissues by creating a living,
autologous substitute. The traditional approach of tissue engineering comprises the
isolation of cells from a patient, their culture in vitro on a scaffold until native-like tissue is
formed, and the final implantation into the patient from whom the cells were obtained.
The inherent shortcomings of the laboratory practice, e.g. time and economical resources
required and entailed risk of infection, encouraged the pursuing of alternative approaches
in which the in vitro step could be neglected. The concurrent development of advanced
synthetic materials able to biodegrade and selectively interact with biomolecules and cells,
encouraged the design of instructive substrates, intended to harness the regenerative
potential of the body. The new in situ paradigm proposes to adopt such innovative
biomaterials to elicit, upon implantation, a positive wound healing response, followed by
integration and remodeling of the constructs. In order to tailor effective substrates for
tissue regeneration, a profound awareness of the mechanisms that modulate the host
response to the biomaterial is required. An overview of the current knowledge on immune

response to implants will be presented in the following section.
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1.2 The challenge: tuning the host response to biomaterials

The implantation of a biomaterial into the body is accompanied by the injury induced by
the surgical procedure, that results in a physiological wound healing response. The
damage provoked to a vascularized tissue initiates an hemostatic process, immediately
followed by acute and chronic inflammation response and, lastly, by a foreign body
reaction that will lead to fibrosis or regeneration. Each phase of the wound healing occurs
in a sequential fashion and comprises cell migration, activation, differentiation and
apoptosis, as well as complex interplays between the numerous cell populations involved

(Figure 1.3) (Palsson & Bhatia, 2004).

1.2.1 The four phases of the host response

Hemostasis (seconds to minutes)

The first response to the injury is provided by the damaged vascular system, which covers
the biomaterials with blood and proteins. This layer of proteins determines the activation
of the coagulation cascade, complement system and platelets, and guides the formation of
a fibrin clot, that serves as a provisional matrix. The platelets trapped in the provisional
matrix release chemoattractants involved in immune cells recruitment, while several
proteins absorbed onto the biomaterial surface, such as fibrinogen, fibronectin and
vitronectin, offer binding sites for integrins, the major adhesion receptors of leukocytes
(Hynes, 2002; Anderson et al, 2008). A further mechanism to attract immune-competent
cells consists in the release of alarmins, dangers signals secreted by cells dying in a “non-
programmed way” following injury and capable of activating immune cells at the

biomaterial surface (Bianchi, 2007).

Inflammation (minutes to days)

The first immune cells that migrate to the implant site during the acute phase of
inflammation are the neutrophils, polymorphonuclear leukocytes able to phagocyte
foreign particles up to 10 um in diameter. In presence of larger implants, they respond by
degranulation and release of proteolytic enzymes and reactive oxygen species (ROS),
intended to undermine and corrode the surface of the biomaterial. Moreover, activated
neutrophils secrete important chemokines, such as IL-8, that recruits additional

neutrophils, but also MCP-1 and MIP-1, potent chemoattractants for monocytes, that
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represent the second line of defense (Kobayashi et al., 2005; Gonzalez-simon & Eniola-
adefeso, 2012).

Monocytes arriving at the implantation site differentiate into macrophages, the
phagocytic leukocytes that characterize the chronic inflammation stage. Macrophages can
phagocyte wound debris and adhere to the surface of the biomaterial. Moreover, they
secrete a wide range of pro- and anti-inflammatory factors that play a critical role towards
the persistence of the inflammation, and therefore the failure of the implant, or the
reparative proliferative phase. During chronic inflammation, also lymphocytes appear at
the implant site and participate in macrophage activation and fusion into foreign body
giant cells (Franz et al, 2011). The role of macrophages and their interaction with

lymphocytes will be further described in 1.2.2 and 1.2.3.

Proliferative phase (days to weeks)

The resolution of the chronic inflammation and initiation of the foreign body reaction is
indicated by the infiltration of fibroblasts and endothelial cells. Macrophage and fibroblast
participate to the deposition and remodeling of the granulation tissue to repair the wound
and cover the implant. The granulation tissue consists in a loose matrix of fibronectin,
collagen and hyaluronic acid, vascularized by endothelial cells and intended to restore
structure and homeostasis at the inflammation site (Anderson & McNally, 2011). In this
phase, macrophages fuse into foreign body giant cells to attempt the phagocytosis of larger

particles and the degradation of the biomaterial, via oxidative and enzymatic processes.

Remodeling phase (weeks to year)

The granulation tissue deposited by fibroblast undergoes long-term remodeling. During
this phase, the amount of newly formed blood vessels and infiltrated fibroblasts
diminishes, in favor of repopulation by the tissue-resident cells and formation of the
organized extracellular matrix. Restoration of the normal tissue architecture and function
would be the ideal outcome of any implantation, but biomaterials are often associated

with impaired wound healing and fibrous encapsulation.
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Figure 1.3 The four phases of wound healing. Adapted from (van Loon et al., 2013).

1.2.2 Critical role of macrophages

Macrophages have been considered as prominent immune effector cells for long time. Il'ja
I[I'i¢ Mec¢nikov won the Nobel Prize in 1908 for discovering the phagocytic function of
macrophages and suggested that the key to immunity was to “stimulate the phagocytes”
(Nathan, 2008). Pioneering studies of the 1970s demonstrated that macrophages play a
prominent role in wound healing through their ability of debridement and stimulation of
fibroblast proliferation and angiogenesis (Leibovich & Ross, 1975; Polverini et al.,, 1977).
Recent analyses of the exceptional wound healing in salamanders, animals capable of self-
regeneration, proved that systemic depletion of macrophages leads to failure of limb
growth after amputation, but the full regenerative capacity can be restored by
replenishment of the endogenous macrophage population (Godwin et al., 2013).

To this day, macrophages have been identified as key players of the wound healing,
but the underlying mechanisms of action remain incompletely understood. Regenerative
potential of macrophages might lie in their remarkable plasticity, as they can exhibit
different phenotypes and functionalities in response to varying environmental cues (Koh
& DiPietro, 2011). A first classification of macrophage polarization states was based on the
relative function and identified two main subsets, referred to as M1 and M2 and

considered the extremes of a continuum (Figure 1.4).

10
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Figure 1.4 Plasticity of macrophages. The classically activated M1 macrophages exhibit CCR7 and
CD80 surface markers and release inflammatory cytokines (dark grey circles). The M2 subset is an
heterogeneous group of regulatory and wound-healing macrophages, expressing CD163 and CD206
surface markers and releasing factors towards inflammation resolution and tissue remodeling (light
grey circles). The transition between M1 and M2 results in an intermediate polarization state, with
characteristics and functions of both subsets (adapted from Brown & Badylak, 2013).

The M1 or “classically activated” macrophages exert phagocytic and degradative activity
and secrete pro-inflammatory cytokines, such as IL-1f3, IL-6, IL-12 and TNF-q, as well as
monocyte attractant factors, such as IL-8 MCP-1, and MIP-1 (. The “alternatively
activated” M2 subset promotes immunoregulation and wound healing and releases high
levels of anti-inflammatory cytokines, such as IL-10 (Mantovani et al., 2004). Others have
indicated classically activated (M1), wound-healing (M2a) and regulatory (M2b) subsets
as three distinct categories, in which all intermediate states of polarization are
conceivable, as macrophage can acquire transitional phenotypes with hybrid features
(Mosser & Edwards, 2008). The ability of macrophages to switch phenotype from M1 to
M2 and vice versa during the host response represents a protective mechanism to balance
the host tissue response between pathogens removal and resolution of the inflammation,

without inducing excessive local damage (Brown & Badylak, 2013).

1.2.3 Modulation of macrophage polarization with biomaterial design

The modulation of macrophage phenotype has been addressed by an increasing number of
studies in the field of regenerative medicine as a potential mechanism to tune the immune
response to biomaterials. During physiological wound healing, macrophage polarization is
triggered by specific factors released by lymphocytes and neutrophils migrated to the site

of injury. More specifically, M1 polarization is associated with the secretion of interferon
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(IFN)-y or TNF-a, while M2 phenotype arises in response to IL-4, IL-13 or IL-10
(Mantovani et al, 2004). In addition to endogenous signaling, recent studies have
investigated the influence of composition and geometry of implanted biomaterials on
macrophage functional polarization, abandoning the concept of inert biomaterial (Franz et
al,2011).

It was shown that biomaterials prepared by decellularization of living tissues, that
mimic therefore the structure and biological composition of extracellular matrix, are
capable of promoting constructive tissue remodeling. Scaffolds of biological origin were
shown to induce infiltration of M1 macrophages immediately after implantation. A switch
to an M2 cell population was observed after 1 week in response to specific ligand-receptor
interactions between macrophages and the scaffold surfaces (Badylak et al., 2008). Studies
performed on synthetic biomaterials with different topography suggested that surface
roughness and fiber diameter can affect macrophage adhesion and inflammatory
cytokines release (Spiller et al, 2009; Saino et al., 2011). Ratner et al. demonstrated that
cardiac implantation of hydrogel scaffolds with pores of 30-40 pm in diameter led to
enhanced vascularization and limited fibrotic response, coupled with increased amount of
M2 macrophages (Madden et al, 2010). The correlation between fibrous scaffolds
topography and macrophage polarization was further investigated in vitro by Garg et al,,
who proved that increased fiber diameter and pore size shifts macrophage phenotype
towards M2 (Garg et al,, 2013).

The intrinsic properties of the scaffold, such as composition and topography, can
dictate immune response and must be, therefore, carefully selected, in order to promote
functional outcome of the implant and avoid deleterious inflammation. Moreover,
substrates for the repair of cardiovascular tissues will be exposed to significant
hemodynamic forces that may interfere with crucial stages of the immune response, e.g.
infiltration of monocyte or macrophage polarization. The potential interplay between
scaffold and immune cells in presence of such forces must be further investigated and
taken into consideration for the design of constructs able to promote site-appropriate

tissue remodeling.

12



General introduction

1.3 The method: engineered constructs towards in situ
regeneration
1.3.1 Clinical and pre-clinical studies

The first clinical success of cardiovascular tissue engineering without in vitro cell
expansion was obtained by implanting biodegradable vascular grafts pre-seeded with
autologous bone marrow mononuclear cells (BM-MNCs). Such grafts replaced large
vessels in high-flow, low-pressures environments in pediatric patients, demonstrating
growth potential and long-term functionality (Matsumura, Hibino, et al., 2003; Shinoka et
al., 2005; Hibino et al, 2010). The promising results obtained by Shinoka’s group paved
the way for the first, FDA-sanctioned clinical trial of tissue engineered vascular grafts for
pediatric cardiothoracic applications in the USA (Breuer, 2009). Additional insight into the
process was provided by a murine model, which demonstrated that the autologous seeded
cells were not directly involved in neotissue deposition, but elicited inflammation-
mediated regeneration via a paracrine mechanism, in association with recruited host
monocytes (Roh et al, 2010). Upon contact with the scaffold, the monocytes differentiate
into macrophages and initiate an immunomodulatory cytokine cascade that promotes the
migration of smooth muscle and endothelial cells from adjacent tissues, resulting in tissue
formation and remodelling. On the other hand, seeded BM-MNCs were shown to
determine the initial amount and the polarization state of the infiltrating monocytes-
macrophages and to attenuate the foreign body response to the scaffold. This process
favoured enhanced tissue regeneration and diminished conduits stenosis, the primary
graft complication in clinical trials (Hibino et al, 2011). The exact signalling pathways
induced by BM-MNCs and responsible for the regenerative mechanism might represent
the key towards cell-free tissue engineering in human, but are yet to be identified. With
this respect, promising results were achieved by implanting cell-free vascular grafts in
animal models (Matsumura et al., 2012, 2013; Wu et al., 2012). The landmark study of Wu
et al. showed that successful remodelling of small caliber rat arteries could be enabled by
implanting unseeded, fast-degrading synthetic scaffold, with a highly porous structure that
allowed for rapid monocyte infiltration. The translation of such approach from healthy
rats to diseased human patients is not trivial and might require the enclosure of

progenitor-cell homing signal into the scaffold, to allow for vascular cell infiltration.
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Recently, cell-free, biodegradable vascular conduits designed to enable endogenous tissue
growth have been implanted into pediatric patients within an ongoing and, to this date,
successful clinical trial (Xeltis, 2014). The ground-breaking concepts and methods
developed for in situ vascular regeneration have been recently adopted also for tissue
engineering of heart valves, often in combination with minimally invasive surgical
techniques. A proof of principle for this application was provided by Weber et al., who
implanted synthetic valves pre-seeded with autologous BM-MNCs as pulmonary
replacements in non-human primates. Evidence of host monocytic infiltration was
observed within the first day and, after 4 weeks, the leaflets were covered by a confluent
endothelium and adequate valvular functionality was retained during short-term follow
up (Weber et al.,, 2011). Alternative substrates prone to in situ repopulation and minimal
invasive delivery are represented by decellularized matrices. Such substrates can be
obtained through in vitro culture of homologous cells on biodegradable scaffolds and
provide non-immunogenic, well-organized matrices capable of guiding tissue regeneration
(Dijkman et al, 2012; Meier et al., 2014). Decellularized valvular substrates seeded with
autologous BM-MNCs and implanted in sheep in the pulmonary district were shown to
undergo rapid recellularization and to allow for functional tissue remodeling (Driessen-
Mol et al., 2013). The required in vitro step can prove a hindrance to the applicability of
this approach. Nevertheless, decellularized substrates can be stored without incurring
tissue alteration up to 18 months, therefore they still provide clinically relevant, off-the-
shelf starter matrices for heart valve tissue engineering.

The translation of methods from animal studies into the clinical application
represents a major challenge of regenerative medicine, due to the high inter-patients
variability and the limited knowledge of complex biological processes, which often differ
dramatically among species. Whereas blood vessels are currently involved in clinical trials,
heart valve implantation remains extremely daunting, as result of the disastrous failures
occurred in the past in pediatric patients, despite thorough preclinical testing in sheep
(Simon, 2003). In order to ensure safe and effective clinical translation, a deep awareness
of the human response to cardiovascular replacements is required. In particular, the effect
of the hemodynamic environment on the implant should be investigated, in order to
design scaffolds able to withstand the high mechanical forces, but also to modulate the

inflammatory response.
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1.3.2 Hemodynamics and tissue regeneration

Shear and tensile stress represent the principal loads acting on heart valves and blood
vessels substitutes upon implantation. Such forces can interfere with cell recruitment and
differentiation, thus affecting the outcome of the host response and tissue remodeling.
During inflammation, shear stress enables leukocytes adhesion onto the endothelium by
activating specific binding sites, the selectines (Ley et al., 2007). Furthermore, endothelial
cells can sense the variation of shear stress related to changes in the hemodynamics, and
translate this information to the underlining cells, to induce remodeling of the tissue to
adapt to the new environment (Langille & O’Donnell, 1986; Butcher & Nerem, 2006). In
addition, multiple studies demonstrated that endothelial cells exposed to varying shear
stress alter the expression of growth factors and chemokines important for in situ
remodeling (Ando et al., 1994; Bao et al., 1999).

Cardiovascular tissues are subjected to continuous cyclic mechanical loading that
can determine cellular phenotype and tissue remodeling. It was shown that stretch
applied to smooth muscle cells can modulate their shape, cytoplasmic organization, and
intracellular processes, leading to migration, proliferation, or contraction (Halka et al,
2008). In vivo studies performed in baboons indicated that valves implanted above the
native leaflets, and therefore unloaded, exhibited diminished tissue remodeling, as
compared to their loaded counterparts (Weber et al, 2011). However, in order to induce
appropriate mechanotransduction, the mechanical properties of the scaffolds should be
finely tuned, as a mismatch between scaffold and native tissue may result in impaired

tissue formation (Wu et al., 2012).

133 Design of responsive scaffolds

For a long time, biomaterials engineering aimed at the fabrication of inert scaffolds, able to
minimize the inflammatory response to the implant. A material that was proven to be non-
immunogenic, non-thrombogenic and non-toxic was considered “biocompatible” and,
therefore, suitable for implantation. The growing need for biomaterials able to actively
interact with the host and to degrade over time led, in 1987, to redefine the concept of
biocompatibility as “the ability of a material to perform with an appropriate host response
in a specific situation” (Williams, 1987). In his manifesto from 2011, Ratner suggested a

more specific definition of biocompatibility, as “the ability of a material to locally trigger
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and guide non-fibrotic wound healing, reconstruction and tissue integration” (Ratner,
2011). According to this definition, substrates for regeneration should be capable of
evoking an appropriate host response, which may be influenced by the biochemical and
biophysical cues specific for the anatomic site of implantation. Considering the high forces
acting on valves and vessels and the complex biochemical milieu represented by the blood,
the design of scaffolds for cardiovascular in situ repair poses several challenges. The
selection of an appropriate biomaterial, processing method and functionalization of the
scaffold are the main aspects to be addressed.

Synthetic polymers represent a valuable option due to their large availability and
finely tunable chemical and mechanical properties by multiple processing methods. Some
of the most widely used materials are biodegradable polyesters, such as polyglycolic acid
(PGA), polylactic actid (PLA) and their copolymers, and poly (e-caprolactone) (PCL). PCL
represents an interesting candidate for cardiovascular applications, as it exhibits slow
degradation rate (more than 24 months to resorb in vivo) and can provide excellent
mechanical strength over time (de Valence et al, 2012). Unfortunately, PCL has limited
fatigue resistance preventing its use as heart valve scaffold. PCL is a highly versatile
material, prone to be used in combination with other compounds to create reinforced
structures (Wisse et al,, 2006). Another interesting elastomer is poly(glycerol sebacate)
(PGS), which can be modified by adjusting the curing temperature and the concentration
of the reactants to obtain fast degrading scaffolds, effectively used for rapidly remodeled
vessels in animal models (Rai et al., 2012). The degradation kinetics represents a critical
parameter, as the loss of structural integrity and mechanical properties should be
promptly compensated by the presence of a newly formed matrix. However, it was
demonstrated that rapid degradation might limit the host exposure to the foreign material
in small animal models, leading to a positive outcome of implanted vessels (Wu et al,
2012). In conclusion, it is essential to choose a biomaterial that can be processed, either
via chemical or physical methods, to obtain scaffolds that match the requirements of the
intended application.

Several techniques for scaffold production have been proposed in the last decades.
The most widely used for cardiovascular tissue engineering applications include
electrospinning knitting and salt leaching. Electrospinning represents a valid technology
to process polymers into scaffolds with highly controllable mechanical and topographical
properties. This technique allows for fabrication of three-dimensional fibrous structures
with adjustable void space and fiber alignment, thus suitable for cardiovascular tissue

engineering purposes (Figure 1.5) (Simonet et al, 2014). A primary determinant of the
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outcome of the implant is the initial porosity of the substrate, as increased void space can
accelerate cellular infiltration and even harness macrophage polarization (Garg et al,
2013). Moreover, by controlling the fiber size and orientation to simulate the native
network of collagen and elastin fibrils, guidance of matrix deposition could be addressed
(Jonge et al, 2014). Mechanical performance of the scaffold represents another crucial
factor for cardiovascular applications, since the substrate should be able to withstand high
pressures immediately upon implantation. Furthermore, the micro-mechanical
environment created by the scaffold profoundly affects cells viability and differentiation.
Hence, appropriate transduction of constructive forces and shielding of daunting ones

should be ensured by a rational scaffold design and manufacturing.

.\

Figure 1.5 Photographs of electrospun scaffolds. 3D porous structures consisting of poly (e-
caprolactone) can be tailored in the shape of heart valves (A) and tubular vessels (B) by
electrospinning (Courtesy of Marc Simonet).

A promising strategy to harness a positive outcome of the implant consists in activating
the biomaterials to allow selective binding of cells and to guide their differentiation
towards a specific phenotype. Strategies to develop bioactive materials by embedding
functional molecules, such as antibodies, growth factors or RGD-peptides, range from
simple coatings of the scaffold to more complex approaches that involve the covalent
modification of the base material (Bouten et al, 2011). An interesting option is provided
by supramolecular polymers, which can be functionalized with bioactive molecules
specifically modified with the same supramolecular units, thus offering a highly dynamic
environment, analogous to the natural ECM (Dankers et al, 2005). To this date, besides the
ongoing clinical study with cell-free conduits mentioned in 1.3.1, the only method
successfully applied to the clinics to create functionalized scaffolds remains the on-the fly
seeding of autologous cells. Due to the wide range of signaling induced by cells in vivo, all

the molecules responsible for the positive integration of the constructs have yet to be
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identified. The disclosure of the molecules and pathways involved in the underlying
mechanism will pave the way for the design of instructive, cell-free scaffolds capable of

eliciting in situ cardiovascular tissue regeneration.

1.4 Rationale, aim and outline of the thesis

Mechanical loads acting on tissue engineered constructs in vivo were proven to influence
the fate of implanted biomaterials. A deep understanding of the complex mechanism
guiding cell recruitment, differentiation and signaling in presence of shear and tensile
stress is a key challenge towards the design of instructive scaffolds for in situ
cardiovascular regenerative therapies. We hypothesized that mechanical forces could
exert significant influence on the final outcome of the implant by modulating the early
phase of the inflammatory response. The aim of the present work is to provide a deeper
insight into the interplay between immune cells and porous scaffolds subjected to
mechanical stimuli. A systematic analysis of cell response to shear flow and cyclic strain
within the physiological range was carried out with the aid of in vitro models.

In chapter 2, the role of shear stress on selective recruitment of human monocytes
was elucidated using electrospun scaffolds, both bare and coated with a chemokine
mediating the immune response, monocyte chemotactic protein-1 (MCP-1). Upon
adhesion onto the scaffold in vivo, the recruited monocytes-macrophages are exposed to
local strain that can modulate their phenotype. The effect of different strain magnitudes on
macrophage polarization towards an inflammatory (M1) and reparative (M2) phenotype
is described in chapter 3. Finally, human mesenchymal stromal cells (hMSC), which
participate to regeneration via a paracrine mechanism, were incorporated into the
scaffolds, to provide an insight into the signalling involved in inflammation-mediated
repair. Chapter 4 illustrates the results of an in vitro study investigating the interaction
between hMSC and circulating immune cells in presence of biomechanical stimuli (i.e.
strain and shear flow). Chapter 5 summarizes the main findings of the thesis and provides
a general discussion of the presented results, highlighting some of the additional gaps that

need to be bridged, towards effective in situ cardiovascular regeneration.
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Abstract

Novel cardiovascular replacements are being developed using degradable synthetic
scaffolds, which function as a temporary guide to induce neotissue formation directly in
situ. Priming of such scaffolds with fast-releasing Monocyte Chemoattractant Protein-1
(MCP-1) was shown to improve the formation of functional neoarteries in rats. However,
the underlying mechanism has not been clarified. Therefore, the goal of this study was to
investigate the effect of a burst-release of MCP-1 from a synthetic scaffold on the local
recruitment of circulating leukocytes under hemodynamic conditions. Herein, we
hypothesized that MCP-1 initiates a desired healing cascade by recruiting favorable
monocyte subpopulations into the implanted scaffold. Electrospun poly(e-caprolactone)
scaffolds were loaded with fibrin gel containing various doses of MCP-1 and exposed to a
suspension of human peripheral blood mononuclear cells in static or dynamic conditions.
In standard migration assay, a dose-dependent migration of specific CD14* monocyte
subsets was observed, as measured by flow cytometry. In conditions of pulsatile flow, on
the other hand, a marked increase in immediate monocyte recruitment was observed, but
without evident selectivity in monocyte subsets. This suggests that the selectivity was
dependent on the release kinetics of the MCP-1, as it was overruled by the effect of shear
stress after the initial burst-release. Furthermore, these findings demonstrate that local
recruitment of specific MCP-1-responsive monocytes is not the fundamental principle
behind the improved neotissue formation observed in long-term in vivo studies, and
mobilization of MCP-1-responsive cells from the bone marrow into the bloodstream is

suggested to play a predominant role in vivo.

20



Shear stress affects monocyte recruitment by MCP-1

2.1 Introduction

Recognition of the role of monocytes in natural wound healing has been the basis of novel
regenerative therapies, such as in situ cardiovascular tissue engineering. This approach
aims at the regeneration of living cardiovascular substitutes directly within the body.
Starting from the implantation of bare biodegradable constructs, these therapies rely on in
situ colonization by host cells and subsequent neotissue formation as the original
construct is degraded (Mol et al., 2009; Bouten et al., 2011).

Monocytes are circulating leukocytes that actively contribute to homeostasis and
innate immune processes via phagocytosis and cytokine release (Auffray et al, 2009).
Originating from bone marrow precursor cells or from splenic reservoirs, they respond to
inflammatory signals, migrating from the bloodstream into peripheral tissues, in which
they differentiate into macrophages or dendritic cells (Robbins & Swirski, 2010). The
diversity of physiological roles played by monocytes is reflected in their morphological
heterogeneity (Gordon & Taylor, 2005). Three distinct populations were identified in
humans, based on their expression of the surface markers CD14, CD16 and CCR2 (Ziegler-
Heitbrock et al, 2010; Shantsila et al, 2011; Favre et al., 2013). Classical CD14+/CD16-
/CCR2* monocytes represent the most abundant subset, consisting of highly versatile cells
involved in phagocytic and pro-inflammatory activities, as well as in tissue repair and
angiogenesis (Wong et al, 2011). The non-classical CD14dim/CD16+/CCR2- population
comprises monocytes with a patrolling function, exhibiting high motility in the local
surveillance of tissues, which is attributed to an enriched expression of genes involving
cytoskeletal rearrangement (Cros et al, 2010; Wong et al, 2011). Intermediate
CD14+/CD16*/CCR2* monocytes display enhanced expression of angiogenic and anti-
inflammatory markers, which suggests their reparative potential (Skrzeczyniska-Moncznik
et al, 2008; Shantsila et al, 2011). Monocyte mobilization and trafficking during
homeostasis and inflammation occurs in response to local stimuli in conformity with the
leukocyte adhesion cascade (Ley et al., 2007). Chemokines, such as fractalkine (CX3CL1)
and stromal cell-derived factor-1a (SDF-1a or CXCL12), were shown to mediate migration
and arrest of the non-classical and intermediate monocytes, which highly express the
respective receptors CX3;CR1 and CXCR4 (Ancuta et al, 2003). In contrast, monocyte
chemoattractant protein-1 (MCP-1 or CCL2), mediates recruitment of CCR2* monocytes
(ie. classical and intermediate monocytes), as well as related circulating progenitor
species, such as CD34+/CD45+ fibrocytes, which are known to promote repair and

remodeling (Moore et al, 2005; Tsou et al, 2007; Reilkoff et al, 2011). In addition,
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chemokine signaling can enhance monocyte anchorage to the endothelium, by inducing
morphological changes in their as- and z-integrins, a pathway that is further influenced
by physiological shear stresses exerted by the flowing blood (Maus et al., 2002; Laudanna
& Alon, 2006).

Recent progress in the field of in situ tissue engineering was achieved by Shinoka
et al, who successfully treated congenital cardiac defects in humans with synthetic
vascular grafts, preseeded on-the-fly with autologous bone-marrow cells in a single
operation (Shinoka et al, 2005; Hibino et al, 2010). The process that drove the
transformation of the graft into a functional neovessel was explained via animal studies as
a positive inflammatory response, induced by the scaffold, and stirred by infiltration of
host monocytes. This process was enhanced by paracrine factors secreted by the
preseeded cells, of which MCP-1 was identified as one of the principal mediators (Roh et
al, 2010). Additionally, it was suggested that a burst-release of MCP-1 from functionalized,
acellular constructs prompted the enhanced recruitment of immune cells in the early
phase, leading to long-term vascular remodeling (Roh et al, 2010). However, a
mechanistic understanding of the cellular events behind this process is lacking, which is
fundamental for further clinical translation.

Our goal here was to elucidate the initial response of circulating immune cells to a
MCP-1-loaded scaffold under physiological conditions of flow. We hypothesized that MCP-
1 induces a favorable healing cascade at time of implantation by selectively attracting
angiogenic and reparative circulating species, such as CCR2+* monocytes and fibrocytes. To
test this, we developed a hybrid scaffold consisting of a highly porous electrospun poly(e-
caprolactone) (PCL) structure, combined with a fibrin gel containing rapidly-releasing
MCP-1. We first established the chemotactic effect of our bioactive scaffolds, loaded with
varying doses of MCP-1, on specific mononuclear cell populations using static chemotaxis
assays. These scaffolds were subsequently placed in a previously validated in vitro flow
setup to investigate its selectivity in recruiting cells in physiologically relevant conditions

of pulsatile flow (Smits et al., 2012).
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2.2 Materials and Methods

221 Electrospinning

Fibrous PCL scaffolds were prepared by electrospinning using a climate-controlled
electrospinning apparatus (EC-CLI, IME Technologies). A viscous polymer solution was
prepared by dissolving PCL (Purasorb, Purac Biomaterials, Mw= 103 kDa, density pec. =
1.15 kg/m3) in chloroform (20% w/w). The solution was fed through a laterally
translating nozzle (18 gauge), to which a high voltage of 16 kV was applied, at a flow rate
of 25 ul/min. Polymer fibers were collected on a grounded rotating cylindrical drum (@32
mm) at 13 cm distance. Temperature and relative humidity were controlled at 23°C and
50%, respectively. Overall scaffold thickness was controlled via the total spinning time.
The resulting PCL sheets were placed under vacuum overnight to remove any remaining
solvent. The average scaffold thickness was measured per electrospun sheet
(approximately 8-12 measurements at arbitrary locations per sheet; 10 sheets in total)
using a digital microscope (VHX-500FE, Keyence). The overall density of the electrospun
scaffolds po was determined gravimetrically measuring the weight and the thickness of

mesh samples over a defined area. The scaffold porosity was calculated using Equation

(D):

e=(1--2-) 100 (1)

PPCL

The fiber diameter and inter-fiber distance were measured using scanning electron
microscopy (SEM) in high vacuum with an electron beam of 1.0-2.0 kV (Quanta 600F, FEI).
Per sheet, three SEM images were taken at random locations (magnification 500X) and the

respective averages were calculated from 25-30 measurements per image.

2.2.2 MCP-1 loading

Scaffolds were sterilized using 70% ethanol, followed by washing in phosphate-buffered
saline (PBS), and overnight incubation in complete medium, consisting of RPMI (RPMI
1640, Gibco), supplemented with 10% fetal bovine serum (FBS Gold, PAA) and 1%

penicillin/streptomycin (Lonza), to allow for adsorption of serum proteins and increase
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the hydrophilicity of the scaffold. Recombinant human MCP-1 (Peprotech) was mixed into
a sterile fibrinogen solution (10 mg fibrinogen/ml) at final concentrations of 2, 20, or 50
ng/ml. The fibrinogen, containing MCP-1 or PBS for controls, was mixed with thrombin

(10 IU/ml) and immediately seeded into the scaffolds.

2.2.3 MCP-1 release

To measure the release rate of MCP-1, scaffolds were loaded with fibrin and MCP-1 to a
final concentration of 20 ng/mL of medium and exposed to RPMI medium in both static
and flow conditions. The applied flow conditions were similar to the conditions used in the
cell experiments with a pulsatile flow of 1Hz, a peak pressure of 100 mmHg and peak
shear stress of 1.6 Pa on the scaffold surface. Medium samples were collected at time
points 20 minutes, 45 minutes, 90 minutes, 3 hours, 6 hours, and 24 hours. MCP-1 content
was measured using an ELISA kit (RayBiotech), according to the manufacturer’s protocol.

The resulting release rate was determined cumulatively per scaffold (N=6 per group).

224 Cell isolation

Human peripheral blood buffy coats were obtained from 11 healthy donors (ages 21-60
years) under informed consent (Sanquin). Buffy coats were diluted in 0.6% sodium citrate
in PBS, after which the mononuclear cell fraction (human peripheral blood mononuclear
cells, hPBMC) was isolated using density gradient centrifugation on iso-osmotic medium
with a density of 1.077 g/ml (Lymphoprep, Axis-Shield). After washing, the hPBMC were
resuspended in freezing medium consisting of RPMI, supplemented with 20% FBS and
10% Dimethyl sulfoxyde (Merck Millipore), and cryopreserved in the vapor phase of liquid
nitrogen. Before use, cells were rapidly thawed, counted and resuspended in complete
RPMI medium at a concentration of 5x10¢ cells/ml. For each donor, hPBMC were

characterized with flow cytometry and qPCR as described below.

2.2.5 Cell characterization

Cells were double-stained for CD14/CD16, CD4/CD8, and CD34/CD45, using the following
conjugated monoclonal antibodies: anti-CD14 (FITC, AbD Serotec); anti-CD16 (RPE-Cy5 or
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Alexa 647, AbD Serotec); anti-CD4 (FITC, Diaclone); anti-CD8 (PE, Diaclone); anti-CD34
(PerCP-Cy5.5, BD Biosciences); anti-CD45 (FITC, BD Biosciences). Cell viability was
assessed using 7-amino-actinomycin-D (7AAD; eBioscience). Unspecific binding was
blocked using 0.5% bovine serum albumin (Sigma-Aldrich) in PBS. In order to increase the
specificity for rare progenitor cell detection, an additional blocking step was performed
using human FcR Blocking Reagent (Miltenyi Biotech). After washing, labeled cells were
measured using a bench-top flow cytometer (Guava easyCyte 6HT, Merck Millipore) until
20,000 events per sample. Data analysis was performed using the Guava Express Pro
software package, combined with FCS Express (De Novo Software). To accommodate for
inter-donor variations within the relative fractions of the various cell populations,
absolute cell numbers were normalized per donor on the specific baseline value of each

cell type.

2.2.6 Chemotaxis assays

Cell migration was assessed using Boyden chambers in a 24-wells plate fitted with a
transparent PET membrane with 3pm pores (ThinCerts, Greiner Bio-One). Seeded
scaffolds were placed in the bottom compartment, with a MCP-1 concentration of 0, 2, 20,
or 50 ng/ml, based on previous reports (Jay et al, 2010; Roh et al., 2010; Krankel et al,
2011) (N=8 per group). Unseeded electrospun PCL and fibrin only were included as
controls (N=4 per group). Scaffolds were covered in 800 pl of complete medium. The
chemotactic effects of the scaffolds were compared to the effects of MCP-1 directly
dissolved in complete medium, at the same concentrations, but without scaffolds (N=8 per
group). hPBMC were added to the top compartment at a concentration of 5x106
hPBMC/ml in a total volume of 500 ul. After 4 hours of incubation (37°C; 5% CO), the
migrated cells in the bottom compartment were analyzed with flow cytometry. The
scaffolds were stained with 10 pM CellTracker Green (CTG; 5-Chloromethylfluorescein
Diacetate, Molecular Probes) for immediate visualization of adherent cells. Three

independent experiments were conducted, each using hPBMC from a different donor.
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2.2.7 Flow experiments

Cell recruitment under conditions of pulsatile flow was studied using a previously
developed mesofluidics setup (Smits et al., 2012). In brief, scaffold strips seeded with 200
ng MCP-1 were placed in a custom parallel-plate flow chamber, in which they were
exposed to a recirculating suspension of hPBMC in 10 ml of complete RPMI medium
(5x106 hPBMC/ml). The total concentration of MCP-1 per flow chamber was therefore 20
ng/ml. Scaffolds seeded with fibrin only served as controls. A pulsatile flow of 1Hz was
imposed, with a peak pressure of 100 mmHg and peak shear stress of 1.6 Pa on the
scaffold surface, mimicking average physiological conditions for small-diameter arteries.
Four independent experiments were conducted with hPBMC from 7 different donors
(N=16 per group). Samples of the circulating cell suspension were taken aseptically, at
time points 0, 1, 2.5, 6, 8, and 24 hours, without stopping the flow, via in-line Luer injection
ports (ibidi GmbH). To focus on early effects, two independent experiments with hPBMC
from 2 different donors (N=5 per group) were run for 4 hours and samples were taken at
time points 0, 10, 30, 60, and 240 minutes. After 4 or 24 hours, the scaffolds were
sacrificed for analysis and fixated overnight in 3.7% formaldehyde (Merck Millipore) for
immunostainings or 2.5% glutaraldehyde (Grade I, Sigma-Aldrich) for SEM analysis, or
snap-frozen in liquid nitrogen and stored at -80°C for qPCR analysis. To serve as gene
expression controls, hPBMC from the initial suspension of each donor were stored at -80°C
in lysis buffer (Buffer RLT, Qiagen). To accommodate for inter-donor variations in the gene
expression levels, hPBMC from an external donor were stimulated with 1 pg/ml
lipopolysaccharide (LPS, E.Coli; Sigma-Aldrich) for 30 minutes to activate the cells to

express inflammatory genes, which were used as reference values for normalization.

2.2.8 Immunostainings

Formaldehyde-fixated samples were washed in PBS and permeabilized in 0.5% Triton X-
100 in PBS (Merck Serono). Non-specific binding was blocked by incubation in 10% horse
serum (Invitrogen) in PBS. Cells were incubated overnight at 4°C with primary antibodies
against CD68 (1:100, AbD Serotech), CCR7 (1:100, Abcam) and CD163 (1:100, AbD
Serotech) in 1% bovine serum albumin in PBS. The scaffolds were then washed and
incubated for 60 minutes with Alexa fluor 555 (1:300) for CD68, Alexa fluor 647 (1:300)
for CCR7 and Alexa fluor 488 (1:300) for CD163. Scaffolds were subsequently stained with
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4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). After washing steps, scaffolds were
mounted on slides with Mowiol (Calbiochem) and observed with a confocal microscope

(TCS SP5X, Leica Microsystems).

2.2.9 SEM

Glutaraldehyde-fixated samples were washed in PBS and dehydrated in a graded ethanol
series, starting from 50% to 100% ethanol in 5 to 10% increments. Samples were

visualized in high vacuum with an electron beam of 1.0-2.0 kV (Quanta 600F, FEI).

2.2.10 gPCR and gene expression analysis

Scaffolds were disrupted with a microdismembrator (Sartorius) and RNA was
subsequently isolated with Qiagen RNeasy kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized with 50 ng RNA using M-MLV Reverse Transcriptase
(Invitrogen). Expression levels of genes involved in the inflammatory process were
evaluated with SYBR®Green Supermix (Bio-Rad) with CFX384 real-time detection system
(Bio-Rad), and GAPDH was selected as reference gene. Primer sequences of selected genes
are provided in Table 2.1. C; values were normalized to the reference gene and to the LPS-
treated hPBMC in order to obtain the relative gene expression. The expression levels of
LPS-treated cells were set to a value of 1 for all genes, to serve as reference for the

activated hPBMC state (Zgair, 2012).

2211 Statistical analysis

Data collected with flow cytometry and qPCR are expressed as mean * standard
error of the mean. When variances could not be considered equal (for the flow cytometry
data), a logarithmic transformation was applied. An ANOVA with Bonferroni post-hoc
testing was performed to detect statistical differences between the groups. Due to a non-
normal distribution of the data from the gene expression analyses, these data were
analyzed with Kruskal-Wallis tests followed by Dunn’s multiple comparison tests.
Statistical analyses were performed using Prism software (GraphPad) and differences

were considered significant for P values<0.05.
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Table 2.1 Primer sequences encoding genes for qPCR analysis.

Primer Symbol ﬁ:;gl(lsg;l A;S:’j;lorn Primer Sequence (‘5-‘3)
homoattractant  MCP-L 190 NwLooasm W CAGCCAGATGCARTCAATGCC
protein-1
Bctor T TNE 91 NMLOOOSS  pulCiceciaTrcaTCTCAGe
mterleukin10 110 112 Nuooos72 P GACTTTAAGGGTTACCTGGGTTG
Mot hgnd 12 | CXCIZ 48 NMLOO0G0S e TACAATCTG
Mot receptor2  CCRZ 100 NmLo01123396 oo CACAAT
powth facton, g1 TOFBL 355 NMLO00GS0 G TGGAGCTGAAG
integrin, B2 ITGB2 187 NM_000211 e i v
integrin, a4 ITGA4 130 NML00BBS ) A e
Eﬁiﬂ?ﬁii‘;ﬁ;ﬁ' ookt 226 woouziaze FITCACCOTCATCAGEATIGATAGG
ot receptora CXCRE 130 NmLo0t00ssa0 G A TGAGGAT
endothelia VEGRA 213 NMLootozsaee FW: GCAGAATCATCACGAAGTGG
growth factor A
giﬁiﬁ‘opmtemase MMPO 224 Nwopaoos  FW:TGGGGGGCAACTCGGC
interleukin 6 IL6 45 NML000600 oo o L
interleukin 4 4 102 Nwooosss  FWiCAGTTCTACAGCCACCATGAG
mterleukin 13 1L13 121 Nwoozies  PWAGGCACACTICTICTTGGTCT
(Dl63molecule  CDI63 137 NMoosoes  FWCACTATGAAGAAGCCAAAATTACCT
recepton, Cype 1 MRCL 114 NMLOOZ&8 0 G aaCAATCCTATCA
Mot receptor 7 CCR7 106 NMLOOIB38 G TCTTGAATA

The primer pairs for IL4, IL13, CD163, MRC1, and CCR7 were sequenced by PrimerDesign.
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2.3 Results

2.3.1 Hybrid PCL/fibrin scaffolds demonstrate a burst-release of MCP-1

Electrospinning resulted in isotropic fibrous PCL scaffolds with a fiber diameter

distribution of 10.9 = 0.8um and an inter-fiber distance of 119 + 39um (Figure 2.1A).

Cumulative MCP-1 release
[ng/ml]

0 1 2 3 15 30
Time [hrs]

Figure 2.1 Scaffold characterization and MCP-1 release profile. (A) SEM image of an electrospun
polycaprolactone scaffold with an average fiber diameter of 10.9 + 0.8 um. Scale bar represents 50 um.
(B) Cumulative release of MCP-1 from the PCL/fibrin construct measured over 24 hours in static and
pulsatile flow conditions. The results demonstrate a burst-release of MCP-1 in the first 45 minutes and
90 minutes for flow and static conditions, respectively. The data is plotted as mean #* standard
deviation; * p<0.05.

For the chemotaxis experiments the average scaffold thickness was 392 + 36um, to
prevent direct contact with the membrane. For the flow experiments scaffold thickness
was 507 = 79um. The overall scaffold density po was determined to be 0.12 kg/m3, from
which the scaffold porosity was calculated to be approximately 90% (Equation 1). In static
conditions, seeding the scaffolds with MCP-1 in fibrin gel resulted in a burst-release of
MCP-1 in the first 90 minutes, followed by a gradual protein release up to 24 hours. In flow
conditions, the protein release was significantly accelerated up to 45 minutes, after which

the release rate showed a gradual increase similar to the static release (Figure 2.1B).

2.3.2 Baseline cell composition comprises biological inter-donor variations

Baseline values for the initial hPBMC population were determined for each donor using
flow cytometry, as specified in Figure 2.2 (Bellini & Mattoli, 2007; Huenecke et al., 2008;
Reilkoff et al, 2011; Shantsila et al., 2011; Hristov et al., 2012). The cellular composition

displayed biological inter-donor variations, and baseline values of all specified cell types
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fell within physiological values for healthy adults, as reported elsewhere (Table 2.2) (Abe
etal, 2001; Huenecke et al., 2008; Shantsila et al., 2011; Hristov et al,, 2012).
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Figure 2.2 Gating strategy adopted to characterize hPBMC populations. (4) Cell populations
were quantified by gating the lymphocyte and monocyte clouds in the forward scatter-side scatter
plots, which combined formed the total hPBMC gate. (B) Within this gate, CD34*/CD45- and
CD34*/CD45* cells were classified as ‘endothelial progenitor cells’ (EPC) and ‘fibrocytes’, respectively
(Bellini & Mattoli, 2007; Reilkoff et al, 2011; Hristov et al, 2012). (C) Lymphocytes were further
characterized for the presence of helper T-cells (Ty-cells; CD4+/CD8), cytolytic T-cells (Tc-cells; CD4
/CD8*), and double-positive T-cells (DP T-cells; CD4*/CD8*) (Huenecke et al, 2008). (D) Overall cell
viability was quantified via 7AAD labeling. (E) Characterization of monocytes subsets based on CD14
and CD16 labeling, with cartoons illustrating the specific surface receptors and integrins. Monocytes
subsets were specified as monocyte 1 (Monl; CD14*/CD16°), monocyte 2 (Mon2; CD14*/CD16%),
monocyte 3 (Mon3; CD144m/CD16*) (Shantsila et al., 2011).
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Table 2.2 Baseline cell composition of the hPBMC

Mean + st.dev. Range (min-max)
PBMC [pL-1] 2,666+ 927 1,443 - 4,736
Monocytes [% of PBMC] 21.9+10.5 7.9-37.5
Mon1 [% of monocytes] 81.0+8.4 67.2-94.2
Mon2 [% of monocytes] 5.2+3.0 1.2-10.2
Mon3 [% of monocytes] 13.8+5.8 46-22.6
Lymphocytes [% of PBMC] 78.1+10.5 62.5-92.1
Th-cells [% of lymphocytes] 39.2+13.6 18.0 - 58.5
Tc-cells [% of lymphocytes] 27.1+8.2 17.1-39.1
DP T-cells [% of lymphocytes] 1.2+0.7 0.6-2.5
CD4/CDS8 ratio [-] 1.6+£0.8 0.5-2.8
Fibrocytes [% of PBM(] 1.7+0.4 1.0-24
EPC [% of PBMC(C] 0.13+£0.05 0.05-0.22

Mean values of initial cell populations among 11 donors obtained via flow cytometry. All values fell
within physiological ranges.

2.3.3 MCP-1-loaded scaffolds induce highly specific chemotaxis of monocyte

subsets

After 4 hours, the migrated cell population contained an increased fraction of monocytes
compared to the initial hPBMC suspension in all groups (Figure 2.3B, D, F). CTG-staining
demonstrates increased adhesion of migrated cells onto the scaffolds loaded with MCP-1,
as compared with scaffolds containing only fibrin (Figure 2.3C, E). Incorporation of MCP-1
into the PCL/fibrin scaffolds led to a significant increase in migrated monocytes for
concentrations of 20 and 50 ng/ml MCP-1, while overall lymphocyte migration was less
than 1% of the initial lymphocytes for all conditions (Figure 2.3G, H). No significant effect
of MCP-1 loading was observed on the migration of fibrocytes and EPC (Figure 2.3], ]).
Monocyte subsets monl and mon2 were highly responsive to MCP-1 at concentrations of
20 and 50ng/ml, while overall migration of mon3 was very limited for all conditions tested
(Figure 2.3K-M). In comparison to the fibrin-seeded control scaffolds, mon2 showed the

most enhanced migration with over 6-fold increase in mon2 cell counts over the 0 ng/ml
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scaffolds, compared to a nearly 4-fold increase in mon1 for MCP-1 concentrations of 20
and 50 ng/ml. The presence of PCL or fibrin alone did not lead to any changes in cell
migration compared to the controls with 0 ng/ml MCP-1 (Figure 2.3G-M). Overall, the
migration profile towards the MCP-1-loaded scaffolds was similar to results obtained by

direct addition of MCP-1 to culture medium (data not shown).
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Figure 2.3 Chemotaxis assays revealed enhanced migration of Monl and Mon2 subsets
toward MCP-1 concentrations of 20 and 50 ng/ml. (A) Schematic of monocyte migration through
3 um pores of a Thincert™ membrane. (B) Flow cytometry showing the initial hPBMC composition,
seeded into the upper compartment. (C-D) Enhanced migration of monocytes toward MCP-1-loaded
scaffolds after 4 hours as revealed by immunofluorescence of the construct (C) and by flow cytometry
of migrated cells in the bottom compartment (D). (E-F) CTG-staining showing a limited adhesion of
cells onto the scaffolds without MCP-1 (E), and relative flow cytometry revealing limited increase of
monocyte fraction in the migrated population (F). (G-M) Quantification of migrated populations in
response to various doses of MCP-1 incorporated into PCL/fibrin scaffolds. Cell counts were
normalized per cell type on the initial cell count of that specific population. Scale bars represent 500
um. *P<0.05; **P<0.01.
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2.3.4 Flow experiments

MCP-1 release does not result in selective recruitment under conditions of flow

Based on the results obtained from the chemotaxis assays, a MCP-1 concentration of
20ng/ml was selected for loading the scaffolds in the flow experiments. Flow cytometry of
the remaining cell suspension revealed that after 24 hours the circulating hPBMC
consisted almost exclusively of lymphocytes (Figure 2.4A,B). The analysis per cell type
indicated that lymphocyte count remained relatively stable at approximately 65% of the
original amount, while monocytes were rapidly depleted to 27% of the initial monocyte
count within the first 2.5 hours of flow, and to 5% after 24 hours (Figure 2.4CD).
Fibrocytes and EPC demonstrated an immediate depletion within the first hour, to
approximately 45% and 35% of their initial cell numbers respectively, after which their
numbers gradually decreased (data not shown). Viability was not affected under any of the
experimental conditions, with an overall viability of >90% throughout the course of the

experiment (Figure 2.4E).
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Figure 2.4 Cell recruitment by MCP-1 in scaffolds under physiological flow did not result in
selective infiltration of monocytic subsets in response to MCP-1 at time points beyond 1
hour. (A) Drawing representing circulating hPBMC exposed to PCL/fibrin scaffolds with and without
MCP-1 in conditions of physiological flow. (B) Flow cytometry of the circulating hPBMC suspension,
showing monocyte depletion over time. (C-D) Analysis of circulating cell populations via flow
cytometry revealing no differences between MCP-1 loaded scaffold and controls. Cell counts were
normalized per cell type on the initial cell count of that specific population. (E) Viability of circulating
cells was not affected by flow within the 24 hour follow-up.

Surprisingly, within this timeframe, no significant differences were observed between the

MCP-1 and control groups for any of the cell types studied. Therefore, a second series of
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experiments was conducted focusing on the immediate events in the first hour. These
short-term follow-up experiments revealed an accelerated depletion of all monocytes after
10 and 30 minutes of flow in response to MCP-1 (Figure 2.5A-D). After 4 hours of flow, the
remaining relative fractions of monocyte subsets mon2 and mon3 were lower compared

to monl, indicating a more pronounced depletion of mon2 and mon3 within this

timeframe.
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Figure 2.5 Accelerated monocyte recruitment by MCP-1-loaded scaffolds within the first 30
minutes of flow. (A-D) Flow cytometric analysis of monocyte subsets revealed a significantly
enhanced depletion of total monocyte counts after 30 minutes of flow in response to MCP-1. All
differences between the MCP-1-loaded scaffolds compared to the control scaffolds were negated
beyond the 1 hour time point. *P<0.05.

Scaffolds induce monocyte-to-macrophage differentiation with mixed phenotype

Analysis of the scaffolds after 24 hours of flow exposure revealed monocyte activation and
adhesion to the scaffold (Figure 2.6A). Furthermore, macrophage differentiation was
observed, represented by large, irregular-shaped cells, spreading along the PCL fibers, as
visualized by SEM (Figure 2.6B). Consistently, immunofluorescent analysis demonstrated
abundant infiltration of CD68* macrophage into the scaffolds. Small, rounded, CD68-
/CCR7* lymphocytes were sparsely detected. Macrophages displayed a predominant M1

phenotype with strong, but not exclusive, expression of CCR7. In addition, macrophage
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polarization towards the M2 phenotype was detected, characterized by CD163 expression
(Figure 2.6C). This marker was mainly observed in morphologically larger or fused cells
(Figure 2.6D). No apparent difference was observed between the MCP-1 and control

groups.

A.

Figure 2.6 Monocytes were recruited to scaffold/fibrin constructs and resulted in M1 and
M2 activated macrophages. Monocyte adherent on a PCL fiber (A) and activation of monocytes into
macrophages (B) visualized with SEM. (C-D) Immunofluorescence of CD68* macrophages (green),
with expression of inflammatory (CCR7+; red) and wound healing features (CD163%, yellow). Cell nuclei
are shown in blue (DAPI). (A-B) Scale bars represent 25 um; arrows indicate macrophages, artificial
color overlay was added using Adobe Photoshop in post-processing to highlight macrophage
morphology; * indicates fibrin. (C-D) Scale bars represent 50 um (C), 10 um (insets) and 25 um (D).

Gene expression of recruited cells in the scaffold after 4 and 24 hours of flow is depicted in
Figure 2.7. Overall, MCP-1 loading did not have a significant effect on gene expression,
with exception of CCR2 expression, which was significantly upregulated at 4 hours in the
MCP-1-loaded scaffolds. Shear flow, on the other hand, generally resulted in an
upregulation of immunomodulatory and angiogenic genes, compared to LPS-activated
hPBMC, with increased expression at 4 hours compared to 24 hours. Furthermore, flow
led to a decrease in integrin expression of ITGB2 over time, but not of ITGA4. Expression
of the anti-inflammatory macrophage marker CD163 was significantly downregulated in
response to flow, while the pro-inflammatory macrophage marker CCR7 was significantly
upregulated. Expression of IL-4, IL-13, MRC-1, and CXCL12 was undetectable (data not

shown).

35



Chapter 2

A- MCP-1 Bo TNF C- IL-10 Do IL-6 E- MMP9
50 # 20 * * 0 200 R 2 *

5 5 * H s § § L3
5 s s s . S
g« % s 3 « B g oo ¥
g » T c T g T g T £ T
. T s e 3 & 0 o
g 2 H 2 2 -
£ £ o £ g o £ s
] ] ] - ] ©
L T [ -4 = 4

0hrs 4 hrs 24 hrs 0 hrs 4 hrs 24 hrs 0 hrs 4hrs 24 hrs Ohrs  4hrs 24 hrs 0 hrs 4 hrs 24 hrs
F' TGFB1 G VEGF H‘ CCR2 . CX3CR1 J' CXCR4
5" I g wex g " - g " = g "
P v T ] ** ¥ % oe
£ T 4 * g 8 g T
& 06 & 5 & 08
b 3 5 g g T

5 H

HES v . s . £ os T g™
o - E ] T - z T S
£ o g , - g £ 4 L3

Ohrs  4hrs 24 hrs Ohrs  4hrs  24hrs Ohrs  4hrs  24hrs Ohrs  4hrs  24hrs Ohrs  4hrs  24hrs
K' ITGB2 L‘ ITGA4 M' CD163 N‘ CCRT7
e 15 15 > FEE 6. =
g % § g ¥ §
F 2D 3 H F T - = PBMC

£ 1o z = 4

s 8 T s £ no MCP-1
H s 3 H
£ os 2 s = e 2 . mm +MCP-1
= T b s ®
T =} k- - 7}
@ 0.0 = & g0 x 0 = @ [

0hrs 4 hrs 24 hrs Ohrs 4 hrs 24 hrs O hrs 4 hrs 24 hrs Ohrs 4hrs 24 hrs

Figure 2.7 Gene expression of immunomodulating and angiogenic markers was upregulated
in recruited hPBMC after 4 hours of flow. (A-E) Compared to LPS-stimulated cells, the initial
hPBMC population showed low expression of genes involved in immunomodulation, such as MCP-1,
TNF, IL10, IL6 and MMP9. Upregulation of these genes was observed at the 4 hours time point,
followed by a decrease at 24 hours. MCP-1 was significantly upregulated for recruited cells at all time
points. (F) TGFB1 expression was downregulated compared to the LPS control and no substantial
changes were observed between the initial population and the cells recruited after 4 hours, while
expression decreased significantly at 24 hours. (G) The angiogenic marker VEGF showed upregulation
after 4 hours, followed by a significant decrease at 24 hours compared to 4 hours. (H-]) Gene
expression of CCR2, CX3CR1 and CXCR4 was evaluated, representing the receptors for the signaling
molecules MCP-1, fractalkine, and SDF-1a, respectively. CCR2 was upregulated in all groups, as
compared to the LPS control, and exhibited increased expression in the MCP-1 group at 4 hours.
CX3CR1 was downregulated for recruited cells at both time points, while CXCR4 expression showed a
decrease with respect to the LPS-treated cells, but no significant differences between the groups. (K, L)
Concerning expression of integrins, no differences were detected between the controls and the initial
hPBMC population, while recruited cells displayed a strong downregulation of ITGB2 at 4 and 24
hours. No differences were notable for ITGA4 in any group. (M) Expression of anti-inflammatory
macrophage marker CD163 was high for cells at the initial time point compared to the LPS-treated
reference cells, but its expression decreased significantly for infiltrating hPBMC. (N) Opposite behavior
was observed for the pro-inflammatory marker CCR7, which showed a low expression by the initial cell
population compared to the LPS-treated hPBMC, followed by a large increase in expression for
recruited cells at both time points. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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2.4 Discussion

Recent studies aimed at the in situ regeneration of cardiovascular tissues, have
demonstrated de novo tissue formation on a degradable synthetic starter matrix, driven by
the host immune response (Shinoka et al, 2005; Yokota et al., 2008; Hibino et al,, 2010;
Roh et al, 2010; Wu et al., 2012). It was postulated that MCP-1 is one of the key mediators
in the process and, as such, may be used as a therapeutic agent (Roh et al, 2010).
Concurrently, we recently demonstrated improved neotissue formation in MCP-1-loaded
PCL/fibrin scaffolds in rats, but the underlying mechanism has not yet been clarified
(Talacua et al.,, 2014). Therefore, the goal of the present study was to elucidate the initial
response of circulating human immune cells to a MCP-1-loaded scaffold under
physiological conditions of flow. We hypothesized that local delivery of exogenous MCP-1
would induce specific recruitment of reparatory CCR2+* cells from the circulatory system.
Our results demonstrate that a local gradient of MCP-1 resulted in highly specific
recruitment of CD14+ monocytes in static migration assays, whereas released MCP-1 had
no effect on circulating hPBMC in terms of cell recruitment and adhesion in conditions of
pulsatile flow.

The role of MCP-1 and its primary receptor CCR2 in vivo can be considered rather
ambiguous. While MCP-1 is implicated in many cardiovascular pathological conditions,
such as atherosclerosis and intima hyperplasia, it is indispensable for physiological tissue
homeostasis and angiogenesis (Schober et al.,, 2004; Schober & Zernecke, 2007; Deshmane
et al, 2009; Melgarejo et al., 2009; Niu & Kolattukudy, 2009). It was shown that the MCP-
1-CCR2 axis is involved in monocyte emigration from the bone marrow, recruitment to the
site of inflammation, and migration into damaged tissue, but its mode of action remains
incompletely understood (Shi & Pamer, 2011). Therefore, we investigated the recruitment
of monocytes towards MCP-1-loaded scaffolds in the current study, under static conditions
as well as in flow. Considering the adverse effects of chronic overexpression of MCP-1, we
opted for a short burst-release of MCP-1 from the scaffolds. We established the
chemotactic potential of our hybrid MCP-1-loaded PCL/fibrin constructs after 4 hours of
incubation, which is in correspondence with the determined release curve, showing a
burst-release of the bulk of the loaded MCP-1 within the first 3 hours. A concentration of
20 ng/ml was sufficient to prompt specific migration. Capoccia et al. suggested that the
angiogenic potential of monocytes is contained in the monl subset of circulating
monocytes and they showed stimulation of angiogenesis in mice via CCR2-dependent

signaling to the mon1 subset (Capoccia et al, 2008). Correspondingly, Cochain et al

37



Chapter 2

suggested that an increase in the number of mon1 cells in circulation by MCP-1/CCR2
activation was the base of enhanced neovascularization in mice, while altered levels of
mon3 had no effect on post-ischaemic neovascularization (Cochain et al.,, 2010). Indeed we
did observe a predominant migration of monl towards our MCP-1-loaded scaffolds in
terms of absolute cell numbers. However, interestingly, in terms of relative migration
compared to the fibrin-seeded scaffolds, the most pronounced migration was represented
by the mon2 subset, which has been reported to accumulate in injured tissue typically in
the proliferative phase of healing, leading to improved outcome (Tsujioka et al, 2009;
Shantsila et al., 2013; van der Laan et al., 2013).

When subjected to a suspension of hPBMC in pulsatile flow, there was a marked
increase in immediate monocyte recruitment in the MCP-1-loaded scaffold compared to
the control scaffold, without evident selectivity in monocyte subsets. The increase in
monocyte recruitment correlates strongly with the MCP-1 release rate as measured in
conditions of pulsatile flow. This was accompanied by an upregulation of CCR2 gene
expression in the MCP-1-loaded scaffold group compared to the controls after 4 hours.
After the initial burst-release of MCP-1, however, the specific chemotactic effect of the
scaffold was negated and cell adhesion to the scaffolds was similar in both groups. Overall,
there was a gradual depletion of monocytes but not lymphocytes. Monocyte adhesion is
known to be influenced by shear stress (Ley et al., 2007). Moreover, shear stress may have
a differential effect on the specific monocyte subsets, as they exhibit distinctly different
integrin presentation on their cell surface. Mon2 and mon3 mainly express integrin oy,
while mon1 mainly express integrin (3;. Since integrin a4 is involved in the initial binding
of monocytes to a substrate under influence of shear (Chan et al,, 2001; Hyduk & Cybulsky,
2009), this may explain the accelerated depletion of mon2 and mon3, compared to mon1,
which we observed in flow cytometric analysis after 4 hours of flow. Concurrently, gene
expression analysis revealed a downregulation of integrin (3;, while integrin a4 expression
remained relatively stable over time.

Recruited monocytes displayed monocyte-to-macrophage differentiation induced
by the hybrid construct, regardless of MCP-1 loading. Macrophages are of vital importance
for in situ cardiovascular tissue engineering and early macrophage presence was shown to
determine late-term outcome in neotissue formation (Hibino et al, 2011). Further
classification of macrophage polarization state revealed a mixed population of
predominantly CCR7+ macrophages (M1) with limited presence of CD163* macrophages
(M2), which was reflected in the gene expression analyses. This combination of

inflammatory and reparative factors, will determine the local microenvironment for host
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cells colonizing the scaffold. This is in line with the recent findings by Willenborg et al,
who described a mixed macrophage population, dominated by M1 macrophages, in the
early phase of tissue repair after skin wounding in mice (Willenborg et al., 2012).

PCL was used as the scaffold material based on its excellent biocompatibility and
ease of processing. As such PCL has numerous beneficial properties for large-scale use as
vascular scaffold material and electrospun PCL grafts have been studied extensively in
animal models (Pham et al, 2006; Pektok et al, 2008; de Valence et al, 2012;
Mréwczynski et al, 2013). Apart from the material, the scaffold microstructure plays a
profound role in cellular behavior. The fiber diameter and pore size of electrospun
scaffolds are interdependent and as such, fiber diameter and alignment influence the cell
infiltration depth into the scaffold. A fiber diameter of approximately 10 um as used in this
study was shown to accommodate homogenous cell infiltration (Balguid et al.,, 2009; Smits
et al., 2012). The average fiber diameter and pore size have also been shown to influence
(progenitor) cell orientation (Fioretta et al., 2014) and macrophage differentiation (Garg
et al, 2013), respectively, as well as other processes that may impair or facilitate
regeneration. Fibrin gel was employed here as a method to deliver the MCP-1 protein.
Although we demonstrated that the fibrin itself does not have a chemotactic effect on the
hPBMC subsets, in vivo the fibrin gel would likely act as a provisional matrix, offering
important binding sites to circulating cells that adhere to and infiltrate into the scaffold.

The in vitro mesofluidics model used in the present study poses limitations in the
sense that it does not include analogues for the bone marrow or splenic reservoirs.
However, since the MCP-1-dependent extravasion of CCR2+ cells from the bone marrow
has been well established (Serbina & Pamer, 2006; Tsou et al.,, 2007), we opted for an in
vitro model without cell replenishment that allows us to follow the response of the initially
recruited cells to the scaffold, rather than cell mobilization. The role of local MCP-1/CCR2
in monocyte arrest still raises some discrepancies (Weber et al., 1999; Maus et al., 2002).
As compared to the landmark study by Roh et al, the released amount of MCP-1 per
volume of blood/medium is lower in the current study (20 ng/ml vs 133 ng/ml). However,
the absolute amount of MCP-1 (200 ng) is similar between studies, which implies that the
local gradient of protein is comparable, at least initially. This is most relevant for local
chemotaxis of the cells, which is the primary focus of the current study (Roh et al., 2010).
Moreover, in a recent study by our group, we demonstrated enhanced in situ matrix
formation and organization in rats using MCP-1-loaded vascular grafts with similar release
kinetics as used in the current study (Talacua et al., 2014). Our results demonstrate that a

local MCP-1 gradient resulted in recruitment of monocytes, whereas the protein no longer
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had an effect after release into the circulatory medium in our model. This is in line with
previous findings, which showed that systemic MCP-1 is scavenged by circulating
monocytes without affecting the functional responsiveness of the cells (Volpe et al., 2012).
Furthermore, the results of the current study do not show evidence for enhanced
monocyte adhesion with the addition of exogenous MCP-1 in the scaffolds. This suggests
that the presence of endogenously produced MCP-1 is required to stabilize anchorage via
other adhesion proteins, as previously demonstrated (Gerszten et al, 1999; Green et al,
2006), but that local increase of MCP-1 levels alone has no added value for monocyte
arrest. We focused here on the role of hPBMC only, rather than whole blood. In vivo, other
circulating cell types, such as neutrophils and/or platelets, may play indirect or synergistic
roles in the MCP-1-mediated response, which are currently not taken into account.
However, as monocytes are considered the principle mediators of the regenerative
response, this model allows for mechanistic studies with a high level of control.
Furthermore, one of the main advantages of our methodology for translational studies is
the use of human cells. This is of particular importance when studying the monocyte
subsets, as these cells are known to be functionally different between species (Gordon &
Taylor, 2005; Ingersoll et al, 2010; Robbins & Swirski, 2010; Ziegler-Heitbrock et al,
2010).

We conclude that in conditions of pulsatile flow, specific recruitment of circulating
CCR2+* subsets is not the fundamental principle behind the previously observed improved
neotissue formation in MCP-1-loaded constructs. Although our scaffold was proven to be
highly chemotactic toward CD14+ monocytes, this selectivity was dependent on the release
kinetics of MCP-1, as it was overruled by the effect of shear stress after the initial burst.
This suggests that a controlled release of MCP-1 is essential in hemodynamic conditions
and, therefore, should be considered in novel scaffold designs for in situ tissue engineering
applications. These results emphasize the importance of testing in bio-mimicking

conditions for future clinical translation.
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Abstract

Implanted synthetic substrates for the regeneration of cardiovascular tissues are exposed
to mechanical forces that induce local deformation. Circulating inflammatory cells, actively
participating in the healing process, will be subjected to strain once recruited. We
investigated the effect of deformation on human peripheral blood mononuclear cells
(hPBMCs) adherent onto a scaffold, with respect to macrophage polarization towards an
inflammatory (M1) and reparative (M2) phenotype and to early tissue formation. HPBMCs
were seeded onto poly-e-caprolactone bisurea strips and subjected to 0%, 7% and 12%
cyclic strain for up to one week. After 1 day, cells subjected to 7% deformation showed
upregulated expression of pro and anti-inflammatory chemokines, such as MCP-1 and
[L10. Immunostaining revealed presence of inflammatory macrophages in all groups,
while immunoregulatory macrophages were detected mainly in the 0 and 7% groups and
increased significantly over time. Biochemical assays indicated deposition of sulphated
glycosaminoglycans and collagen after 7 days in both strained and unstrained samples.
These results suggest that 7% cyclic strain applied to hPBMCs adherent on a scaffold
modulates their polarization towards reparative macrophages and allows for early
synthesis of extracellular matrix components, required to promote further cell adhesion

and proliferation and to bind immunoregulatory cytokines.
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3.1 Introduction

A clinically relevant concept of cardiovascular regenerative medicine proposes to implant
synthetic scaffolds seeded with autologous cells, entrusting the host response to promote
successful integration of the construct. This method was effectively applied by Shinoka et
al. to create tissue engineered vascular grafts (TEVG) with bone marrow mononuclear
cells (BM-MNCs) for the treatment of congenital defects in children (Matsumura, Hibino, et
al, 2003; Hibino et al, 2005; Shinoka et al, 2005). The contribution of the cellular
component to tissue regeneration in vivo was further investigated, suggesting that pre-
seeded cells play a pivotal role as mediators for tissue remodeling via paracrine
mechanisms (Roh et al, 2010). Among the numerous cytokines involved in the process,
monocyte chemotactic protein 1 (MCP-1) secreted from cells upon implantation was
identified by Roh et al. as a key player in early monocytic infiltration and subsequent TEVG
remodeling. More specifically, a favorable neo tissue formation could be elicited by a
relatively rapid release of the MCP-1 from the scaffold. In addition, early deposition of
native-like extracellular matrix by seeded cells might promote host cell adhesion and
proliferation and bind important immunoregulatory cytokines, such as interleukin-10
(Franz et al, 2011).

Another factor that determines the integration of the construct and the remodeling
outcome is represented by the early interaction between the biomaterial and circulating
cells. Shortly after implantation, scaffolds are extensively infiltrated by immune cells,
which can modulate this inflammatory response via paracrine and autocrine signaling.
Among them, macrophages were shown to be actively involved in the resolution of the
inflammation, due to their ability to shift from a pro-inflammatory polarization state (M1)
towards a reparative and homeostatic profile (M2) (Anderson et al, 2008; Mosser &
Edwards, 2008). In particular, the delicate balance between M1 and M2 phenotypes might
represent the key to functional regeneration in vivo (Brown et al, 2012). Initially, the host
response evoked at the implant site implies inflow of M1 macrophages, involved in tissue
reorganization and in further recruitment of leukocytes via release of chemokines, such as
MCP-1. At later stages, a predominance of M2 phenotype was shown to promote
resolution of the inflammation and to result in successful remodelling of the construct
(Brown et al,, 2009).

The influence of substrate composition and topography over M1/M2 polarization
was demonstrated, addressing the type of scaffold material, fiber diameter and pore size

as parameters able to impact macrophage phenotypic profile (Badylak et al., 2008; Saino
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etal, 2011; Garg et al., 2013). We hypothesize that mechanical cues may additionally alter
the evoked response. It is known that forces exerted on cells can directly affect their
phenotype and their underlining genomic profile through mechanotransduction, causing
the activation and inhibition of numerous pathways (Gieni & Hendzel, 2008; Throm
Quinlan et al, 2011). In vivo, synthetic substrates for the replacement of load-bearing
structures, such as heart valves, are exposed to mechanical forces that result in local
deformation, and thereby in the stimulation of pre-seeded and infiltrating cells.

The aim of the present study is to investigate the effect of mechanical strain on
cells involved in the early immune response, in terms of phenotype polarization,
expression of pro- and anti-inflammatory cytokines and matrix deposition. To obtain a
mechanistic insight into this process, a pre-seeded electrospun scaffold was subjected to
increasing strain levels. As scaffold material, a custom-made thermoplastic elastomer, i.e.
poly-e-caprolactone bisurea, PCL-U4U, was used (Wisse et al., 2006). Human mononuclear
cells from peripheral blood (hPBMCs) were selected as cell source. They are
representative of the circulating mononuclear population activated by the biomaterial
implant, and might therefore serve as an in vitro model to comprehend the response to
strain by infiltrated host cells (Gonzalez-simon & Eniola-adefeso, 2012). In addition,
hPBMCs are easier to isolate than bone marrow mononuclear cells (BM-MNCs) and may,
therefore, provide a clinically interesting alternative for one-step interventions (Germani

etal, 2009).
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3.2 Materials and Methods

3.2.1 Experimental layout

Scaffold strips seeded with human peripheral blood mononuclear cells (hPBMCs) were
subjected to mechanical loading in two series of experiments. In the first series, the strips
were subjected to moderate strain (7%), while, in the second series, high deformations
(12%) were applied. Experiments of each series were conducted for up to 7 days and
repeated 3 times. In all experiments, groups of scaffold strips seeded with hPBMCs (0%
group) and with human vena saphena cells (hVSCs, control group) were cultured
statically. For each experiment, hPBMCs were freshly isolated from different donors,
whereas hVSCs were obtained from a single donor and included to account for inter-
experimental differences.

Groups of 3 strips were sacrificed after 1, 2, 4, and 7 days. At every time-point, part
of each strip was snap-frozen and stored at -80°C for gene expression analysis or
biochemical assays, and the remainder was fixed in 3.7% formaldehyde solution (Sigma,

St.Louis, MO, USA) for staining.

3.2.2 Scaffold preparation

Scaffold fabrication
A thermoplastic elastomer based on a poly-e-caprolactone PCL2000 soft block and a 1,4-

bis-ureido butane hard block (PCL-U4U) was supplied by SyMO-Chem (Eindhoven, the

Netherlands), and this material was processed into microfibers organized in a porous
isotropic scaffold. Specifically, a solution of 12.5% PCL-U4U was prepared dissolving the
polymer in amylene stabilized chloroform (CHCls; Sigma) with 1% methanol. After being
stirred overnight, the polymer solution was dispensed with the aid of a syringe pump
(PHD 22/2000, Harvard Apparatus, Holliston, MA) to a moving 14G needle placed at 15 cm
distance from the collecting mandrel (@#=29 mm, length=100 mm) of an electrospinning
device (EC-CLI, IME Technologies, Geldrop, The Netherlands). The solution flowed at 25
ul/min in presence of 14 kV voltage, at constant temperature of 23°C and 30% relative
humidity. A coaxial flow of CHCl3 saturated air was applied around the needle to prevent

excessive solvent evaporation (Larsen et al, 2004). Randomly oriented fibers were
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collected on the cylindrical drum rotating at 100 rpm to obtain electrospun scaffolds,

which were kept under vacuum overnight to eliminate solvent remnants.

Scaffold characterization

For each scaffold, thickness and fiber diameter were measured with a digital microscope
(VHX-500FE, Keyence, Mechelen, Belgium) and a scanning electron microscope (SEM;
Quanta 600F, FEI, Eindhoven, The Netherlands) respectively. Measurements are expressed
as mean * standard deviation. Biaxial tensile tests were performed with BioTester 5000
(CellScale, Canada) to evaluate scaffold mechanical performance and isotropy within the
range of applied deformations (strain 0-12%). Constant strain rate of 1.6% per second
was applied for strains up to 35% on a square patch. In order to simulate the experimental
conditions, biaxial tests were performed on patches pre-seeded with fibrin gel and
immersed in distilled water at 37°C. Cycles of stretching, resting and recovering were
repeated 5 times on samples from 3 different electrospun sheets. Cauchy stresses and
strains calculated for the last cycle of each measurement were averaged over the three

samples and plotted with the relative standard deviations.

3.2.3 Scaffold seeding and culture

Scaffold strips preparation
For each experiment, scaffold strips of 25 x 5 mm (n=36) were cut out of 2 spun sheets

and glued on their outer ends in wells of sterile non-coated BioFlex culture plates
(Flexcell® International Corporation, NC, USA) with Silastic MDX4-4210 (Dow Corning,
Michigan, USA). After silicon glue polymerization, sterilization was performed by
incubation with 70% ethanol, followed by 2 washing steps of 30 min in sterile phosphate
buffered saline (PBS). Strips for seeding with hPBMC (n=24) were incubated overnight in
RPMI 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS; Greiner Bio one, Frickenhausen, Germany) and 1% Penicillin/Streptomicin
(p/s, Lonza, Basel, Switzerland). Strips for seeding with hVSCs (n=12), were incubated
overnight in advanced Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Carlsbad,
USA) supplemented with 10% FBS, 1% p/s and 1% GlutaMax (Invitrogen).

Cells isolation and seeding

HPBMCs were isolated from fresh buffy coats obtained by 6 healthy donors after informed
consent (Sanquin Blood Supply Foundation, Nijmegen, The Netherlands). The buffy coat
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was mixed with citrate buffer (6 g Sodium Citrate in 1000 ml phosphate buffer solution,
Sigma) and mononuclear cells were isolated by centrifugation on an isosmotic medium
with a density of 1.077 g/ml (Lymphoprep™, Axis-Shield, Scotland). For each experiment,
cells from a single donor were seeded at a density of 4 x 105 cells/mm3 onto the PCL-U4U
strips using fibrin gel as a cell carrier (Mol, van Lieshout, et al, 2005). Human vascular-
derived cells harvested from saphena magna vein (hVSCs) and previously characterized as
myofibroblasts were used as control (Mol et al., 2006). After being cultured for 7 days with
advanced DMEM medium supplemented with 10% FBS, 1% p/s, 1% GlutaMax, cells were
suspended in fibrin gel and seeded onto the PCL-U4U strips at a density of 1.5 x 104

cells/mm3. hVSCs were used at passage 7 in all experiments.

Application of cyclic loading

Immediately after seeding, hPBMCs seeded strips were subjected to cyclic stretch of
moderate (7%) and high (12%) magnitude at frequency of 0.8 Hz with Flexcell® FX-5000™
Tension System (Flexcell® International Corporation, NC, USA) for up to 7 days. RPMI and
DMEM enriched media prepared for strip incubation were used for hPBMCs and hVSCs
groups respectively, additionally supplemented with L-ascorbic acid 2-phosphate (0.25
mg/ml; Sigma) and replaced every 3 days.

Strain distribution within a single strip was analyzed via digital imaging to
correlate the applied stretch to the actual scaffold deformation, as previously described by
Boerboom et al. (Boerboom et al, 2008). Images at 60 frames/sec of randomly dotted
strips strained at 7% or 12% were collected with a high speed camera (MotionScope, M5C;
IDT, Tallahassee, USA) and subsequently analyzed with ARAMIS DIC software (Gom mbH,

Braunschweig, Germany).

3.24 Analyses

Cells distribution
Cells distribution within the scaffold was evaluated 1 and 7 days after seeding. Slices of

formaldehyde-fixed seeded scaffolds with a thickness of 10 um were cut out of strips
embedded in Tissue-Tek® O.C.T™ Compound (Sakura Finetek Europe B.V., Alphen aan den
Rijn, The Netherlands) with a cryotome (Thermo Scientific™ HM 550 Cryostats, Thermo
Fisher Scientific Inc, Waltham, MA). Cells nuclei were stained with 4’, 6-diamidino-2-
phenylindole (DAPI, Sigma) and examined with fluorescent microscopy (Axiovert 200M,

Zeiss, Gottingen, Germany) with a 10X objective.
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Gene expression

Seeded scaffolds, sacrificed after 1 and 2 days of straining and stored at -80°C were placed
in Nalgene® cryogenic vials (Sigma) containing RNA-free metal beads and disrupted with a
microdismembrator (Sartorius, Gottingen, Germany) 3 times for 30 s at 3000 rpm. RLT
buffer with B-mercaptoethanol (Sigma) was added to lysate the cells and RNA was
subsequently isolated with Qiagen RNeasy kit (Qiagen, Venlo, The Netherlands) according
to manufacturer’s instructions. RNA quantity and purity were determined with a
spectrophotometer (NanoDrop® ND-1000, Isogen Life Science, Ijsselstein, The
Netherlands). cDNA was synthesized starting from 125 ng RNA in a 25 pl reaction volume
consisting of random primers (Promega, Madison, USA), dNTPs (Invitrogen), 5X first
strand buffer (Invitrogen), DTT (Invitrogen), M-MLV enzyme (Invitrogen) and double
autoclaved water (ddH20). cDNA synthesis was performed in a Thermal Cycler (C1000
Touch™, Bio-Rad, Hercules, CA,USA) heating the samples for 6 min at 72°C, 5 min at 37°C
(with subsequent addition of M-MLV), 60 min at 37°C, and 5 min at 95°C. Control reactions
without M-MLV were used to verify the absence of genomic contaminations. cDNA
samples were stored at -20°C for gPCR use.

Glyceraldehyde-3-phosphate  dehydrogenase (GAPDH) and adenosine-5’-
triphosphate (ATP) were selected as reference genes, as they represented the most stable
genes throughout different experimental conditions according to GeNorm algorithm
(Vandesompele et al.,, 2002). Expression level of genes involved in tissue formation and
inflammatory processes (Table 3.1) was evaluated adding SYBR Green Supermix (Bio-
Rad), 20 mM primer mix and ddH20 to cDNA templates. All samples were analyzed in
duplicates. The real time PCR reaction (CFX384 Touch Teal-Time PCR Detection System,
Bio-Rad) was carried out for 3 min at 95°C, 40x(20 seconds at 95°C, 20 s at 60°C, 30 s at
72), 1 min at 95°C, 1 min at 65°C followed by melting curve analysis. 2-A¢t was calculated
for each sample after normalization to the geometric mean of both reference genes. The
obtained value was further normalized to hVSCs control group to account for inter-
experimental differences. To limit the influence of patients variability, gene expression of
strained hPBMCs in relation to the unstrained state of a representative donor’s cells was
determined. This procedure is based on the assumption that the absolute levels of gene

expression may vary, but that the effect of straining is equal between donors.
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Primer Symbol ‘::Izlgl(l;g;l A;;‘:;Lorn Primer sequence (5’-3’)
R R e e e e
interleukin 6 L6 45 NMoooeoo  FWACTCACCTCTTCAGAACGAATTG
tumor necrosis factor TNF 91 NM_000594 f{\\//Vé}(? GGGGCCCC(? ?T(,;T%:;‘gfg AA(;FCG
interleulin 10 10 112 Nwooosrz  FWACTTTAAGGGTTACCTGGGTTG
o iz SFL W Mo RTITGMOTOOMCTOTG
a-smooth muscle actin aSMA 134 NM_001613.1 Eg:gggg&%&fﬁé?:?&cﬁ&
Collagen' Cot 120 Nwoooosss  FWAATCACCTGGTACAGAACGG
Collagen III Col I 140 NM_000090.3 gyﬁgggggggﬁggggggggc
Flastin B 146 Nooosor  TWCTGGAATTGGAGGCATCG
Fibrillin Fbl 124 NMooonss  WTGTTGGTTTGTGAAGATATTG
Fibrillin I Fib I 126 NM_001999 E‘\/IV’I{\’IT CCCC,;: CT CGTTT%%%?ATFT:[‘GC'I(‘:C
paxmetaloproe e gy 01 aonssess ECCACTCCCTICTAC
rznatrix metalloproteinase MMP2 174 NM 001127891 gy:;ﬁﬁgﬁf;g&%g:g GG?S
glatrix metalloproteinase MMP9 224 NM_004994 ;Y/Vgg::gg:fgﬁfg‘gggca(;

Immunocytochemistry and immunohistochemistry

Whole mount immunofluorescent staining was performed on formaldehyde-fixed strips
sacrificed at 1, 2, 4 and 7 days. The samples were washed in phosphate saline buffer (PBS)
and permeabilized in 0.5 Triton X-100 (Merck, Schiphol-rijk, the Netherlands) in PBS for
10 min. Non-specific binding was blocked by 10% horse serum (Invitrogen) in PBS for 15
min. Finally, scaffolds were incubated overnight at 4°C with primary antibodies mix,
diluted as reported in Table 3.2. Primary antibodies against CD68, CCR7 and CD163 or
CD206 were used for strips sacrificed after 1, 2 and 4 days, while antibodies against
Collagen type 1, Collagen type Il and a-smooth muscle actin were selected for strips
sacrificed at day 7. The following day, scaffolds were washed and incubated for 60 min

with secondary antibodies. After washing, cell nuclei were stained with DAPIL. Samples
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were mounted on slides with Mowiol (Calbiochem, San Diego, USA) and observed with
confocal microscopy (TCS SP5X, Leica Microsystems, Wetzlar, Germany). The amount of
CD68+, CD206+, CD163+and CCR7+ cells was quantified with Image] software (U.S. National
Institutes of Health, Bethesda, MD, USA), counting immune-positive cells on a minimum of
5 matched microscope images at 20X magnification per group. Macrophage polarization
quantification was obtained dividing the number of CCR7+ cells and the number of CD206+
cells (or CD163*) by the number of CD68*, therewith determining M1 and M2 profile

percentage, respectively.

Table 3.2 Markers selected for immunostaining and relative time points and antibodies,
with concentrations indicated as volume/volume.

Time point

Marker Function (days) Primary antibody Secondary antibody
. Alexa fluor 555 goat anti-
macrophage Mouse anti-human IgG2b; ; :
Cb68 marker L24 1:100 v/v (AbD Serotech) mouse 1gG2b;  1:300 /v
(Invitrogen)
CCR7 . . .
(aka M1 marker 124 Rabbit anti-human IgG; Alexa fluor 647 goat anti-
CD197) T 1:100 v/v (Abcam) rabbit IgG; 1:300 (Invitrogen)
CD206 M2 marker . Alexa fluor 488 goat anti-
Mouse anti-human IgG1;
(aka (mannose 1,2,4 1:100 v/v (AbD Serotech) mouse IgGl; 1:300 v/v
MRC1) receptor) ' (Invitrogen)
M2 marker Mouse anti-human IgG1; Alexa fluor 488 goat anti-
CD163 (scavenger 1,2,4 1:100 v/v (AbD Serotech) mouse IgGl; 1:300 v/v
receptor) (Invitrogen)
Collagen Rabbit anti-human IgG; Alexa fluor 5_55 df)nkey anti-
type 7 1:250 v/v (Abcam) rabbit  IgG;  1:300 v/v
Y ’ (Invitrogen)
Collagen Rabbit anti-human IgG; Alexa fluor 5_55 df)nkey anti-
type I 7 1:200 v/v (Abcam) rabbit — IgG;  1:300  v/v
Y (Invitrogen)
a-smooth Mouse anti-human IgG2a; Alexa fluor 488 goat anti-
aSMA . 7 . mouse IgG2a; 1:300 v/v
muscle actin 1:500 v/v (Sigma) )
(Invitrogen)

Quantitative tissue assays

The amount of DNA, sulphated glycosaminoglycans (sGAG) and hydroxyproline (HYP) was
quantified for strips sacrificed at day 7. After lyophilization, samples were digested in
papain solution (100 mM phosphate buffer, 5 mM L-cystein, 5 mM
ethylendiaminetetraacetic acid and 140 pg papain per ml, all from Sigma) overnight at
60°C. DNA content was determined with the Hoechst dye method, using calf thymus DNA
(Sigma) to obtain the standard curve (Cesarone et al., 1979). sGAG amount was measured
via an adapted Dimethyl Methylene Blue (DMMB) assay, using shark cartilage chondroitin

sulphate (Sigma) as reference (Farndale et al., 1986). Briefly, 40 ul of diluted samples was
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pipetted in duplo into a 96-well plate and 150 pl of DMMB was added to each well and
absorbance was measured at 540 nm. As a measure of collagen content, samples were
hydrolyzed in 16 M Sodium Hydroxide (Sigma) and HYP concentration was quantified
with Chloramin-T assay, using trans-4-hydroxyproline (Sigma) as reference (Huszar et al,
1980). The amount of DNA, sGAG and HYP per mg of dry tissue was calculated and sGAG

and HYP were normalized to DNA content.

Statistical analysis

All data from immunostaining quantification, qPCR and biochemical analyses are
expressed as mean * standard error of the mean. HVSCs were used as a reference in gPCR
analysis, with their expression level set to a value of 1 for all genes. The 12% group at day
2 was not included in statistical analysis of gene expression, due to the limited amount of
RNA extracted from the samples. Statistical differences were analyzed with one-way
ANOVA followed by Bonferroni multiple comparison test, using Prism software 5.0
(GraphPad Software, La Jolla, CA). Differences were considered significant for P values <

0.05.
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3.3 Results

3.3.1 Scaffold characterization and strain validation

Electrospun PCL-U4U sheets with a thickness of 306 + 86 pym and average fiber diameter
of 5.3 £ 0.6 um were obtained (Figure 3.1A, B). Mechanical testing of the scaffold showed
absence of plastic deformation and no differences were detected between x and y direction
for strain below 12% (Figure 3.1 C). For higher strain levels, a slight anisotropy of the
construct was observed. DAPI staining revealed that the scaffold porosity allowed for
hPBMC s infiltration and cells were evenly distributed throughout the strip thickness
within 1 day after seeding (Figure 3.1D). Cyclic stretch applied to the scaffold with the
Flexcell® Tension System induced strains between 7 and 8% for the intermediate strain
level and between 12 and 13% for the high strain level (Figure 3. 1E, F). The two strain

sets were indicated as 7% and 12% group, respectively.
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Figure 3.1 Scaffold characterization and strain validation. (A-B) SEM images revealing isotropic
(4) and interconnected (B) PCL-U4U fibers. (C) Averaged (n=3) Cauchy stress vs strain curves with
standard deviations (dashed lines) obtained with biaxial tensile test, indicating elastic behavior of the
material. Inset: Cauchy stress vs strain curve of a representative sample, illustrating isotropy for
mechanical strain below 12%. (D) Scaffold section stained with DAPI, showing hPBMCs infiltration
throughout the thickness of the porous scaffold. (F-G) Scaffold subjected to different stretch
magnitudes, resulting in 7% (F) and 12% (G) deformation. Scalebar: (A) 100 um, (B) 10 um, (D) 100
um.
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3.3.2 Gene expression analysis

Expression of immune response markers was analyzed to investigate the response of
hPBMCs to different strain magnitudes over time (Figure 3.2). Gene expression of the pro-
inflammatory cytokines MCP-1, IL6 and TNF by hPBMCs was higher at day 1 and day 2 as
compared to hVSCs (Figure 3.2A-C). At day 1, the expression of MCP-1 and IL6 showed
significant increase for cells stimulated with 7% strain, compared to the other strain
groups. The expression of anti-inflammatory markers IL10 and MMP9 showed similar
behavior, with upregulation of all groups and significant increase for 7% strained cells,
with respect to the control (Figure 3.2D-E). SDF1a gene expression was downregulated for
hPBMCs compared to hVSCs and showed significant increase for 12% group at day 1
(Figure 3.2F). For most genes, the expression of hPBMCs relative to hVSCs at day 2 was
lower than its corresponding group at day 1, but the trend of expression at different strain
levels remained consistent across the time points.

In comparison with hVSCs, hPBMCs showed low expression of genes involved in
extracellular matrix synthesis, such as Collagen I and III, Elastin and Fibrillin I and II,
MMP1 and MMP2 (data not shown). Expression of aSMA, marker for myofibroblasts and
fibrocytes, was upregulated for hPBMCs after one day of strain at 7% and in static

condition compared to the control (Figure 3.2G).
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Figure 3.2. Gene expression analysis. Gene expression analysis of hPBMCs relative to hVSCs at day
1 and 2 for MCP-1 (A), IL6 (B), TNF (C), IL10 (D), MMP9 (E), SDFl1a (F), aSMA (G). * ** *¥* *#xx
indicate significant difference for P < 0.05, 0.01, 0.001, 0.0001 respectively.
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3.3.3 Macrophage phenotype assessment and quantification via

immunostaining

Immunofluorescent staining showed that hPBMCs differentiated into macrophages with
various phenotypes and revealed dissimilarities in cell distribution for scaffolds subjected
to different strain conditions (Figure 3.3). After one day, all cells were adherent onto the
scaffold fibers (Figure 3. 3A). DAPI staining suggested that the 12% group was affected by
cell depletion over time as compared to the other groups. A substantial fraction of cells
exhibited the macrophage marker CD68, with no detectable differences between groups
and time-points. Cell surface markers for the pro-inflammatory profile M1 (CCR7) and
immunomodulatory and tissue remodeling profile M2 (CD206) revealed differential
macrophage polarization among the different groups over time. A predominance of the M1
phenotype was observed for every experimental condition, with increasing presence of
M2 cells at day 2 (Figure 3.3B) and 4 (Figure 3.3C) in 0% and 7% groups. Immunostaining
for CD163 as M2 marker showed similar cell distribution and polarization (data not
shown).

Figure 3.4 illustrates overall observed features of polarized macrophages in the
different groups and time points. At day 1, macrophages exhibited a small size and round
shape, with prevalence of CCR7 expression in each strain group. After 2 and 4 days, an
increase of M2 marker expression was detected on the surface of cells exposed to 0% and
7% deformation, with frequent co-localization of CCR7 and CD206 on a single cell.
Conversely, at day 2 and 4, macrophages subjected to 12% strain presented almost
exclusively M1 phenotype. Cells positive to CCR7 only retained a small, round shape over
time, while the majority of CD206* cells displayed a more complex morphology and
podosome-like protrusions development. Furthermore, the presence of cell clusters with

marked M2 profile was detected in 0% and 7% strain groups at day 2 (Figure 3.5).
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A SCAFFOLD DAPICDGE M1

Figure 3.3 Cell distribution and phenotype within scaffolds subjected to different strain
conditions. (A-C) DAPI staining (in blue) showing depletion of cells in 12% group over time,
compared to 0% and 7% groups. CD68 staining (in green) proving monocyte differentiation into
macrophages in all groups, with a prevalence of M1 phenotype (in red) compared to M2 (in yellow) in
all groups at day 1. In time, increase of M2 is observed in 0% and 7% groups only. Scale bar: 50 um.
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Figure 3.4 Macrophage phenotype assessment. M1 (in red) and M2 (in yellow) staining, revealing
increase of M2 macrophages over time in 0% and 7% groups, with co-localization of M1 and M2
markers. DAPI staining (in blue) indicates cell nuclei. Scale bar: 10 um.

DAPI M1

7%

Figure 3.5 Cell clusters phenotype assessment. Immunostaining for CCR7 (M1, in red) and CD163
(M2, in yellow) markers at day 2, revealing the presence of fused cells with preferred M2 phenotype
both in 0% (A-B) and 7% (C-D) strain groups. Scale bar: 25 um.

Quantitative analysis of the macrophage polarization status confirmed that the majority of

macrophages were CCR7+ (M1), with no significant differences between groups and time
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points (Figure 3.6A). A lower percentage of macrophages were CD206* (M2), with
diminished values for 12% groups at day 2 and 4. An M2/M1 (CD206*/CCR7+) ratio below
1 indicated that macrophage polarization was skewed towards M1 phenotype, but a
significant increase towards M2 in the 7% strain group was observed over time (Figure
3.6B). In contrast, M2/M1 ratio remained stable for 0% group at day 2 and 4, but
decreased substantially for 12% group, implying a limited presence of CD206+* cells. Data
plotted per time point showed that the ratio of polarized macrophages was analogous for
all groups after 1 day, whereas a significant decrease of M2/M1 was observed for 12%
strain at day 2 and 4, as compared to other 2 groups (Figure 3.6C). Quantitative analyses

performed with CD163 as M2 marker showed similar trend (data not shown).
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Figure 3.6 Macrophage phenotype quantification. (4) Macrophage polarization percentages
calculated showing ratio of M1 and M2 to the total amount of CD68* cells. (B) M2:M1 ratio revealing
M2 phenotype increase in 7% group over time. Values below 1 indicate predominance of M1
macrophages. (C) A different representation of the same data showing decrease of M2 phenotype in
12% groups at day 2 and day 4. ** Denotes significant difference for P< 0.01.

3.34 Quantitative analysis and immunostaining of extracellular matrix

markers

The presence of cells within the scaffold after 7 days and early tissue formation were
visualized with immunostaining and evaluated via quantification of DNA and matrix
components. DNA measurements confirmed the observations based on DAPI staining,
revealing a decrease of the amount of cells for increasing strain levels, with more than
50% depletion in the 12% groups in comparison to the static control (Figure 3.7A). sGAG
and HYP assays demonstrated the capacity of preseeded hPBMCs to synthesize and

deposit sulphated glycosaminoglycans and hydroxyproline, but in lower amounts as
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compared to hVSCs and with no significant differences between the strain levels (Figure
3.7B, C). sGAG and HYP amounts are reported normalized to DNA.

Immunostaining of collagen types showed deposition of Collagen type III in all
groups, thus reflecting the results of HYP assay, but only limited amounts of Collagen type
[ was observed (Figure 3.7D). The staining for smooth muscle actin revealed the presence

of spindle-shaped aSMA* cells elongated along the polymer fibers in scaffolds subjected to

0 and 7% deformation.
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Figure 3.7 Analysis of extracellular matrix markers. (A-C) Quantitative analysis of DNA (A), sGAG
(B) and HYP (C) of hPBMCs subjected to different deformations at day 7. sGAG and HYP are
normalized on DNA content. (D-I) Immunostaining images revealing Collagen III deposition (D-F),
absence of Collagen I and presence of aSMA* spindle-shaped cells (G-1) after 7 days of cyclic loading.
Scale bar: 25 pm. ** **% ***indicate significant difference for P < 0.01, 0.001, 0.0001 respectively.
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3.4 Discussion

Recent studies have shown that modulation of macrophage phenotype represents a
critical determinant of functional integration or failure of implanted biomaterials (Brown
et al, 2012). Badylak et al. unveiled the correlation between the ratio of M1:M2 cells
following implantation and the host response, suggesting that polarization towards an M2
phenotype might lead to constructive remodelling (Badylak et al., 2008). The present
study investigated the impact of mechanical cues on hPBMCs adherent on a fibrous
scaffold in vitro and demonstrated that strain affects macrophage response in terms of
signaling and differentiation. In particular, moderate strains (7%) elicit polarization
towards a reparative M2 profile and enhance the expression of genes participating in the
immune response, such as MCP-1, IL6, IL10, MMP9, while higher strains (12%) elicit a
down-regulation of these genes.

Sensitivity of several cell types to cyclic stretch is well acknowledged, but there is
only limited recognition of macrophage responsiveness to mechanical loading. Recently, it
was proven that stretch affects elasticity and phagocytosis functionality of murine
macrophages, in a process mediated by actin polymerization (Patel et al, 2012). In the
present study, human macrophages were shown to respond to cyclic strain amplitudes,
selected among a range of deformations that can occur in vivo when load-bearing
cardiovascular tissues are subjected to physiological forces (Bouten et al., 2011). Moderate
strain (7%) cyclically applied for one day remarkably altered the expression of genes, such
as MCP-1, proven to expedite wound healing by early recruitment of cells from the
circulation and adjacent tissues, when released with a short pulse (Jay et al., 2010; Roh et
al., 2010). Furthermore, 7% deformation enhanced polarization of macrophages towards
the M2 profile over time and did not result in cell loss within the scaffold. On the contrary,
deformations around 12% resulted in cell loss over time and induced predominant
transition towards the M1 profile, indicating that high strain magnitudes might discourage
macrophage adhesion and interfere with differentiation towards tissue regenerative M2
phenotype. Variation of the genetic and phenotypic profile in response to different strain
levels is an evidence of macrophage sensitivity to cyclic load that triggers
mechanotransduction pathways. When cells are exposed to varying mechanical strain
levels, forces acting on the cytoskeleton result in differential activation of multiple
mechanosensors, such as stretch-sensitive ion channels and unfolding of actuated proteins
(Throm Quinlan et al., 2011). Identification of such sensors and related pathways for force

transduction in macrophages is interesting, but beyond the scope of this study.
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The mononuclear cell fraction of the seeded hPBMCs underwent differentiation
into CD68* macrophages upon contact with the PCL-U4U scaffold, irrespective of the
applied deformation. At day 1, the CD68+ population was only partially polarized towards
a M1 or M2 profile, therefore percentages of cells stained for CCR7 and CD206 or CD163
did not sum to 100%. At day 2 and 4, the sum of M1 and M2 percentages exceeded the
total amount of CD68* macrophages in 0 and 7% groups, as many cells exhibited
concurrently both surface markers. This phenomenon might be justified by the presence
of a transitional phenotype within the wide spectrum of macrophage activation described
by Mosser and Edwards, reflected also in the concomitant expression of genes associated
with both M1 (MCP-1, IL6, TNF) and M2 (IL10, MMP9) profiles (Mosser & Edwards, 2008).

Expression of inflammatory and immunoregulatory genes showed considerably
high upregulation at day 1, as a result of the acute response prompted by the initial
interaction between macrophages and the biomaterial. After 2 days, a decrease of gene
expression of MCP-1, IL6, TNF and IL10 was observed, which might be connected to
attenuation of the immune response, with potentially beneficial downstream implications,
as it was shown that prolonged pro-inflammatory signaling can lead to deleterious
consequences, such as chronic inflammation and scar tissue formation (Franz et al., 2011).
Gene expression of SDF-1a, which was shown to contribute to inflammation resolution
and recruitment of stem cells when incorporated into biomaterials, was downregulated
for hPBMCs compared to hVSCs, indicating that adherent leukocytes might not represent a
valid cell source for release of this chemokine (Thevenot et al, 2010). aSMA gene
expression was upregulated in 0 and 7% strained samples and spindle-like aSMA* cells
were detected in these groups after 7 days. The observed features are distinctive of
fibrocytes, described as progenitor cells present in the hPBMCs fraction and involved in
inflammation and matrix deposition (Reilkoff et al, 2011). Extensive presence of
fibrocytes may induce fibrosis, but their contribution to early collagen deposition and later
differentiation into myofibroblasts might support graft remodeling (Thevenot et al, 2011).
Additional assessment needs to be be carried out in future research to accurately identify
the nature of these cells.

The presence of fused macrophages was observed in unstrained and 7% strained
scaffolds at day 1 and 2. Their formation is probably triggered by the contact with 5 um
diameter polymeric fibers, that hamper the phagocytosis capacity of macrophages
(Anderson et al.,, 2008). Formation of such multinucleated clusters is typically induced by
anti-inflammatory cytokines and is associated with a transition to M2 phenotype, as

confirmed by immunostaining (Anderson et al., 2008).
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The use of scaffolds pre-seeded with autologous cells for vascular regenerative
medicine is currently under debate. Roh et al. could not detect the seeded BM-MNCs
within the graft one week after implantation in a murine model, suggesting that seeded
cells do not contribute to remodeling through direct tissue deposition, (Roh et al.,, 2010).
Further evidence of their limited contribution to vessel regeneration in small animals was
provided by Wu et al.,, who obtained successful remodeling of a graft interposed in a rat
abdominal aorta by means of a cell-free approach (Wu et al., 2012). Brown et al indicated
that acellular scaffolds were capable to elicit M2 polarization, but it was shown by Hibino
et al. that pre-seeded grafts could significantly reduce infiltration of macrophages and M1
activation (Brown et al, 2009; Hibino et al., 2011). Rapid depletion of pre-seeded cells
from implanted scaffolds was observed in small animal models, whereas persistence of
pre-seeded cells was proved for up to 2 weeks in patches implanted in the arterial wall of
ovine models (Sales et al, 2007). These results suggest that the time before seeded cells
are cleared might increase with the life span of the host, implying that they could survive
several weeks within a human host, eventually supporting initial matrix deposition.

In the present study, hPBMCs were shown to contribute to ECM synthesis within a
week from seeding, mainly by deposition of sGAG and Collagen III. In addition to offering
additional mechanical support to the biodegradable construct, early matrix can support
later tissue production by secondary infiltrating cells, by providing appropriate
microenvironmental cues. In particular, sGAG have been identified to promote cell
adhesion and proliferation and to bind cytokines involved in resolution of inflammation
and angiogenesis, such as IL10 and IL8, preventing them from being cleaved (Franz et al,
2011). Moreover, it was demonstrated that matrices based on collagen and sGAG support
expression of CD163 and release of IL10 by adherent macrophages, signifying M2
activation (Kajahn et al,, 2012).

There are several limitations to this study. The model system allowed to study the
effect of mechanical strain on adherent macrophages, without taking into account other
immunoregulatory cells involved in M1/M2 polarization. Lymphocytes were present in
the seeded leukocyte fraction, but they did not adhere to the scaffold, therefore their
contribution to the study is considered irrelevant. A limited amount of markers and genes
was selected to characterize activated populations of macrophages. Antibodies against
CCR7 and CD163 or CD206 were used to discriminate between M1and M2 respectively, as
they are known to be highly indicative of polarized macrophages (Mantovani et al., 2002).
In order to provide a more exhaustive profiling of macrophages phenotype, the range of

genes analyzed by qPCR could be widened and supplemented by quantification of cytokine
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release at protein level. The role of other mechanical forces acting on implanted scaffolds,
such as shear stresses induced by flow, was not included in this study, but is currently
under investigation in our laboratory, to provide further insight into cell responses to
mechanical cues.

The results of this study offer a first indication of a strain range that positively
affects macrophages in terms of polarization and early matrix deposition. This information
may be used to improve the remodeling outcome of an implant, by tuning the mechanical
properties of the substrate in order to modulate the early response of pre-seeded and
infiltrated macrophages upon implantation. With the aid of computational modeling, the
design of scaffolds for the regeneration of load-bearing cardiovascular tissues can be
optimized, in order to expose adherent cells to moderate strains when subjected to

physiological loads.

3.5 Conclusion

This study indicates that the inflammatory response to a biomaterial can be modulated by
mechanical strain. Deformations applied to adherent macrophages were shown to
differentially affect their phenotype and gene expression. In particular, strain levels
around 7% promote polarization towards the anti-inflammatory, reparative M2 profile.
Furthermore, it was demonstrated that macrophages exposed to mechanical loads retain
the capability to synthesize extracellular matrix. These results are instructive for the
design and manufacturing of scaffolds intended as replacement for load-bearing

cardiovascular tissues.
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Abstract

Mesenchymal stromal cells (MSC) play an important role in natural wound healing via
paracrine and juxtacrine signaling to immune cells. As such, MSC have been used in
combination with biomaterials to function as natural producers of signaling factors upon
implantation, in order to mediate regeneration of cardiovascular tissues in situ. The aim of
this study was to identify the signaling factors secreted by preseeded cells in a biomaterial
and their interaction with circulating leukocytes, in the presence of physiological
biomechanical stimuli exerted by the hemodynamic environment (i.e. strain and shear
flow). Electrospun poly(e-caprolactone)-based scaffolds were seeded with human
peripheral blood mononuclear cells (PBMC) or MSC, either adipose- or bone marrow-
derived. The preseeded scaffolds were analyzed for the production of immunomodulatory
and trophic proteins under static conditions and cyclic strain. Subsequently, the cross-talk
between seeded cells and circulating leukocytes was addressed by exposing the scaffolds
to a suspension of PBMC in static transwells and in pulsatile flow. Our results revealed that
PBMC exposed to the scaffold consistently secreted a mix of immunomodulatory proteins,
such as TNFq, IL-10 and MMP9, under all conditions tested. Preseeded MSC, on the other
hand, secreted the trophic factors MCP-1, VEGF and bFGF. Furthermore, we observed a
synergistic upregulation of CXCL12 gene expression and a synergistic increase in bFGF
protein production by preseeded MSC exposed to PBMC in pulsatile flow. These findings
indicate CXCL12 and bFGF as valuable targets for the development of safe and effective

acellular instructive grafts for application in in situ cardiovascular regenerative therapies.

4.1 Introduction

Human multipotent mesenchymal stromal cells (MSC), are long-known for their
multilineage differentiation potential (Pittenger et al., 1999). In adult humans, MSC reside
in local niches within various tissues throughout the body, such as the bone marrow and
adipose tissue. Apart from their multipotency, MSC are well-recognized for their
immunomodulatory potential (Aggarwal & Pittenger, 2005; Shi et al, 2012). In addition,
MSC contribute to tissue repair and angiogenesis by homing to sites of injury and releasing

a broad range of paracrine factors, a capacity which has been referred to as trophic
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activity (Caplan, 2007). The recognition of the immunomodulatory and trophic capacities
has led to effective clinical employment of MSC in various cell-based therapies, such as the
treatment of graft-versus-host-disease (Le Blanc et al, 2004, 2008) and regenerative
therapies, for example after myocardial infarction (Fisher et al., 2013).

Similarly, MSC have been used in combination with biomaterials, or scaffolds, for
the local regeneration of cardiovascular tissues in a one-step intervention, following the
so-called in situ tissue engineering approach (Matsumura, Miyagawa-Tomita, et al., 2003;
Hibino et al., 2005; Matsumura et al., 2006; Vincentelli et al, 2007; Emmert et al.,, 2011,
2012; Weber et al, 2013). Preseeding of scaffolds with either selected MSC or
unfractioned bone marrow mononuclear cells (BM-MNC) has been shown to improve
neotissue formation in vivo in various animal models, which has led to the first clinical
trials using this approach for replacement of large-caliber arteries (Matsumura, Hibino, et
al, 2003; Shinoka et al,, 2005; Hibino et al, 2010). Rather than terminally differentiating
into functional tissue cells, it appeared that the preseeded BM-MNCs primarily ameliorate
the regenerative process by paracrine signaling to recruit immune cells (Roh et al, 2010).
Accordingly, it was shown that static exposure of BM-MNCs to a synthetic scaffold
significantly increased the secretion of several chemoattractants in vitro (Roh et al., 2010).
However, as the BM-MNCs are a highly heterogeneous population, the contribution of MSC
to this process is not known. Since the amount of MSC is highly variable between patients,
this may lead to high inter-patient variability in the clinical application of this approach,
which warrants for a more systematic insight into these processes. Furthermore, the
interactions between MSC and recruited leukocytes remain to be clarified. This is of
importance as it is known that MSC only exhibit their immunosuppressive and trophic
activities when in close cross-talk with leukocytes (Shi et al, 2012). Moreover, the
interactions between MSC and leukocytes may be influenced by the hemodynamic
environment as it was shown that cyclic strain influences the synthetic and
immunomodulatory behavior of MSC (Charoenpanich et al.,, 2011; Colazzo et al, 2011), as
well as peripheral blood mononuclear cells (PBMC) (Ballotta et al.,, 2014). Furthermore,
we recently demonstrated that the recruitment of circulating PBMC is influenced by shear
flow, which emphasizes the importance of the hemodynamic environment (unpublished
data).

For safe and effective clinical translation of the promising in situ tissue engineering
approach, our goal here was to systematically study the signaling factors secreted by
preseeded cells in a biomaterial and their interaction with circulating leukocytes, in the

presence of physiological biomechanical stimuli.
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Fibrous poly(e-caprolactone)-based scaffolds were seeded with human PBMC,
bone marrow-derived mesenchymal stromal cells (BMSC), or adipose-derived
mesenchymal stromal cells (ADSC), and the seeded scaffolds were analyzed for the
production of immunomodulatory and trophic proteins under static conditions, as well as
under cyclic strain. Subsequently, the cross-talk between seeded cells and circulating
leukocytes was addressed by exposing the preseeded scaffolds to a suspension of PBMC in

static transwells and in conditions of pulsatile flow.

4.2 Materials and methods

421 Cell culture and characterization

The BMSC were a generous gift from the Maastricht University, in cooperation with the
Academic Hospital Maastricht, the Netherlands. Human ADSC were purchased from
Invitrogen (Bleiswijk, the Netherlands). For both MSC types, aMEM (Gibco, Grand Island,
NY) was used as the culture medium, supplemented with fetal bovine serum (10% v/v;
FBS Gold, PAA Laboratories GmbH, Colbe, Germany), L-glutamine (1% v/v; Sigma-Aldrich,
St. Louis, M0O), and penicillin/streptomycin (1% v/v; Lonza, Basel, Switzerland). After
expansion, the MSC were frozen in aMEM, supplemented with Dimethyl Sulfoxide (DMSO;
10% v/v; Merck Millipore, Amsterdam, the Netherlands) and FBS Gold (20% v/v), and
cryopreserved until use. Human PBMC were isolated from buffy coats (purchased from
Sanquin, Nijmegen, the Netherlands) by density gradient centrifugation (Lymphoprep;
Axis-Shield, Oslo, Norway). After isolation, PBMC were directly frozen in RPMI medium
(RPMI 1640; Gibco), supplemented with FBS Gold (20% v/v) and DMSO (10% v/v). In
total, PBMC from 6 healthy donors were used. Prior to use, the cell populations were

characterized using flow cytometry, as described in 4.2.7.

4.2.2 Scaffold preparation

3D fibrous sheets were produced by electrospinning, using poly-e-caprolactone bisurea
(PCL-U4U) as the base material. PCL-U4U is an elastomeric polymer, custom-developed by
SyMO-Chem (Eindhoven, the Netherlands), with Mw = 110 kDa. For electrospinning, the
PCL-U4U was dissolved in chloroform (CHCls; amylene-stabilized, Sigma-Aldrich) at a

concentration of 12.5 % (w/v) with addition of 1% (v/v) methanol. The polymer solution
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was fed through a translating 14 G needle at high voltage (14 kV) and collected on a
grounded, rotating cylindrical mandrel (& 29 mm, 100 rpm) at 15 cm distance.
Temperature and relative humidity were kept constant at 23 °C and 30%, respectively,
using an electrospinning climate chamber (EC-CLI, IME Technologies, Geldrop, the
Netherlands). A coaxial flow of CHCls-saturated air was applied around the needle to
prevent excessive solvent evaporation. Scaffolds were kept under vacuum overnight to
remove any solvent remnants. The resulting thickness of the scaffold sheet was
determined using high-power digital microscopy (VHX-500FE, Keyence, Mechelen,
Belgium) and the fiber diameter was measured using scanning electron microscopy (SEM;

Quanta 600F, FEI, Eindhoven, the Netherlands).

4.2.3 Cell seeding

Scaffolds were cut to size from the electrospun sheets and sterilized using a 70% ethanol
solution. Circular scaffolds (& 8 mm) were used for the chemotaxis assays and rectangular
scaffolds were used for the flow and strain experiments (10 x 15 mm2 and 5 x 35 mm?2,
respectively). For the strain experiments, the scaffolds were glued onto non-coated
BioFlex culture plates (FlexCell International Corporation, Hillsborough, NC) using silicone
(Silastic MDX4-4210; Dow Corning, Midland, MI). After polymerization of the silicone glue,
scaffolds were sterilized using 70% ethanol. Prior to cell seeding, the sterile scaffolds were
washed using phosphate-buffered saline (PBS) and incubated in medium overnight to
allow for protein adsorption. Cells were seeded using fibrin gel as a carrier (Mol, van
Lieshout, et al, 2005). BMSC and ADSC were used at passage 5 at a concentration of 8x103
cells/ul. PBMC were seeded at a concentration of 1x105 cells/pl. The cells were suspended
in fibrinogen (10 mg/ml; Sigma-Aldrich), after which the suspension was mixed with
thrombin (10 IU/ml; Sigma-Aldrich) and immediately seeded into the PCL-U4U scaffolds.
The fibrin was allowed to polymerize for 15 minutes at 37 °C, before starting experiments.
Four experimental conditions were applied to the seeded scaffolds: (I) static control, (II)

cyclic strain, (III) chemotaxis assay, and (IV) shear flow conditions (Figure 4.1).
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Figure 4.1 Drawing illustrating the experimental design. Scaffolds preseeded with PBMC, BMSC
or ADSC were used as static control (I), or were subjected to 3% and 8% cyclic strain at 0.8 Hz (II).
Scaffolds preseeded with PBMC, BMSC or ADSC and unseeded scaffolds were exposed to PBMC in
suspension in a transwell chamber system (I1I) or in a fluidics setup to apply shear flow conditions

().

424 Strain experiments

Preseeded strips were subjected to cyclic stretch using the Flexcell system (FX-5000TM
Tension System, FlexCell International Corporation) with maximum strain levels of 0%,
3%, and 8% at a frequency of 0.8 Hz. The strain distribution within the scaffolds was
validated via digital imaging to correlate the applied stretch to the actual scaffold
deformation, as previously described (Boerboom et al., 2008). For this, a random dots
pattern was sprayed onto the scaffolds and images were collected at 60 frames/sec with a

high-speed camera (MotionScope, M5C, IDT, Tallahassee, FL). Images were analyzed with
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ARAMIS DIC software (Gom GmbH, Braunschweig, Germany), resulting in the local strain
distribution over the scaffold strips (data not shown).

BMSC- and ADSC-seeded scaffolds were cultured in complete aMEM culture
medium, while PBMC-seeded strips were cultured in complete RPMI culture medium.
Samples of the supernatant media were collected after 1, 4, and 24 hours for protein
analyses. After 24 hours, the strips were released from the Bioflex plates, cut into small
pieces, snap-frozen in liquid nitrogen and stored at -80 °C for qPCR analysis. Three

experimental groups were tested: scaffolds seeded with PBMC, BMSC, and ADSC (N=9 per
group).

4.2.5 Chemotaxis assay

Seeded scaffolds were placed in the lower compartment of a Boyden chamber, separated
from the upper compartment by a membrane with & 3 pm pores (24-wells ThinCerts,
Greiner Bio-One, Frickenhausen, Germany). Four experimental groups were tested:
scaffolds seeded with PBMC, BMSC, ADSC, and fibrin only (N=9 per group). In all groups,
PBMC were added into the upper compartment in complete RPMI medium at a
concentration of 5x106 cells/ml. After 4 hours of incubation (37 °C; 5% CO-), the migrated
cells were analyzed with flow cytometry and samples of the medium supernatant were
obtained for protein analysis. The scaffolds and membranes were washed with PBS to
include all non-adherent cells in the flow cytometric analysis. After washing, the scaffolds
were cut into small pieces, snap-frozen in liquid nitrogen and stored at -80 °C for qPCR

analysis.

4.2.6 Fluidics model

An in-house developed mesofluidics setup was used to investigate cell recruitment and
interactions in bio-mimicking conditions of pulsatile flow, as previously described (Smits
et al, 2012). In brief, rectangular strips (10 x 15 mm?) of the preseeded scaffolds were
mounted into a parallel-plate flow chamber. PBMC were suspended in complete RPMI
medium (5x106 cells/ml) and added to the syringes of a Fluidic Unit (ibidi GmbH,
Martinsried, Germany) with a total volume of 10 ml per sample. The cell suspension was

driven along the scaffold in a pulsatile flow using a modified pressure pump (ibidi GmbH).
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Flow conditions were set at a frequency of 1 Hz, with peak shear stress and peak pressure
of approximately 1.6 Pa and 100 mmHg, respectively, resembling typical hemodynamic
conditions of human small-diameter arteries. Samples of the remaining cell suspension
were taken during flow via in-line injection ports (ibidi GmbH) on the outlet port of the
flow chambers (at 25 min, 1 hr and 4 hrs). These samples were analyzed using flow
cytometry to quantify the remaining cell populations and the supernatant was analyzed
for protein content. After 4 hours of exposure to the PBMC, the scaffolds were sacrificed.
Approximately % of the scaffold was fixated in formaldehyde (3.7% v/v; Merck Millipore,
Amsterdam, the Netherlands) for immunofluorescent staining and the remainder was cut
into small pieces, snap-frozen in liquid nitrogen and stored at -80 °C for qPCR analysis.
Four experimental groups were tested: scaffolds seeded with PBMC, BMSC, ADSC, and
fibrin only (N=9 per group).

4.2.7 Flow cytometry and gating strategy

For all experimental conditions, the cells collected for flow cytometric analysis were
washed using a buffer of 0.6% (w/v) sodium citrate (Lonza) in PBS, and incubated in 10%
(v/v) human serum (type AB; Lonza) in PBS to block non-specific binding. Subsequently,
the cells were incubated for 30 minutes with the antibodies the following conjugated
monoclonal antibodies: anti-CD105 (Alexa 488, clone SN6, AbD Serotec, Oxford, United
Kingdom); anti-CD90 (PE, clone 5E10, BD Biosciences, San Jose, CA); anti-CD14 (FITC,
clone TUK4, AbD Serotec); anti-CD16 (Alexa 647, clone LNK-16, AbD Serotec); anti-CD4
(FITC, clone B-A1, Diaclone, Besancon, France); anti-CD8 (PE, clone B-Z31, Diaclone); anti-
CD34 (PerCP-Cy5.5, clone 8G12, BD Biosciences); anti-CD45 (FITC, clone 2D1, BD
Biosciences). Titration experiments were performed to determine optimal working
concentrations and specificity was validated for all antibodies. The labelled cells were
washed to remove background staining, and samples were measured using a bench-top
flow cytometer (Guava easyCyte 6HT, Merck Millipore, Billerica, MA). Debris was excluded
using a threshold on the forward scatter signal and at least 10,000 events were counted
per sample. Data analysis was performed using the Guava Express Pro software package,
combined with FCS Express (De Novo Software, Los Angeles, CA). MSC or PBMC were
gated based on cell size and granularity (forward scatter and side scatter signals,
respectively), all other events were excluded from analysis. The PBMC gate was

subdivided into a monocyte gate and a lymphocyte gate. Within the monocyte gate, the
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monocyte subsets were quantified based on expression of CD14 and CD16, with the
classical CD14+/CD16- monocytes designated as ‘mon 1’, intermediate CD14+/CD16*
monocytes as ‘mon 2’, and non-classical CD14dim/CD16* monocytes as ‘mon 3’ (Ziegler-

Heitbrock, 2007; Shantsila et al., 2011).

Table 4.1 Proteins and genes analyzed via Multiplex ELISA or qPCR, respectively.

Protein Symbol Function
Interleukin 4 IL-4 Stimulates repair, inhibits IFN-y
Interleukin 12(p70) IL-12  Pro-inflammatory factor
Interleukin 18 IL-13  Pro-inflammatory factor
Interferon y IFN-y  Pro-inflammatory factor, induces MSC? apoptosis
Tumor necrosis factor o TNF-o.  Pro-inflammatory factor
Interleukin 10 IL-10 Anti-inflammatory factor, inhibits TNF-a, [FN-y,
IL-1B
Matrix metallopeptidase 9 MMP-9  Extracellular matrix breakdown and remodeling

Interferon gamma-induced protein IP-10  Inhibits angiogenesis

10

M hage infl i

lﬁacrop age Inflammatory protein MIP-1B  Pro-inflammatory and chemotactic factor for M¢?
M hage infl i

10:21cr0p age Inflammatory protein MIP-1a  Pro-inflammatory and chemotactic factor for M¢
Interleukin 6 IL-6 Both pro- and anti-inflammatory functions
Interleukin 8 IL-8 Chemotactic for neutrophils, pro-angiogenic
Monocyte chemoattractact protein MCP-1 Chemotactic for monocytes/ M¢, stimulates

1 healing

Basic fibroblast growth factor bFGF  Pro-angiogenic, promotes scarless healing

Vascular endothelial growth factor VEGF Pro-angiogenic and vasculogenic, homing of EC¢
and MSC

Soluble vascular cell adhesion

molecule

Soluble intercellular adhesion

molecule

sICAM  Mediates cell adhesion and migration

sVCAM Mediates cell adhesion and migration

Stromal cell-derived factor 1 (gene) CXCL12 Chemotactic for MSC and progenitor cells

aMSC = mesenchymal stromal cells, PM¢ = macrophages, <EC = endothelial cells

4.2.8 Multiplex ELISA

Multiplex ELISA measurements were performed by the Multiplex core facility of the
Laboratory for Translational Immunology of the University Medical Center Utrecht, the

Netherlands, using an in-house developed and validated multiplex immunoassay based on
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Luminex technology (Table 4.1). Samples were incubated with antibody-conjugated
MagPlex microspheres (BioRad, Hercules, CA) for one hour at room temperature with
continuous shaking, followed by one hour incubation with biotinylated antibodies, and 10
min incubation with phycoerythrin-conjugated streptavidin diluted in high performance
ELISA (HPE) buffer (Sanquin). Acquisition was performed using a FLEXMAP 3D system
controlled with xPONENT 4.1 software (Luminex, Austin, TX). Data was analyzed by 5-
parametric curve fitting using Bio-Plex Manager software (version 6.1.1, Biorad). Protein
measurements were corrected for the amount of seeded cells per volume of medium in
each experimental condition. Heatmaps were created by averaging the data per
experimental group and plotted according to a defined colour scale using the Sparklines

application in Microsoft Excel.

4.2.9 qPCR

CXCL12 protein (also known as SDF-1a) release was not detectable via ELISA. Therefore,
the expression of the corresponding gene was analyzed. For all experimental conditions,
the frozen scaffolds were disrupted with a microdismembrator (Sartorius, Goettingen,
Germany) using RNAse-free metal beads (@ 3 mm, Sartorius, Goettingen, Germany) in
Nalgene® cryogenic vials (Sigma-Aldrich). The disrupted cells were lysated using RLT
buffer with B-mercaptoethanol (Sigma-Aldrich). RNA was isolated with Qiagen RNeasy kit
(Qiagen) according to manufacturer’s instructions, including a DNAse incubation step.
RNA quantity and purity were determined with a spectrophotometer (NanoDrop®, ND-
1000, Isogen Life Science, IJsselstein, the Netherlands). Absence of genomic contamination
was checked using real-time PCR (CFX384 Touch Real-Time PCR Detection System, Bio-
Rad, Hercules, CA) with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers.
cDNA was synthesized starting from 200 ng RNA in a 15 pl reaction volume consisting of
20 ng/ml random primers (Promega, Madison, WI), 5 mM dNTPs, 5X first strand buffer,
0.1 M DTT, 200 U/ul M-MLV Reverse Transcriptase (Invitrogen) and double autoclaved
water (ddH20). cDNA synthesis was performed in a Thermal Cycler (C1000 Touch™, Bio-
Rad) by subjecting the samples to a temperature cycle of 72°C for 6 minutes, 37°C for 5
minutes (with subsequent addition of M-MLV), 37°C for 60 minutes, and 95°C for 5
minutes. GAPDH was selected as the reference gene, as it represented the most stable gene
throughout different experimental conditions according to GeNorm algorithm

(Vandesompele et al., 2002).
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Gene expression of CXCL12 was determined by adding 20mM primer mix (‘5-3
primer sequence: forward ATTCTCAACACTCCAAACTGTGC; reverse
CTTCAGCCGGGCTACAATCTG, accession number NM_000609; Sigma-Aldrich) to the cDNA
templates, together with SYBR Green Supermix (Bio-Rad) and ddH20. The real-time PCR
reaction was carried out for 3 minutes at 95°C, 40x(20 seconds at 95°C, 20 seconds at
60°C, 30 seconds at 72), 1 minute at 65°C, followed by melting curve analysis (CFX384,
Bio-Rad). C; values were normalized to the reference gene to obtain the relative gene

expression.

4.2.10 Immunostainings

For the flow experiments, the cells in the scaffolds were double-stained using antibodies
against CD90 and CD45 to distinguish between MSC and PBMC. The formaldehyde-fixed
samples were washed twice in PBS, followed by an antigen retrieval step of 30 minutes
incubation with citrate buffer (pH 6, Target Retrieval Solution, Dako, Glostrup, Denmark)
at 97 °C. Samples were permeabilized using 0.5% Triton X-100 (Merck Serono, Schiphol-
Rijk, the Netherlands) in PBS for 15 minutes, followed by overnight incubation in 10%
horse serum (Invitrogen) in PBS to block non-specific binding. Samples were incubated for
2 hours with a primary antibody mix of CD90 (1:200; monoclonal, rabbit anti-human IgG,
Abcam, Cambridge, UK) and CD45 (1:200; monoclonal, mouse anti-human IgG;, Abcam)
with 1% bovine serum albumin and 0.1% Tween-20 in PBS, followed by washing with
0.1% Tween-20 and PBS. Fluorescent labeling was performed by 60 minutes incubation in
0.1% Tween-20 and PBS with a mix of Alexa fluor 555-conjugated goat anti-rabbit IgG
(1:300) secondary antibody for CD90 and Alexa fluor 488-conjugated goat anti-mouse IgG:
(1:300) secondary antibody for CD45 (Invitrogen). Excess antibody was removed by
extensive washing with 0.1% Tween-20 and PBS, and cell nuclei were stained by 5
minutes incubation with 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). After
washing three times in PBS, scaffolds were mounted on slides with Mowiol (Calbiochem,
San Diego, CA) and observed with confocal microscopy (TCS SP5X, Leica Microsystems,

Wetzlar, Germany).
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4.2.11 Statistical analysis

All data are expressed as mean #* standard error of the mean. Differences in protein
release and gene expression between control groups and chemotaxis or flow samples
were analysed per cell type with a two-tailed t-test. To assess if synergistic effects existed
between the preseeded cells and the PBMC in suspension (chemotaxis and flow), we
directly compared the total amount of protein secreted in individual culture conditions
with the total amount of protein secreted in the co-culture experiments. For this, the
averages and variances of the single contributions were summed and the corresponding
standard deviations were used in a two-way ANOVA. For all other analyses, one-way
ANOVA was applied. All tests were followed by Bonferroni post hoc test and a P-value
<0.05 was considered statistically significant. The analyses were performed using Prism

software 5.0 (GraphPad Software, La Jolla, CA).

4.3 Results

431 Scaffold and cell characterization

The scaffolds obtained via electrospinning showed isotropic fiber distribution, with fiber
diameter of 4.7 + 0.5 pm and overall thickness of 392 + 40 um. All cell types were
characterized prior to seeding via flow cytometry, which revealed that ADSC and BMSC
were positive for CD105 (> 92%) and CD90 (> 97%) and strictly negative for CD14, CD16,
CD45, CD34, CD4, and CD8, indicating their phenotype of stem cells of non-hematopoietic
origin (Figure 4.2). In contrast, PBMC stained predominantly negative for CD105 (~ 2.5%)
and CD90 (< 1%), while positive for the leukocyte marker CD45 (~ 98%). Among them,
60% was positive for CD4 and 27% for CD8, markers for T helper and T killer cells,
respectively. Monocyte markers CD14 and CD16 were expressed by approximately 12% of
total amount of PBMC, while only 6% stained positive for CD34, indicative of the

hematopoietic progenitor lineage.
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Figure 4.2 Flow cytometric characterization of MSC and PBMC after preculture/isolation,
prior to seeding. MSC were positive to CD105 and CD90, but negative to CD34, displaying a profile of
stem cells of non-hematopoietic origin. PBMC expressed the leukocyte marker CD45 and
approximately 12% of population was positive to the monocyte markers CD14 and CD16.

4.3.2 Cell-scaffold interactions statically and under cyclic strain

In order to investigate the interplay between cells and scaffolds, the protein release and
the gene expression of preseeded PBMC, BMSC, and ADSC were analyzed, both under static
and cyclic strain conditions. The heatmap obtained for the static groups indicates that
proteins involved in inflammatory and immunoregulatory processes were released

conspicuously by PBMC, with increasing amounts over time (Figure 4.3).
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Figure 4.3 Heatmap of protein secretion over time by PBMC, BMSC and ADSC seeded into
fibrous PCL-U4U scaffolds in static conditions. Inflammatory and immunomodulatory proteins
were predominantly released by PBMC, while synthesis of MCP-1, growth factors and adhesion
molecules was associated with MSC. Overall protein release increased over time.

The majority of these proteins were not synthesized by MSC or only minor release was
observed, with a slight increase after 24 hours. Opposite tendency was observed for the
chemokine MCP-1, the growth factors VEGF, and adhesion molecule sICAM, which were
markedly secreted by both MSC types, and only to a little extent by PBMC, but increasingly
over time for all cell types. The secretion profile of BMSC and ADSC was comparable,
except for production of bFGF and sVCAM, which was markedly different between MSC
types, with predominant secretion of bFGF by ADSC only and sVCAM by BMSC only. IL-4
and IL-12 were not detectable, whereas IL-6 and IL-8 were secreted by both PBMC and
MSC, with no apparent differences between cell types. For most proteins, no clear effect of
strain was observed for cyclic deformations up to 8%, with secretory profiles similar to
the static condition (Figure 4.4A). A different behavior was exhibited by bFGF, which was
released more considerably by MSC subjected to 3 and 8% strain, and in larger amount by
ADSC.

Since CXCL12 protein release was not detectable via ELISA (data not shown), the

expression of the corresponding gene was analyzed (Figure 4.4B, C, D). No difference in
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CXCL12 expression was observed in either static or strained conditions for both BMSC and
ADSC (Figure 4.4B, C). Expression of CXCL12 by the PBMC was considered minimal to

absent, with expression levels values near the detectable threshold (Figure 4.4D).
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Figure 4.4 Protein secretion and gene expression by PBMC-, BMSC- and ADSC-seeded into
fibrous PCL-U4U scaffold in conditions of cyclic strain, with maximum strain levels of 0, 3 or
8%, for up to 24 hours. The heatmap revealed no relevant effect of deformation on protein secretion
was detected, except for bFGF release by BMSC and ADSC, which was amplified by cyclic strain (A).
Gene expression of CXCL12 for BMSC (B), ADSC (C) and PBMC (D) for various strain levels, relative to
GAPDH expression. No significant differences were detected among strain groups and controls.

4.3.3 Chemotaxis assays

The chemotactic effects of preseeded MSC in cross-talk with PBMC in suspension were
examined with chemotaxis assays. Flow cytometric analysis of the migrated cells indicated
an increase of the relative fraction of monocytes, as compared to the initial population
(Figure 4.5A). Monocyte migration was significantly enhanced by scaffolds seeded with
BMSC and ADSC, with respect to the unseeded scaffold, while no difference was observed

for lymphocytes recruitment (Figure 4.5B, C). Concerning the monocyte subsets, it was
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observed that MSC-seeded scaffolds elicited a significantly enhanced migration of the
MCP-1-responsive subsets ‘Mon1’ and ‘Mon2’, as compared to unseeded scaffolds (Figure

45D, E, F).
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Figure 4.5 Analysis of PBMC migration towards MSC-seeded, PBMC-seeded or unseeded
scaffolds after 4 hours of incubation. MSC-seeded scaffolds enhanced migration of monocytes, as
compared to PBMC-seeded and unseeded constructs (A). With respect to the unseeded control, a two-
fold increase in monocytes migration towards BMSC and ADSC was observed (B), while no significant
difference was detected for lymphocytes (C). MSC induced relevant migration of Mon1 (D) and Mon2
(E) subsets, but not of Mon3 (F). Data was normalized per cell type on the unseeded control group. *
and *** are representative of significant difference between the analyzed group and the unseeded
control, for p<0.05 and p<0.001 respectively.

To analyze the effect of PBMC chemotaxis on the protein release by the preseeded cells,
the protein levels in the chemotaxis assay were compared to the preseeded control
samples in medium (Figure 4.6). Overall, the protein release by preseeded MSC exposed to
the migrating PBMC fraction was increased, as compared to the control group. The only
exception to this trend was represented by IL-4 and IL-12, which remained undetectable.
In the chemotaxis samples, the amount of inflammatory and immunomodulatory species
synthesized by preseeded PBMC, BMSC and ADSC did not differ notably from the
corresponding amount detected for unseeded scaffolds. Different behavior was observed
for the trophic factors (MCP-1, bFGF, VEGF), which were released substantially by MSC,
but only to a little extent in PBMC- and unseeded groups.
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Figure 4.6 Heatmap of protein secretion by PBMC (PB)-, BMSC (BM)-, ADSC (AD)-seeded or
unseeded (fibrin) PCL-U4U scaffolds exposed to PBMC in suspension in a transwell chamber,
after 4 hours of incubation. Inflammatory and immunomodulatory protein release in MSC groups
was enhanced in chemotaxis as compared to the control, but the total amount did not differ from the
unseeded group. Inversely, MCP-1 and growth factors were substantially secreted in BMSC- and ADSC-
seeded groups, and only in limited quantity in presence of PBMC-seeded and unseeded scaffolds.

Various proteins of particular interest were selected for quantitative and statistical
analysis (Figure 4.7). The secretion of the pro-inflammatory cytokine TNFa and the
immunomodulatory factors IL-10 and MMP9 was upregulated in all chemotaxis groups in
comparison with the control scaffolds, but no significant differences were detected
between cell-seeded and the unseeded control scaffolds, which indicates that these factors
originated from the PBMC in suspension (Figure 4.7A, B, C). In contrast, MCP-1, VEGF and
bFGF release was mainly associated to the preseeded MSC, rather than the PBMC (Figure
4.7D, E, F). In fact, MCP-1 and VEGF release by BMSC and ADSC and bFGF synthesis by
ADSC were significantly upregulated, as compared to the unseeded scaffolds, while no
difference was detected for PBMC-seeded scaffolds. Interestingly, VEGF was significantly
upregulated for ADSC-seeded scaffolds in conditions of chemotaxis compared to the

control.
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Figure 4.7 Protein release by PBMC- and MSC-seeded and unseeded PCL-U4U scaffolds in
medium (ctrl) or exposed to PBMC in suspension in a transwell chamber (chemo). Constructs
in chemotaxis conditions enhanced secretion of TNFa (A), IL-10 (B) and MMP9 (C), as compared to
their respective controls, but no difference was detected between seeded and unseeded groups.
Differently, MCP-1 (D), VEGF (E) and bFGF (F) release was upregulated for MSC groups with respect to
PBM(C-seeded and unseeded scaffolds. VEGF secretion by ADSC displayed a significant increase in
chemotaxis conditions, as compared to the static control. ND=not detectable. * ** *** **** jndicate
significant differences of p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, as compared to the

unseeded group. # denotes a significant difference of p<0.05 between chemotaxis and the respective
control groups.

Gene expression of CXCL12 by cells adherent to the scaffold was not influenced by
exposure to PBMC, as no significant differences were detected between the control groups

and the chemotaxis samples per cell type (data not shown).

4.3.4 Cell behavior in pulsatile flow conditions

The experiments conducted in flow conditions aimed at establishing the influence of
circulating PBMC and physiological shear stresses on seeded and unseeded scaffolds, in
terms of cell recruitment and protein release. Flow cytometry, which was performed on
the remaining circulating cell fraction, revealed a progressive depletion of monocytes over
time, but no significant difference between cell-seeded and unseeded scaffolds was
observed (Figure 4.8A). After 25 minutes, the amount of circulating lymphocytes remained
relatively steady at approximately 50% of the initial fraction for all groups (Figure 4.8B).

Migration of leukocytes into unseeded and MSC-seeded scaffolds was confirmed by the
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presence of infiltrating CD45+ cells, which was displayed by immunostaining performed

after 4 hours of flow (Figure 4.8C).
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Figure 4.8 Flow cytometry of the remaining circulating cell fraction over time and
immunostaining of pre-seeded and unseeded scaffolds after 4 hours of flow. Flow cytometric
analysis revealed a gradual depletion of monocytes (A), while ymphocyte concentrations remained
stable after an initial drop (B). Circulating PBMC adhered to the scaffold surface, either preseeded
with ADSC (C), BMSC (D), PBMC (E) or unseeded (F), as demonstrated using immunofluorescent
imaging after 4 hours of flow. CD45 is depicted in green, CD90 in red and DAPI in blue. Scale bar
represents 50 um.

Protein synthesis under flow was quantified over time and compared to the static control,
revealing an overall increase for samples exposed to circulating PBMC, accentuated after 4
hours (Figure 4.9). Similar to what was observed for the chemotaxis assays, the release of
inflammatory and immunoregulatory factors was comparable for all groups, whereas the
secretion of MCP-1, VEGF, bFGF, and sICAM was mainly associated with the preseeded
MSC.

81



Chapter 4

Thr 4hrs
control flow control flow
IPB BM ADI 'PB BM ADﬁbriln P8 BMAD PEEM [pg/ml]
EEEEEE EEE AR —H
EEEEEE NEEEE —H
EEEESS SEEEE ;gg
EEEEEEE EBE B 71000
HEERTN N ER —— o
AN EEEE B i
EEEEEE EEE NN
HEEEEE Bl ]
HEEEEEN EEE NN
EEEEEE BN NN
EEEEE EEEEE
pisp FEEE
[] L] L
]
| N

|
HE"H EEEN"E EEEEN

Figure 4.9 Heatmap of protein secretion by PBMC (PB), BMSC (BM), ADSC (AD)-seeded or
unseeded (fibrin) PCL-U4U scaffolds exposed to circulating PBMC in shear flow, after 1 and 4
hours of incubation. Release of inflammatory and immunomodulatory species in MSC-seeded groups
was enhanced in flow conditions with respect to the static control and the total amount of proteins
was comparable to the unseeded group. Differently, synthesis of MCP-1 and growth factors was
upregulated for BMSC- and ADSC-seeded scaffolds, as compared to PBMC-seeded and unseeded
scaffolds. An overall increase in protein secretion was observed overtime.

Quantitative comparison of selected proteins after 4 hours revealed a marked increase of
TNFaq, IL-10 and MMP9 in the flow groups, in comparison with the static controls, with no
relevant differences recorded among cell-seeded and unseeded scaffolds (Figure 4.10A, B,
C). MCP-1 production was highest in the BMSC- and ADSC-seeded groups, although,
surprisingly, the systemic MCP-1 levels were significantly decreased in conditions of flow,
when compared to static controls (Figure 4.10D). VEGF and bFGF synthesis was enhanced
for samples exposed to circulating PBMC in all groups (Figure 4.10E, F). Compared to
unseeded samples, only the ADSC-seeded scaffolds exhibited a statistically significant
increase in bFGF and VEGF. Interestingly, the bFGF levels in the ADSC groups were
remarkably high, as compared to the other cell types and the unseeded group.
Furthermore, exposure of MSC-seeded scaffolds to circulating PBMC in shear flow resulted
in a significant increase in CXCL12 gene expression in comparison with their respective
static control groups, while CXCL12 expression by seeded PBMC was unaffected (Figure
410G, H, I).
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Figure 4.10 Protein release and gene expression by PBMC and MSC seeded into PCL-U4U
scaffold in medium (ctrl) or exposed to circulating PBMC (flow) after 4 hours. TNFa(A), IL-
10(B) and MMP9Y(C) secretion was increased in flow conditions as compared to the controls, but no
significant difference was detected between seeded and unseeded groups. MCP-1 synthesis was
enhanced in MSC-seeded groups, but was significantly lower in presence of circulating PBMC, as
compared to the static controls(D). Production of VEGF(E) and bFGF(F) was upregulated by seeded
MSC exposed to flow, with a significant increase for ADSC in comparison with the unseeded group. A
significant upregulation of CXCL12 was observed for MSC(G, H) flow groups, but not PBMC(I), with
respect to the static controls. ND=not detectable. ***** indicate significant differences of p<0.01,
p<0.001 between flow and unseeded groups. ###### indicate significant differences of p<0.05,
p<0.01, p<0.001 between the flow groups and the respective controls.

435 Synergistic protein secretion

To examine if the combined culture of preseeded MSC with PBMC in suspension resulted
in synergistic effects in terms of protein secretion, the individual amounts of protein

secreted by the preseeded MSC and the circulating PBMC were summed, and this total
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amount was directly compared to the protein levels measured in the combined cultures

(chemotaxis and flow) (Figure 11).
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Figure 4.11 Synergistic effect of MSC and PBMC on MCP-1, VEGF and bFGF secretion in static
and flow conditions. The synergistic effects on protein secretion between the preseeded MSC and the
PBMC in suspension were examined by direct comparison of the sum of the individual contributions of
each cell type (additive) with the protein secretion of the cell types together in combined culture
(synergistic). No significant differences were detected in the chemotaxis assays, with respect to MCP-1
and bFGF levels, while VEGF exhibited a significant increase in the synergistic groups (4, B, C). In flow,
there was a decrease in MCP-1 levels in the synergistic groups, while no significant differences were
detected for VEGF secretion (D, E). In contrast, a strong synergistic effect was observed between
circulating PBMC and preseeded ADSC on the production of bFGF (F). * **** denote significant
differences of p < 0.05 and p < 0.0001, respectively.

This comparison revealed a synergistic increase in VEGF production in static conditions,
which was negated in pulsatile flow. MCP-1 showed a significant decrease in the
synergistic group in flow conditions. On the other hand, a strong interdependent, rather

than additive, increase in the production of bFGF was observed for ADSC-seeded scaffolds

exposed to circulating PBMC in shear flow.
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4.4 Discussion

In vivo, MSC play an important role in physiological wound healing by modulation of the
immune response, in close cross-talk with the immune cells in the inflammatory
environment (Bartholomew et al., 2002; Di Nicola et al, 2002). This characteristic has
been exploited to modulate inflammation and harness healing, by implanting scaffolds
preseeded with MSC (reviewed by (Shi et al., 2012)). Concurrently, on-the-fly pre-seeding
of autologous bone marrow-derived cell fractions into biodegradable synthetic
cardiovascular grafts has been employed as a one-step intervention method to stimulate in
situ regeneration of autologous neovessels and -valves (Hibino et al., 2005; Weber et al.,
2011). However, the cross-talk between MSC, preseeded in a 3D synthetic scaffold, and
leukocytes in the hemodynamic environment has not been clarified. Therefore, the aim of
this study was to systematically study the signaling factors secreted by preseeded MSC in a
fibrous synthetic scaffold, and the interaction of the MSC with circulating immune cells, in
the presence of physiological mechanical loads (i.e. strain and shear flow). The results of
this study elucidate an interdependent effect on the secretion of trophic factors by
preseeded MSC and the inflammatory environment created by PBMC, in particular in
conditions of shear flow.

Consistent with our results, it was proposed that inflammation induced by the
exposure of a biomaterial to circulating leukocytes is a key factor for MSC activation (Groh
et al, 2005; Ren et al,, 2008). More specifically, release of TNFa, IL-1p and IFNy following
acute inflammation activates MSC to secrete immunomodulatory and trophic factors,
which suppress inflammation and promote secondary recruitment of reparative cell types
(Shi et al, 2012). The electrospun PCL-U4U scaffolds adopted in this study triggered an
inflammatory reaction by PBMC, either preseeded or in shear flow, as illustrated by the
distinct cytokine release profile of inflammatory mediators in both cell-seeded and
unseeded groups. Protein mapping showed a mixed environment, containing strong pro-
inflammatory cytokines, such as TNFa, IL-1B3, and MIP’s, as well as anti-inflammatory
species, such as [L-10 and MMPO. IL-12, a protagonist for the inflammatory protein IFNy,
was not detected, which is in accordance to observations in mice studies (Maggini et al.,
2010). Concurrently, IFNy, which is known to reduce the viability of MSC and induce
production of the anti-angiogenic factor IP-10 (Freytes et al, 2013), was only marginally
detected. Interestingly, IP-10 was downregulated in conditions of flow, compared to the

static controls, which may be attributed to the lack of IFNy. This environment of pro- and
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anti-inflammatory factors was instituted by the PBMC in response to the scaffold,
generally indifferent to the presence or absence of preseeded MSC. Furthermore, the
application of moderate cyclic strain (up to 8%) did not have a marked effect on the
protein release by either preseeded PBMC or MSC. In contrast to the other inflammatory
factors, IL-6 and IL-8 were not only secreted by PBMC, but also produced in great amount
by the preseeded MSC. Substantial production of IL-6 and IL-8 was suggested to induce
BMSC, previously exposed to TNFq, to stimulate angiogenesis and tissue repair through
increased homing of endothelial progenitor cells (Kwon et al, 2013). Moreover, IL-6
production by BMSC was shown to be instrumental to prevent the differentiation of
monocytes into antigen-presenting immunogenic cells and skew differentiation towards
an anti-inflammatory, IL-10-producing cell type (Melief et al., 2013). Overall, these results
suggests that the electrospun PCL-U4U substrate can serve to trigger a positive immune
response and that preseeded MSC in the scaffold are activated by this PBMC-induced
environment.

Previous studies have shown that inflammation-activated MSC can act upon cells
involved in both the adaptive (T cells, B cells) and innate immunity (neutrophils, natural
killer cells, dendritic cells) (Shi et al, 2012). Contact-dependent mechanisms and soluble
factors both participate to induce MSC-mediated immunosuppression and tissue repair,
but the exact mechanisms are still unclear (Groh et al., 2005; Puissant et al., 2005; Uccelli
et al, 2008). Ren et al established that the suppression of immune cells by MSC is
orchestrated by the release of chemokines as well as by upregulation of the adhesion
molecules ICAM and VCAM (Ren et al, 2008, 2010). It has also been suggested that
preseeded MSC can mediate the differentiation of monocytes towards M1 or M2 type
macrophages, the pro- and anti-inflammatory phenotypes, respectively (Mosser &
Edwards, 2008; Kim & Hematti, 2009; Hanson et al, 2011). With respect to MSC-induced
repair, it was shown that intramyocardial injection of MSC could partially restore the
functionality of infarcted porcine hearts, while conditioned medium could not, suggesting
that paracrine factors alone could not mimic the beneficial effect of MSC (Hatzistergos et
al., 2010). Similarly, injection of MSC-conditioned medium (containing VEGF, bFGF, MCP-
1) did enhance the proliferation of endothelial and smooth muscle cells in murine
ischemic peripheral muscles. Though the beneficial effects, in terms of reperfusion and
limb remodeling, were less pronounced, with lower levels of systemic VEGF and bFGF, as
compared to injected MSC (Kinnaird et al, 2004). This interdependent effect of MSC and
leukocytes is in line with our current findings, which suggest a synergistic rather than

additive upregulation of bFGF when preseeded ADSC were subjected to PBMC in pulsatile
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shear flow. Furthermore, both BMSC and ADSC subjected to shear stress showed enhanced
gene expression of CXCL12, a factor involved in the mobilization and homing of progenitor
cells into the target tissue (Askari et al, 2003; Sordi et al., 2005).

Clearly, VEGF, bFGF and CXCL12 are important trophic factors in physiological
wound healing. All three factors function as chemoattractant factors for bone marrow-
derived stem cells and progenitor cells. MSC were shown to enhance wound healing in
mice by recruitment of macrophages and endothelial progenitor cells via secretion of
angiogenic factors, including VEGF and CXCL12 (Chen et al, 2008). VEGF is not only
involved in endothelial cells proliferation and MSC migration, but it is also associated with
immunosuppression. A study by Willenborg et al. established that time of release and the
secreted amount of VEGF play a crucial role for the healing process. Moreover, they
appointed macrophages as the main source for VEGF release during the early phase of
tissue repair (Willenborg 2012). Interestingly, this correlates to the VEGF secretion we
observed by circulating PBMC in shear flow in response to the unseeded scaffolds. The
presence of MSC further contributed to the levels of VEGF in conditions of pulsatile flow.
CXCL12, VEGF and bFGF were shown to increase migratory activity of MSC, with the most
pronounced effect in the presence of bFGF (Willenborg et al,, 2012). Remarkably, it was
shown that a low dose of bFGF induced migration, while a high dose led to MSC repulsion
(Schmidt et al., 2006). bFGF can also enhance proliferation of endothelial cells and smooth
muscle cells (Kinnaird et al.,, 2004) and is involved in scarless healing processes (Abe et al,
2012).

MCP-1 plays an essential role in physiological wound healing and tissue
regeneration (Shireman et al, 2007; Capoccia et al, 2008). Moreover, MCP-1 has been
prompted as a pivotal factor for the success of in situ regeneration of vascular grafts in
rodents (Roh et al, 2010). This was attributed to its ability to enhance the early
recruitment of monocytes, followed by increased downstream homing of circulating
CD34+ cells (unpublished data). Preseeded ADSC and BMSC produced markedly higher
levels of MCP-1 compared to PBMC, resulting in a strong chemotaxis of monocytes, with a
preferred attraction of MCP-1-responsive monocyte subsets. However, this selective
recruitment was negated in conditions of flow and systemic levels of MCP-1 were
significantly lower in conditions of shear flow compared to static. This reduction in MCP-1
levels under flow possibly represents the effect of rapid internalization of the MCP-1
protein by the circulating monocytes, as previously described (Volpe et al, 2012). This is

in correspondence with our previous study, in which we demonstrated a similar
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differential effect on monocyte recruitment in shear flow compared to static conditions, in
response to a burst-release of MCP-1 from electrospun PCL scaffolds (unpublished data).

Implanted biomaterials can effectively modulate stem cell fate, enhancing their
engraftment and angiogenesis and directing differentiation with mechanical and
biochemical signaling (Segers & Lee, 2011). Concurrently, preseeding of synthetic
scaffolds with unselected BM-MNCs has been adopted for application in in situ
cardiovascular tissue engineering therapies as a means to functionalize scaffolds prior to
implantation (Hibino et al, 2005; Roh et al, 2010). Although we did not perform a direct
comparison between BM-MNC and BMSC, these in vitro results illustrate that the MSC
fraction within the heterogeneous BM-MNC population is responsible for the production
of trophic factors. Moreover, we demonstrate that PBMC cannot serve as an alternative
cell source for preseeding, as they displayed a distinctly different protein secretion profile.
ADSC, on the other hand, were shown to release higher amounts of bFGF when exposed to
PBMC in flow, in comparison with the more widely used BMSC. This is in correspondence
with previous profiling studies, which demonstrated that, although BMSC and ADSC have
similar immunomodulatory potentials, distinct differences exist between cell types and
the tissue of origin remains retraceable (Puissant et al., 2005; Yoo et al., 2009).

A potential limitation of this study lies in the use of allogenic combinations of
leukocytes and MSC, rather than autologous cell combinations. However, MSC are
immune-privileged and tolerance of immune cells to MSC in allogenic transplantation is
recognized, which may overcome the use of non-autologous cells (Puissant et al., 2005;
Williams & Hare, 2011).

It is obvious that MSC-preseeding represents a valid approach to create
immunomodulatory scaffolds that can initiate a regenerative healing response.
Nevertheless, the use of MSC inherently carries several risks. For example, MSC can
enhance tumour development in animal models due to their immunosuppressive potential
and their intrinsic ability to convert into fibroblasts (Djouad et al., 2003; Spaeth et al,
2009). Though a recent small-scale observational study by Ren et al. showed absence of
tumour-development in patients treated with BMSC (Ren et al, 2013). For safe and
effective clinical therapy, any intrinsic risk from the use of MSC may be circumvented by
the use of instructive acellular biomaterials, capable of mimicking the beneficial effects of
preseeded MSC. Roh et al recently proposed the use of microsphere-encapsulated MCP-1
instead of BM-MNC preseeding to trigger a favourable regenerative response (Roh et al,
2010). In the current study, we identified CXCL12 and bFGF as trophic factors, respectively

expressed and released exclusively by preseeded MSC. Therefore, these factors represent
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evident candidates to create acellular pro-regenerative scaffolds for application in in situ

cardiovascular tissue engineering therapies.
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Chapter 5

New approaches for prompt and effective regeneration of cardiovascular tissues have
been proposed within the field of tissue engineering. A promising strategy that has been
successfully applied in clinical trials comprises the implantation of a biodegradable
scaffold seeded “on-the-fly” with autologous cells (Hibino et al, 2010). However, the cell
harvesting procedure is invasive and time consuming, and the entailed risk of infection,
represents an additional hindrance. The ultimate goal of in situ tissue engineering is to
offer cell-free, off-the-shelf constructs able to positively interact with the host upon
implantation towards functional tissue formation and remodeling and complete
integration with the host tissue. The essential requirement for such an approach is the
development of scaffolds capable of modulating the regenerative process, in synergy with
the complex physiological milieu. The primary focus of this thesis was to investigate the
influence of mechanical forces on the host response to biomaterials, in order to provide
inputs for the design of novel, instructive scaffolds for in situ regeneration of load-bearing

cardiovascular tissues.

5.1 Summary and main findings

The implantation of a biomaterial initiates an immune response, which can induce and
support tissue repair via a wound healing-like mechanism. The recruitment of monocyte-
derived macrophages and their differentiation towards a reparative phenotype is believed
to play a major role in the positive outcome of the implant with functional tissue formation
(Hibino et al, 2011). Monocyte chemotactic protein-1 (MCP-1) was indicated as a key
player in the regeneration via synthetic scaffolds, by enhancing the initial recruitment of
monocytes (Roh et al, 2010). The first part of this thesis aimed at elucidating the
chemotactic role of MCP-1-loaded scaffolds subjected to shear stress (chapter 2). We
hypothesized that such scaffolds would selectively recruit angiogenic and reparative
monocyte subsets, with enhanced expression of CCR2 receptor. A static migration assay
was performed to verify the chemotactic effect triggered by MCP-1, while monocyte
recruitment under flow conditions was assessed using a previously developed fluidic set-
up (Smits et al, 2012). For both studies, electrospun polycaprolactone (PCL) scaffolds,
either as pristine material or functionalized with exogenous MCP-1, were exposed to a
suspension of human peripheral blood mononuclear cells (PBMC). Enhanced migration of
CCR2+ population towards MCP-1-loaded scaffolds was observed under static conditions,

whereas no selective recruitment of monocyte subsets was recorded for scaffolds exposed
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to pulsatile flow. On the other hand, a marked increase in monocyte infiltration was
observed during the short pulse of MCP-1 in flow, indicating that monocyte infiltration
directly correlates to release kinetics of MCP-1, also in the presence of shear stresses.
These results suggest that timely release of chemokines is a crucial factor to trigger cell
infiltration into the scaffolds under shear flow. Moreover, we rejected the hypothesis that
MCP-1-mediated regeneration in vivo is due to local recruitment of CCR2+ cells, as selective
attraction of monocytes is overruled by shear stress. The role of MCP-1 might rather be
related to the mobilization of specific monocyte subsets from other regions of the body,
such as bone marrow or splenic reservoirs.

The PCL scaffolds exposed to circulating immune cells were infiltrated with
monocyte-derived macrophages, with mixed inflammatory (M1) and immune-modulating
(M2) phenotype, regardless of MCP-1 presence. Macrophage phenotype is considered a
critical determinant of scaffold remodeling (Brown et al., 2012). Therefore, we decided to
examine in depth the polarization state of macrophages adherent on electrospun PCL
scaffolds, while taking into account the additional effect of local deformations mimicking
physiological loads acting in vivo on cardiovascular tissues (chapter 3). A PCL-derived
material consisting of a PCL soft segment and two urea groups, PCL-U4U, was selected for
its elastic behavior under tensile forces and processed into isotropic fibrous scaffolds via
electrospinning. PBMC, representative of the recruited cell population, were seeded into
the scaffolds and differentiation of monocytes into macrophages was observed upon
contact with the scaffold. By applying a range of cyclic deformations with the FlexCell®
tension system, we demonstrated that moderate tensile strains (below 7%) promote
polarization of macrophages towards an anti-inflammatory, pro-tissue-healing
macrophage phenotype in electrospun PCL-U4U scaffold. In contrast, higher deformations
induced expression of genes and surface markers typical of inflammatory macrophages,
which have been associated with detrimental long-term tissue remodeling (Badylak et al.,
2008).

Using the same model system, we investigated the contribution of adherent PBMC
to extracellular matrix synthesis, which would gradually replace the mechanical support of
the biodegradable constructs. Infiltrated monocytes have earlier been shown to remain
within the scaffolds until full scaffold degradation in animal models (Roh et al., 2010), but
there is only limited knowledge about their role in tissue deposition (Chang et al, 2012).
We provided experimental evidence that PBMC secrete glycosaminoglycans and collagen,
main constituents of the heart valves extracellular matrix, one week after seeding and with

no substantial differences for strains between 0 and 12%. Besides offering mechanical
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support, the synthesized matrix promotes cell adhesion and binds important cytokines
involved in resolution of inflammation and angiogenesis (Franz et al., 2011).

Monocyte infiltration associated with long-term remodeling was shown to be
enhanced by bioactive molecules incorporated into the scaffolds, such as MCP-1, or by on-
the-fly seeding of autologous mononuclear cells isolated from the bone marrow (Roh et al,
2010). Among these cells, mesenchymal stem cell fraction (MSC) was indicated
responsible for the secretion of important immunomodulating factors, thus harnessing the
immune response in a paracrine fashion. However, neither the signaling actors and
pathways involved in regeneration, nor the cross-talk between MSC and circulating
immune cells, have been fully documented. Such knowledge would provide a benchmark
for the functionalization of cell-free substrates able to positively interact with the immune
system. In order to gain insight into this mechanism, we analyzed the signaling molecules
released by MSC (from bone marrow and adipose tissue) and PBMC seeded in PCL-U4U
scaffolds and exposed to circulating PBMC in the presence of mechanical stimuli (i.e. strain
and shear stresses) (chapter 4). We showed that unseeded PCL-U4U scaffolds were
sufficient to trigger an inflammatory reaction by PBMC, inducing release of a mix of
immunomodulatory cytokines such as TNFq, IL-10 and MMP9, which were not secreted by
MSC. On the other hand, important trophic factors involved in physiological wound
healing, such as MCP-1, VEGF and bFGF were almost exclusively released by MSC.
Interestingly, gene expression of CXCL12 and secretion of bFGF, proteins associated with
angiogenesis and scar-less healing, were significantly upregulated by MSC exposed to
circulating PBMC. This synergistic behavior was more marked for adipose-derived
mesenchymal cells and was observed only in the presence of shear flow. In contrast, cyclic
deformations within the range beneficial for macrophage differentiation indicated in
chapter 3, did not hamper protein release by MSC. In terms of monocyte recruitment, the
MSC preseeded scaffolds exhibited a similar behavior to MCP-1 loaded scaffolds as
described in chapter 2. When exposed statically to PBMC in suspension, MSC elicited
enhanced migration of monocytes and selective recruitment of CCR2+ subsets. Under
pulsatile flow conditions, on the contrary, PCL-U4U scaffolds allowed for monocyte
infiltration, but no significant differences were detected between seeded and unseeded
groups. Although pre-seeded cells should represent a source of sustained, local release of
MCP-1, we observed a diminished systemic level of this chemokine when pre-seeded
scaffolds were exposed to flow, probably due to sequestration by circulating PBMC (Volpe
etal, 2012).
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In summary, we demonstrated that shear stress plays a major role in early
inflammatory response, by influencing selective monocyte recruitment and release of
bioactive molecules. In particular, we proved that MCP-1 elicits accelerated infiltration of
monocytes, but, in conditions of shear flow, the chemotactic effect declines rapidly and is
not associated with recruitment of specific monocyte subsets. Furthermore, only in the
presence of shear stress it was possible to detect the up-regulation of bFGF and CXCL12,
important trophic factors secreted by MSC that might represent valuable targets for
scaffold functionalization. Lastly, we showed that mechanical strain can modulate the
phenotype of infiltrated cells towards reparative or inflammatory subsets. Taken together,
these results emphasize the importance of the hemodynamic forces for in situ
regeneration and are instructive for tailoring scaffolds for in situ cardiovascular

regeneration.

5.2 Towards the design of immunomodulatory scaffolds

The overall goal of this work was to elucidate the effects exerted by mechanical forces on
the inflammation that naturally occurs when biomaterials are implanted into a living host
as vascular replacements. Our experimental observations suggest that mechanical forces
can profoundly influence the early immune response and provide practical cues for the
design of responsive substrates. The following section will translate some of the main
findings of this thesis into concrete directions towards the design of immunomodulatory

substrates.

521 Design of synthetic scaffolds

The first step towards the optimal design of a scaffold is the choice of the appropriate
material. The material we selected for the first study was PCL, a slow-degrading elastomer
shown to enhance in vitro tissue formation of cardiovascular substrates seeded with
human cells (Brugmans et al, 2013). The surface exposed for cell adhesion by PCL
scaffolds is hydrophobic, but it can be effectively conditioned with serum proteins to
increase the overall hydrophilicity of the construct and offer binding sites for the cells. In
chapter 2, it was shown that PCL scaffolds allowed for adhesion of circulating cells and

could trigger an initial response with mixed inflammatory and immunomodulatory

95



Chapter 5

signaling by the infiltrating leukocytes. However, our PCL scaffolds exhibited plastic
deformation when cyclically strained, therefore these experiments were performed with
PCL-U4U, a PCL derived polymer with enhanced elasticity, custom-developed by SyMO-
Chem (Eindhoven, the Netherlands). This material was shown to positively interact with
circulating immune cells, promoting their adhesion and release of pro- and anti-
inflammatory cytokines, as indicated in chapter 4. Both PCL-based elastomers can be
processed by electrospinning, thereby allowing for direct regulation of several scaffold
properties, such as overall thickness, fiber diameter and alignment, by tuning the spinning
time, the polymer-to-solvent ratio and the rotational speed of the collector, respectively. A
fine control of the scaffold architecture and microstructure is an essential requirement for
in situ applications, as fiber density, dimension and alignment directly influence
infiltration and biological response of the cells (Saino et al.,, 2011; Garg et al., 2013). In our
studies, PCL-U4U scaffolds with an average fiber diameter of 5pm and thickness around
350pum were chosen, resulting in uniform cell distribution throughout the whole thickness
after static seeding of PBMC (Figure 3.1). Nevertheless, in order to verify how scaffold
properties can influence blood-borne cell infiltration and behavior, it is important to test

the constructs under physiological conditions of blood flow and pressure.

5.2.2 Synthetic scaffolds under mechanical forces

Shear stress acting on cardiovascular tissues in vivo is a determinant for local recruitment
of circulating cells (Ley et al, 2007). The experimental setup described in chapter 4
demonstrated that fibrous PCL-U4U scaffolds permit the infiltration of immune cells under
unidirectional, pulsatile shear flow, representative of physiological forces acting on blood
vessels. Heart valve hemodynamics is more complex, with pulsatile and high shear
stresses on the ventricular side, and lower, but oscillatory ones on the pulmonary and
aortic side. In vitro platforms able to reproduce accurately these forces while exposing the
substrates to circulating and perpetually replenished cells are yet to be developed,
therefore animal models represent, so far, the sole opportunity for testing heart valve
leaflets in fully physiological conditions. In an ongoing study of in situ tissue regeneration
performed within the BMM iValve project, unseeded heart valve-shaped scaffolds in PCL-
U4U have been implanted into sheep in the pulmonary position. Preliminary results at 5
weeks after implantation indicated leaflet repopulation by the host cells, as indicated by

DNA assay (Figure 5.1A) and immunostaining analyses revealed a major presence of cells
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on the pulmonary side, where the oscillatory flow results in lower shear stresses (data not
shown). However, verifying whether such cells infiltrated from the bloodstream or from
adjacent tissues is not trivial, and is currently under investigation. Within the same animal
study, deposition of the main components of heart valve extracellular matrix, i.e. sulphated

glycosaminoglycans (sGAG) and collagen (HYP), was observed (Figure 5.1B, C).
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Figure 5.1 DNA, sGAG and HYP content in scaffolds implanted in pulmonary position in
sheep. Biochemical assays performed on scaffolds explanted after 2, 3 ,4 and 5 weeks revealed
presence of cells (A) and matrix constituents (B, C). Native control was obtained from 3 ovine
pulmonary valves (courtesy of Bart Sanders). * denotes a significant difference for p<0.0001.

Biaxial tensile tests performed on explants after 5 weeks showed a progressive
modification of the mechanical properties of the construct, with a shift from a stiff,
isotropic scaffold, towards a more anisotropic, elastic structure, closer to the one of native
valves (Figure 5.2). Such alterations might be due to the observed increase of biological
tissue content, as well as to the degradation of the synthetic fibers that naturally occurs in
vivo.

Besides allowing for cellular infiltration and adhesion under physiological forces,
scaffolds for in situ regeneration should also appropriately transfer such forces to the
adherent cells. In chapter 3, we demonstrated that immune cells adherent on fibrous
scaffolds could sense the different strain levels applied and responded by modulating their
gene and surface marker expression. In particular, we stated that local strain around 7-8%
would promote polarization of the infiltrated macrophages towards an anti-inflammatory,
reparative phenotype. Geometrical and mechanical properties of the scaffolds should
therefore be tuned to induce deformations within this range, when subjected to
physiological pressure loads upon implantation. In order to provide cues for the scaffold
design, numerical simulations of heart valve-shaped scaffolds subjected to pulmonary

pressure difference were carried out by dr. Sandra Loerakker, as described in Appendix A.
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The curves obtained by plotting strain against ki, a material parameter associated with the
fiber stiffness, revealed that pulmonary loads result in strains below 8% in presence of
isotropic scaffolds with ki;>5 MPa or of anisotropic scaffolds with k;>2 MPa (Figure 5.3A-
C). Furthermore, scaffold anisotropy does not represent an essential specification to
obtain low strains when the selected material exhibits adequate stiffness. Nevertheless, a
preferred orientation of fibers along the circumferential direction was shown to lead to
larger radial stretch and better leaflet coaptation, therefore anisotropy of the scaffold

should be pursued (Loerakker et al., 2013).
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Figure 5.2 Mechanical characterization of PCL-U4U scaffolds before and after implantation.
Biaxial tensile test on circumferential (Circ, solid line) and radial (Rad, dashed line) directions of
scaffolds before (black lines) and after (red lines) being implanted into sheep in pulmonary positions,
compared to native ovine valves (blue lines). After 5 weeks, the scaffold behaves more similarly to the
native valve in response to tensile forces, especially in the radial direction. Native control data was
obtained as courtesy of Bart Sanders.
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Figure 5.3 Effect of scaffold material properties on local deformations under physiological
pulmonary pressure. (A) Maximum strain of the scaffold fibers calculated in the central elements of
the leaflet belly for increasing ki, a material parameter. Strains below the threshold of 8%, indicated
by the dashed line, are obtained for k;>5 MPa and k;>2 MPa for isotropic and anisotropic scaffolds,
respectively. Maximum fiber strain distribution over the leaflet for (B) isotropic and (C) anisotropic
scaffolds, resulting in lower deformations in the belly regions for increasing values of ki. All data,
results and figures we kindly provided by dr. Sandra Loerakker, Eindhoven University of Technology.

5.2.3 Unseeded vs seeded scaffold

The ambitious in situ approach of tissue engineering relies on the delivery of cell-free,
instructive scaffolds that could lead to complete regeneration avoiding the isolation and
culturing of autologous cells. The ideal scaffold for this approach should be able to allow

for cellular infiltration and tissue deposition, while timely degrading. To this end, the
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development of bioactive, acellular scaffolds has been proposed. Incorporation of
molecules able to accelerate cellular infiltration and promote selective recruitment of
specific cell populations would provide a promising, off-the-shelf solution for in situ
regeneration. However, the identification of the appropriate bioactive compounds and of
their interaction with the host cells is still to be unraveled. Besides MCP-1, which has been
previously indicated as a valuable target (Roh et al.,, 2010), in chapter 4 we indicated bFGF
and SDFla as additional moieties for scaffold functionalization. Another important
parameter to be finely tuned within the scaffold design is the controlled release of such
molecules over time. As observed in chapter 2, a prolonged release of MCP-1 might
represent a crucial factor to obtain sufficient scaffold repopulation. However, a highly
controlled spatio-temporal delivery of bioactive molecules remains elusive, therefore
some research groups have been pursuing the avoidance of bioactive moieties
incorporation, suggesting that the choice of appropriate material and geometry of the
scaffold could be sufficient to prompt tissue remodeling. In fact, synthetic scaffolds
tailored to enable rapid cell recruitment and fast degradation were proven to endorse
remodeling of vascular, cell-free grafts within 3 months in rats (Wu et al, 2012) and 12
months in canine models (Matsumura et al., 2013).

Since not all the factors orchestrating the in situ cardiovascular regeneration
process have been acknowledged, the use of cells still represents a clinically relevant
option to create immunomodulatory scaffolds. Seeded cells exposed to the blood interact
synergistically with the circulating blood cells and secrete factors for the mobilization of
stem cells from bone marrow, angiogenesis and repair. Moreover, they can also contribute
to the initial deposition of matrix, thus providing not only mechanical support to the
scaffold, but also a binding site for immunomodulating molecules (Franz et al, 2011).
Early matrix synthesis is particularly interesting for clinical applications, as clearance of
pre-seeded cells from the scaffold might be delayed in human, as compared to small
animals. In fact, slower depletion of pre-seeded cells from the implanted scaffolds was
observed for animal models with increasing size and lifespan, as discussed in chapter 3
(Sales et al, 2007; Roh et al, 2010). The so-called “one-step approach” consists of the
isolation of the patient’s cells with a minimally invasive procedure, such as aspiration of
bone marrow or adipose tissue, seeding onto a scaffold and delivery to the implant site,
within a single surgical session. Mononuclear cells are widely used for this approach and
can be isolated from different tissues, e.g. bone marrow, adipose tissue, blood. We
investigated the potentiality of pre-seeding blood mononuclear cells (PBMC), which can be

easily harvested via a routine blood sampling, but encompass only a limited fraction of
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stem cells. PBMC showed positive response under mechanical loads, exhibiting expression
of immunomodulating genes and secretion of matrix components, as shown in chapter 3,
but resulted in limited release of proteins involved in angiogenesis and tissue repair
(chapter 4).

Mononuclear cells isolated from bone marrow or adipose tissue represent
promising cell sources, due to the higher percentage of multipotent cells present in the
total cell fraction. In chapter 4, we demonstrated that seeding mesenchymal stromal cells
from bone marrow or adipose tissue into PCL-U4U fibrous scaffolds enhanced the
synthesis of important immunomodulatory factors, such as the chemokine MCP-1, the
trophic factors VEGF and bGFG, and sVCAM and sICAM, that mediate cell adhesion and
migration. In particular, adipose derived stem cells (ADSC) were associated with extensive
release of bFGF, fundamental for appropriate tissue repair, when exposed to circulating
leukocytes in shear flow. Furthermore, previous findings indicated ADSC as a promising
cell source for cardiovascular tissue engineering, due to their capability of synthesizing
and remodel collagen and elastin (Colazzo et al, 2011). In order to test their behavior
under mechanical strain, we seeded ADSC onto PCL and PCL-U4U fibrous scaffolds and we
exposed them to pulmonary pressure loads in a pulse duplicator, adapted from Mol et al.
(Mol, Driessen, et al., 2005). PCL scaffolds exhibit higher stiffness than PCL-U4U scaffolds,
thus resulting in lower deformation when subjected to the same pressure difference. After
48 hours, ADSC subjected to cyclic strain in PCL-U4U displayed up-regulated gene
expression of matrix components (collagen I and III), crosslink (LOX) and smooth muscle
actine (a-SMA), as compared to the static control (set at a baseline of 1, Figure 5.4). The
differential gene expression of cells seeded on PCL and PCL-U4U, and therefore subjected
to different deformations demonstrated that ADSC are responsive to variation of the

strains transferred by the scaffolds.
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ADSC under cyclic load
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Figure 5.4 Relative expression of collagen I and III, LOX and aSMA for ADSC subjected to
cyclic loads. ADSC were seeded on PCL and PCL-U4U electrospun scaffolds and exposed to cyclic loads
of 2 kPa in a pulse duplicator for 2 days. The higher stiffness of PCL scaffolds resulted in lower
deformations in presence of the pressure loads, as compared to PCL-U4U constructs. Expression of the
genes per each group was normalized on the respective static control, which was set at a value of 1.
Relative expression above 1 indicates up-regulation, whereas expression below 1 denotes down-
regulation of the gene. The higher strains induced by the pressure loads in the PCL-U4U scaffolds
resulted in up-regulation of Collagen I and Il expression, while these genes were down-regulated for
ADSC seeded on PCL, as compared to the respective static controls. Up-regulation of LOX and aSMA
was observed for both scaffold types subjected to cyclic loads.

Additional evidences of ADSC responsiveness to mechanical deformations were provided
by immunostainings performed one day after seeding on PCL-U4U scaffolds subjected to 0,
3 and 8% cyclic strain in a FlexCell™ tension system. ADSC in static conditions were shown
to express the contractile protein a-SMA (in green), but exhibited round shape and
absence of stress fibers (Figure 5.5A). In contrast, increasing strain magnitudes resulted in
improved a-SMA organization, with extensive presence of stress fibers and elongated

cellular structure in the 8% group (Figure 5.5B, C).
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Figure 5.5 Immunofluorescent images of ADSC seeded in PCL-U4U and subjected to 0% (A),
3% (B) and 8% (C) cyclic strain for 1 day. ADSC expressed a-SMA marker (in green) in all groups,
but exhibited elongates cell structure and organized stress fibers only when subjected to strain. DAPI
(in blue) and phalloidin (in red) indicate cell nuclei and cytoskeleton, respectively.

Taken together, these results indicate that the pre-seeding of ADSC might harbor great
potential for cardiovascular tissue engineering. One of the major challenges posed by this
approach is the availability of effective and reproducible seeding techniques. However, a
standardized, operator-independent seeding method for vascular applications has been
recently proposed and validated in large animal models, achieving highly consistent
seeding patterns (Udelsman et al, 2011). On the other hand, the pre-seeded approach still
implies several disadvantages, such as the risk of infection and viability loss entailed by
the cell harvesting procedure. Therefore, the development of cell-free, instructive
substrates might reduce the existing barriers to the clinical use of cardiovascular tissue

engineered constructs.

5.3 Study limitations and future perspectives

The exact mechanism of cell repopulation of the scaffolds remains elusive, and the ideal
experimental model to investigate it has yet to be developed. Animal experiments offer the
possibility to study the immune response to a biomaterials in a physiological environment,
but they can provide only limited insight into the mechanism of cell recruitment. Firstly,
ethical reasons prevent the sacrifice of animals at frequent time points shortly after
implantation to verify the phenotype and distribution of infiltrated cells, while non-
invasive (imaging) techniques to monitor cell and tissue immunomodulatory responses to
scaffolds are not yet far advanced. Furthermore, transanastomotic ingrowth is the main
source of host tissue cells in animals, but this phenomenon is extremely limited in human

(Zilla et al., 2007). In order to enhance the clinical relevance of in vivo studies, modified
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animal models with “humanized” features were developed. Looped interposition (Pennel
et al, 2013) and highly shielded grafts (Talacua et al, 2014) providing scaffold isolation
sufficient to prevent the transanastomotic migration when implanted into rats. Based on
observation from these studies, the development of an appropriate, “humanized” in vitro
model would not only solve the ethical issues, but also allow for direct analysis of the key
phenomena taking place in human, thus providing a valid tool to unravel the mechanism of
cell recruitment.

In the present work, in vitro platforms were used to separately evaluate the
contribution of mechanical forces to cell recruitment, differentiation and signaling, in
order to identify the role played by each condition in immunomodulation. In vivo,
cardiovascular constructs are subjected to simultaneous tensile and shear stresses, which
may result in more complex interplays between implanted scaffolds and host cells. The
development of a novel platform able to expose scaffolds to fully physiological conditions
of loading would allow for a deeper understanding of the combined effect of local shear
and tensile stress on in situ regeneration.

Another limitation of our model system is that circulating cells are rapidly
depleted from the blood flow upon adhesion onto the scaffolds, thus impeding long-term
studies on cell recruitment. Under physiological conditions, circulating cells are
continuously replenished by natural reservoirs represented by the bone marrow and the
spleen. Including in vitro equivalents of such reservoirs to fluidic setups would provide not
only constant replenishment of depleted cells, but also the opportunity to assess the
chemotactic effectiveness of bioactive scaffolds. With a similar system, the contribution of
MCP-1 in mobilization of specific cell population from other regions, as hypothesized in
chapter 2, could be further investigated. Additionally, sorting and labelling of monocyte
subsets beforehand would provide a potent tool to track cellular mobilization, recruitment
and differentiation over time.

In the present work, the flow setup has been used exclusively for the observation
of mononuclear cells isolated from buffy coats, with a main focus on the leukocytic
fraction. In future studies, it could be relevant to investigate the behavior of other cell
types present in the blood, like neutrophils and dendritic cells, which may participate to
the immune response and interact with the biomaterials (Hume et al., 2012; Wantha et al.,
2013). The adaptation of current in vitro platforms towards more realistic models is
essential to limit the need of animal trials and to ensure safer clinical translation.

The deformation resulting from mechanical loads applied to the scaffold were

proven to be sensed by the infiltrating cells, but the activation thresholds and modalities
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of force transmission remain incompletely understood. Recent studies showed that fiber
diameter can affect cell adhesion and induce differential rearrangement of the
cytoskeleton, with potential implications for mechanotransduction (Fioretta et al., 2014).
Moreover, Garg et al. correlated macrophage polarization with scaffolds microstructure, in
particular with fibers and pores dimension (Garg et al, 2013). In chapter 3, we observed
that macrophages subjected to high strains exhibit preferentially M1 phenotype, but the
correlation between cytoskeleton and macrophage polarization has not been deeply
investigated. Associating M1 and M2 phenotype with specific cytoskeleton
rearrangements, such as actin remodeling, may explain the differential behavior of
macrophage in varying strain conditions and would provide important cues for the design
of responsive scaffolds.

Another factor that might influence cell behavior when exposed to mechanical
loads is the presence of fibrin. In the current study, a fibrin gel was used to incorporate
MCP-1 into the scaffold (chapter 2) or to allow for a uniform distribution of seeded cells
(chapter 3 and 4). Seeded and infiltrating cells can migrate through the dense matrix
formed by fibrin, but the extensive presence of such gel within the pores may partially
shield the effect of local forces and cover the tridimensional, fibrous microstructure of the
scaffold, altering the early immune response to the biomaterial. Moreover, preparation of
autologous fibrin for clinical applications would limit immunogenic reactions, but would
require an additional, time-consuming step with the intrinsic infection risks involved in
any laboratory process. Therefore, avoidance of fibrin utilization would be preferred, but a
deeper awareness of its role in in situ regeneration is necessary.

The distribution of recruited cells throughout the scaffold thickness was not
deeply investigated in the present thesis, but it represents an important parameter
towards appropriate regeneration. We believe that extensive infiltration of macrophages
throughout the scaffold might result in positive signaling for recruitment of matrix-
producing cells and lead to well-organized matrix deposition. Scaffold architecture plays a
crucial role into this process, as it can facilitate cellular infiltration and tune polarization of
cell phenotype. Flat surfaces were shown to induce a more intense inflammatory reaction
in vitro, as compared to porous biomaterials (Saino et al,, 2011), which were also proven
to heal with less encapsulation (Brown et al, 2012). Garg et al. demonstrated that larger
pores are usually associated with positive signaling by infiltrating macrophages and
hypothesized that offering more space for spreading and orientation to the cells results in
preferred differentiation towards immunoregulatory M2 phenotype (Garg et al., 2013). In

the experimental studies presented in chapter 3 and 4, we used PCL-U4U scaffolds with an
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average fiber diameter of 6 um, which resulted in a porosity sufficient for leukocyte
infiltration. Structures characterized by larger pores might induce not only positive
signaling by adherent macrophages, but could also facilitate migration of bigger cells, such
as stem cells and fibroblasts, throughout the whole scaffold depth. In order to validate this
hypothesis, a wider range of fiber diameters and, subsequently, scaffold porosities should
be tested with different cell types in the presence of mechanical loads, which were proven
to affect cell recruitment (chapter 2) and differentiation (chapter 3). Since varying scaffold
microstructure can result in differential response to mechanical forces, combining the
experimental sessions with numerical modeling might represent a valuable tool to assist

in the design of responsive substrates.

5.4 Conclusions

The present work provides insight into the interactions between circulating immune cells
and synthetic scaffolds for cardiovascular regeneration, in the presence of mechanical
forces. We demonstrated that highly porous electrospun PCL-based scaffolds can allow for
the infiltration of monocytes in the presence of shear stress and that the infiltrated cells,
when subjected to moderate deformations, can be activated into immunomodulatory
macrophages. Furthermore, we suggested that cell recruitment and regeneration can be
ameliorated by incorporation of bioactive species into the scaffold, namely MCP-1, bFGF
and CXCL12. Taken together, these observations indicate that tailoring substrates able to
trigger infiltration of immune cells and to expose them to the desired deformations
represents a decisive strategy towards the regeneration of vital tissues. In particular,
uniform distribution of cells throughout the scaffold depth can be achieved with highly
porous scaffolds, eventually functionalized with chemoattractants able to guide cell
infiltration. In addition, fibers with the appropriate stiffness can transfer in a controlled
fashion the mechanical loads to the adherent monocytes. Their differentiation into healing
macrophages will initiate a positive immunomodulatory cascade and lead to recruitment
of matrix-producing cells, with scaffold fibers serving as core structures for progressive
tissue deposition and remodeling. Merging the advanced polymer research with the in situ
tissue engineering experience would lead to the development of instructive substrates
able to tune the balance between homogeneous matrix deposition and scaffold

degradation in physiological conditions, towards full tissue regeneration.
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Appendix A

Numerical simulations of heart valve-shaped scaffolds subjected to pulmonary pressure
difference were conducted with Abaqus 6.10 (Simulia, Providence, RI) by dr. Sandra
Loerakker. Scaffold parameters previously determined by Argento et al. (Argento et al,
2012) were adopted, and applied to both isotropic and anisotropic fiber distributions,
where parameter k; was varied to adjust the strains. Kj is a coefficient of the fiber material

law (eq. 2) and is representative of the fiber stiffness:

by =i e 57 1] @

with ¢y and Ar indicating fiber stress and stretch, respectively, and k2 as an adimensional
material parameter. The standard deviation of the fiber angle was 6=360° for isotropic
scaffolds and 0=10° for anisotropic ones, with fibers oriented mainly circumferentially.
The fibers were embedded in a matrix with 10 kPa shear modulus, providing initial
stability to the construct and signifying the contribution of the fibrin gel. The overall valve
design was inspired by Hamid et al., where the geometrical parameter values were chosen
as in Loerakker et al. (“shape H3c”) (Hamid et al, 1986; Loerakker et al, 2013). The
maximum strain along all fiber directions was calculated in the central elements of the
leaflet belly, which was statically loaded with 2 kPa. Maximum strain of the scaffold fibers

was calculated in the central elements of the leaflet belly for increasing k.
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Er zijn verscheidene methodes ontwikkeld volgens het zogenaamde tissue engineering
principe om cardiovasculaire implantaten te produceren die in staat zijn tot integratie en
regeneratie in het menselijk lichaam. Binnen het principe van tissue engineering is er een
nieuw en klinisch relevant concept voor de vervanging van cardiovasculaire defecten in
ontwikkeling waarbij het immuunsysteem van de patient gestimuleerd wordt om een
bioafbreekbare synthetische prothese, al dan niet voorgezaaid met lichaamseigen cellen,
succesvol in het lichaam te laten integreren, het zogenaamde in situ tissue engineering. Het
doel van dit proefschrift is om een beter inzicht te verkrijgen in het reguleren van de
immuunrespons door de mechanische belastingen die bepaalde cardiovasculaire weefsels,
zoals hartkleppen en arterién, dragen. Er is hierbij specifiek onderzocht wat de effecten
zijn van rek en schuifspanning op de aantrekking, differentiatie en signalering van
immuuncellen in synthetische protheses.

Monocyte Chemotactic Protein-1 (MCP-1) is een signaaleiwit dat wordt gezien als
een van de hoofdpersonen in de regeneratie van synthetische protheses. Het eerste deel
van dit proefschrift is erop gericht om de respons van specifieke immuuncellen in de
bloedbaan op een prothese geladen met MCP-1 uit te lichten. Door gebruik te maken van
migratie assays hebben we aangetoond dat MCP-1 selectief pro-angiogene en reparatieve
monocyten en fibrocyten aantrekt. In een pulsatiele vloeistofstroom, daarentegen, zagen
we wel een initiéle toename van monocyten, maar was er geen duidelijke selectiviteit in de
aangetrokken monocyte subpopulaties. Dit suggereert dat de selectiviteit in de
aantrekking van dergelijke cellen afhankelijk is van de snelheid waarmee het MCP-1 uit de
prothese afgescheiden wordt, aangezien dit in een pulsatiele vloeistofstroom, na de initiéle
golf van MCP-1, overstemd wordt door de schuifspanning.

Na het bestuderen van de aantrekking van cellen, hebben we ons gericht op het
effect van cyclische rek op de aangetrokken cellen in de prothese. Daarbij hebben we
gebruik gemaakt van de mononucleaire celfractie uit humaan perifeer bloed, ofwel PBMC,
als zijnde een bron van immuuncellen representatief voor de cellen die een synthetische
prothese in het lichaam infiltreren. Deze PBMC werden gezaaid op electrogesponnen
protheses van polycaprolactone (PCL) en vervolgens onderworpen aan cyclische rekken in
het FlexCell® reksysteem. We hebben aangetoond dat de PBMC in het prothesemateriaal
differentiéren naar macrofagen en dat gematigde rek (onder de 7%) de polarisatie van

deze macrofagen naar een anti-inflammatoir, pro-wondgenezingstype stimuleert. Deze
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resultaten suggereren dat macrofaagpolarisatie gecontroleerd kan worden door de
mechanische eigenschappen van het prothesemateriaal, en daarmee de resulterende
rekbelasting, aan te passen.

Het is aangetoond dat de infiltratie van monocyte-afgeleide macrofagen verbeterd
wordt door het opnemen van lichaamseigen cellen in een synthetische prothese voor de
implantatie. Het mechanisme dat hieraan ten grondslag ligt is echter niet bekend. In het
laatste deel van dit proefschrift hebben we voorgezaaide cellen in de synthetische
protheses opgenomen om de signaalfactoren die een rol spelen in de immuunrespons en
wondgenezing en die uitgescheiden worden door deze cellen onder invloed van
fysiologische rek en schuifspanning, te identificeren. We hebben aangetoond dat humane
mesenchymale stamcellen (MSC) gezaaid in een PCL-gebaseerde prothese
verantwoordelijk zijn voor de synthese van de eiwitten MCP-1, Vascular Endothelial
Growth Factor (VEGF) en basic Fibroblast Growth Factor (bFGF) en dat deze synthese niet
beinvloed wordt door rekbelasting. Daarbij werd er een synergetische toename in bFGF
synthese geobserveerd als de MSC blootgesteld werden aan circulerende PBMC in een
pulsatiele vloeistofstroming. Vergelijkbaar hieraan vertoonde de expressie van het gen
Stromal cell-Derived Factor-1a (SDF-1a), een factor die belangrijk is voor wondgenezing,
een synergetische toename in MSC die blootgesteld waren aan PBMC.

Ter conclusie kunnen we stellen dat de factoren MCP-1, SDF-1a en bFGF een
veelbelovende en voorname rol spelen in het sturen van de immuunrespons. Voor het
produceren van a-cellulaire synthetische protheses zouden deze factoren derhalve als
bioactieve componenten opgenomen kunnen worden in de prothese, mits de snelheid
waarmee de factoren afgescheiden worden op de plek van implantatie nauwkeurig
gereguleerd kunnen worden in samenspel met de effecten ten gevolgde van
schuifspanning. Daarnaast is het raadzaam de mechanische eigenschappen van de
prothese zo af te stemmen dat aangetrokken cellen blootgesteld worden aan gematigde
rekbelasting (ongeveer 7%). De resultaten behaald in dit proefschrift dragen bij aan de
verder ontwikkeling van instructieve synthetische protheses voor in situ regeneratieve

therapién voor cardiovasculaire weefsels.
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