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Abstract 

Cardiovascular disease is the leading cause of death world-wide, with an estimated 17.9 

million deaths in 2016. Therefore, the need for vascular tissue is at the forefront of tissue 

engineering endeavors. In this dissertation the ability of the body' s regenerative potential will be 

put to the test. Endothelial cells are a crucial component of vascular tissue and it is increasingly 

recognized that the immune system, in specific, the monocytes and their activated state, 

macrophages are just as crucial to the development of blood vessels. In this dissertation studies 

assessing the ability of vascular endothelial growth factor (VEGF) to capture cells and thereby 

induce regeneration of vascular tissue will be assessed. Furthermore, monocytes and their active 

state macrophages will be critically examined as a possible method of regenerating vascular 

tissue in-vitro and in-situ in both small and large animal models. Additionally, an example of 

harnessing the body's regenerative capacity is demonstrated in tissue that relies on angiogenesis 

for full regeneration. All the studies presented herein demonstrate the remarkable ability of the 

human body to regenerate tissue when provided with the right biological cues. 
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Chapter 1: Introduction 

Cardiovascular disease ranks highest in mortality rate worldwide and are the 

number 1 cause of death globally: more people die annually from cardiovascular diseases than 

from any other cause; claiming 17.9 million lives in 2016 (WHO report) . To address the ongoing 

need for vascular tissue it is essential to understand the biology and therefore the developmental 

origin of vascular tissue. The human circulatory system is comprised of three types of vessel 

systems, arterial, venous, and lymphatic. All such vessels are comprised of three main 

components- the endothelium, (which lines the interior of the vessels and is comprised of 

endothelial cells), medial layer, ( comprised of smooth muscle cells and pericytes ), and adventitia 

(primarily comprised of fibroblasts) . In this dissertation we will be focusing on arterial blood 

vessels, that is, vessels that carry oxygenated blood from the lungs to the heart and to every 

organ within the body. The contrasting venous system carries deoxygenated blood from the 

organs and tissues back to the heart and to the lungs for re-oxygenation. The lymphatic vessels in 

contrast do not transport blood, rather, they transport interstitial fluid comprised in simplest 

terms of water and immune cells. These three systems, while intricately connected and 

developmentally similar have unique characteristics and functions. The cellular makeup of the 

three vessels differ in their phenotypic expression due to the differing physiological conditions in 

the different vessel systems. 

As mentioned, in this dissertation I will be focusing on the arterial system vessels, as they 

are the most common vessels needing intervention due to the high pressure, high shear, pulsatile 

physiology within these vessels that contributes to the difficulty in engineering suitable 

replacement tissue. Implantation studies in our lab and elsewhere have well documented that 

adventitia and even the medial layer are readily regenerated depending on the biomaterial used 
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and thus are not the focus of this dissertation. In contrast, the endothelial lumen/endothelium has 

been demonstrated to be the most critical and most difficult to engineer component of 

replacement vessels. The endothelium functions as a tightly controlled mediator between blood 

cells and surrounding tissue, serving more as a "gate" than a barrier. Though EC within the 

endothelium come into direct contact with all components ofblood, the interactions with the 

myeloid white blood cells, specifically monocytes is of considerable interest. 

Monocytes (MC) are a heterogeneous population of cells with a diverse range of 

physiological responses. Depending upon the micro-environment they find themselves in MC 

can either enhance or prevent tissue repair. As a major component of the immune system, our 

bodies harness MC and their active state macrophages (MP) to interact with anything that is put 

into our body and generate the appropriate response. As I will discuss in more detail, the field of 

immunoengineering is quickly emerging as a key aspect to consider in any kind of medical 

intervention. It would be unwise to ignore the interplay between the cardiovascular system and 

the immune system. Indeed, it has become increasingly clear that EC and MC may have more in 

common than originally thought. 

Therefore, it is critical to understand the biology of both endothelial cells (EC) that comprise 

the endothelium and the monocytes that directly interact with the endothelium so that we may 

gamer insight into how best to recapitulate the function or otherwise regenerate this layer in 

implanted grafts. 

1.1 Shared Developmental Origin ofEndothelial and Monocyte Cells 

Though it is still unknown as to the exact origin of EC and MCs, embryo studies conducted 

in mice have determined them to be of mesodermal origin from a bipotent progenitor termed a 
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hemangioblast. The hemangioblast is thought to give rise to both primitive EC termed 

angioblasts and hematopoietic cells (HC). [1 , 2] The HC give rise to all blood cells cell 

components namely, platelets, white and red blood cells, of which include MC. [3] 

1.1.1 Development ofEndothelial Cells 

The angioblasts arise as early as E6.5 in the extraembryonic yolk sac expressing vascular 

endothelial growth factor 2 (VEGFR2) and t-cell acute lymphocytic leukemia protein 1 (Tall). 

By E7.5 the angioblasts upregulate platelet endothelial cell adhesion molecule 1 

(Pecaml) , endothelial-specific receptor tyrosine kinase, also known as tyrosine kinase with 

immunoglobin-like and egf-like domains 2 (Tie2) , and Laminin, followed by the downregulation 

of Tall. [4] These ECs then proliferate within areas called blood islands alongside HC and 

become endothelium as the vessels grow from the yolk sac. How ECs organize into the various 

vessels remains complicated, as some vessels such as the carotids, aortic arch, and dorsal aorta 

arise de nova from EC in the blood islands in a process called vasculogenesis. Other vasculature 

grows from pre-existing vessels in a process called angiogenesis. Both processes involve a step 

by step incorporation of EC as the vessel grows, a process that is distinct for various organ 

systems and relies on a number of cell types such as macrophages (MP), neurons, 

fibroblasts(FB) , and smooth muscle cells (SMC) and will be covered in more detail later in this 

introduction. 

1.1.1.2 Regulation ofEndothelial Differentiation 

Despite the uncertainty behind the exact identity of the origin of EC, the transcriptional 

network regulating EC development has been the focus of a plethora of studies and has been 
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reviewed extensively elsewhere. [5-8] EC arise from Brachyury+ cells in the posterior 

mesoderm wherein VEGFR2 is upregulated, specifying these cells to become early EC cells. 

VEGFR2 knockout is lethal in mice embryo's and VEGFR2 null ES cells fail to develop any 

vasculature or blood, indicating the essential nature of VEGFR2 in both EC and HC lineages. [9] 

VEGFR2 as well as a number of EC and HC genes (VEcadherin, Tie2, Scl, Notch4, and Nfatcl) 

is transcriptionally regulated by Etv2 (known also as Etsrp, ER71 , ETS variant 2). Etv2 is critical 

for the differentiation of mesodermal progenitors toward endothelial cell lineage and a member 

of the 30+ family of ETC transcription factors. ETS transcription factors perform vital roles in 

endothelial cell development. In fact, ETS factors could probably regulate most of the 

endothelial specific gene expression since regulatory regions for most of the endothelial genes 

consist ofETS binding sites [10-12]. ETS family members, Etsl , Erg, Fli-1 and Etv2 have been 

shown to have crucial roles in vascular and hematopoietic development[12]. Specifically, 

Morpholino knocking down Etv2 led to the complete abrogation of circulation in zebrafish 

embryos [13]. On the other hand, overexpression ofEtv2 resulted in ectopic expression of 

endothelial markers in different cell types in vivo [13-15] indicating the unique role of 

Etv2 for in vivo vasculogenesis [12]. Particularly, Etv2 expression should be only maintained 

during a specific developmental time window in order to appropriate vasculogenesis. In another 

words, transient activation of this factor in the mesoderm is enough to initiate endothelial cell 

development. Afterwards Etv2 expression downregulated very quickly as endothelial cells begin 

to mature [12]. 

Etv2 and forkhead transcription factor (FOX)-C2 cooperatively activate the generation of 

VEGFR2+ mesoderm. Etv2 directs multipotent VEGFR2+ cells to hemangiogenic mesoderm, 

while inhibiting the formation of cardiogenic mesoderm. EC and HC lineages are determined by 
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various transcription factors , such as GATA binding protein (Gata)-2, Sc!, and Gata]. Further 

differentiation of EC into arterial fate is mediated by VEGF signaling and NOTCH signaling 

(via HEYl and HEY2) and FOX family factors (FOXCl and FOXC2), whereas venous identity 

is determined by chicken ovalbumin upstream transcription factor II (COUP-TFII)-mediated 

suppression ofNOTCH signaling in conjunction with Sox family factors (SOX7 and SOX18). 

[5-8] 

1.1.2 Development ofMonocytes 

Though EC and MC share a developmental origin as VEGFR2+ mesoderm, MC arise 

after a number of developmental precursors have been generated and is thus further downstream 

of EC differentiation. Similarly to EC, MC development has been extensively reviewed over the 

years. [16-20] It is important to note that MC are commonly associated with their activated state 

of macrophages (MP), however from a developmental standpoint, MP have two distinct origins. 

The first developmentally precedes EC, as tissue resident MP have been found directly within 

the fetal yolk sac and have their own independent self-renewal capacity. [21-23] These 

specialized cells are found all throughout the body and their role is becoming increasingly 

studied as a means of tissue regeneration. The second origin is through activation of monocytes 

and subsequent infiltration into tissues. In the adult body it is still not clear how to differentiate 

between tissue resident and blood borne MPs after infiltration into the tissue, though more 

studies continue to establish means to delineate the two populations. 

Blood Monocytes are derived from erythro-myeloid progenitors (EMPs) and arise from 

the yolk-sac hemogenic endothelium after primitive hematopoiesis. EMPs migrate into the fetal 

liver, where they proliferate and differentiate into fetal monocytes. These cells also colonize the 

bone marrow prior to birth (23). In the adult, hematopoiesis of monocytes occurs primarly in the 
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bone marrow, where EMP derived hematopoietic stem cells (HSC) differentiate through CD34+ 

common myeloid progenitors (CMPs), CD16+/CD32+ granulocyte-monocyte progenitors 

(GMPs), CDl 15+ (CSF-lR/M-CSFR), CX3CR1 + and Flt-3+ (CD135) monocyte-dendritic cell 

progenitors (MDPs) and finally through CD14+ (Ly6C in mice), Flt-3-, CDl 15+, CX3CR1 + 

common monocyte progenitors ( cMoPs) to obtain monocytes which are released into the blood 

under various conditions and continually regenerated. 

MC are traditionally associated with their activated state, macrophages (Mcp), which have 

a wide variety of functions within the body depending upon the activation state and 

microenvironment the macrophage is in. These functions are either pro-inflammatory (Ml), anti

inflammatory (M2) or somewhere in between, as Mcp are highly plastic and will polarize 

according to cues from the microenvironment, including chemokines, growth factors , shear and 

02 levels [24-28]. The expected response of a monocyte derived Mcp is first to polarize towards 

the Ml phenotype, upregulating key Ml associated genes such as iNOS, IL6, IL12, and TNFa. 

Ml-Mcp clear away damaged tissue through endocytosis and induced apoptosis of nearby 

damaged cells. Upon clearance, under the right conditions, Mcp repolarize to an M2 phenotype, 

upregulate key M2 genes such as CD163 , IL4, and ILl0, and recruit additional MC/Mcp to the 

injured site. M2-Mcp function to recruit fibroblasts , SMC, EC, and others through the production 

of various growth factors. 

1.1.2 Regulation ofMonocyte Development 

Considering the numerous developmental precursors that exist prior to the generation of 

monocytes, it is not surprising that this process requires tight transcriptional control. The first 

hematopoietic transcription factor to distinguish HC from angioblasts in the hemogenic 

endothelium and thus gives rise to EMP cells is PU 1. PU. I expression is directly responsible for 
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downregulation of angioblast and other developmental pathways involving GATA networks. 

PU. I also induces expression of myeloid specific factors such as Interferon regulatory factor-8 

(IRF8), Kruppel-like Factor 4 (KLF-4) and Ergl. PU.I expression is variable, high PU.I favors 

myeloid development, whereas lower PU. I favors granulocyte progenitor development. 

Furthermore, PU. I induces both MCSF and its receptor CD 115 expression which is a key signal 

for monocyte differentiation. As the HSC differentiates via MCSF signaling, IRF8 is upregulated 

during CMP and GMP phases during monocyte development and this in tum upregulates KLF-4 

to generate cMoPs. 

1.1.3 Hematopoietic Monocyte precursor cells contribute to the endothelial population. 

In a landmark study by the Ruhrberg group, researchers identified a new source of both 

embryonic and adult endothelial cells that provides further support behind the notion of a shared 

developmental origin of monocyte and endothelial cells. [29] In this study, Csfr 1 lineage tracing 

was performed in mice and identified a population of endothelial cells in multiple organs and 

vessels in both fetal and adult mice. [29]These cells were traced back to their earliest lineage as 

erythroid-myeloid precursor cells (EMP), which as described earlier, is the first transition cell 

type from the hemogenic endothelium/hemangioblast. Prior to this study it was believed that all 

fetal endothelial cells are derived from fetal angioblasts. Furthermore, the researchers isolated 

EMPs and were able to coax these cells into differentiation into three mature lineages

monocytes, granulocytes, and endothelial cells. EMPs persist throughout adulthood, thereby 

providing a new source of endothelial cells that have a much closer developmental origin with 

monocytes. 

1.2 Endothelial Cells and Monocytes: Physiologically Intertwined 
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Endothelial and Monocyte cells share more than just a common developmental origin; they 

are intertwined in a vast number of physiological processes such as angiogenesis [30-34] , 

chronic and acute inflammation[35-39] , atherosclerosis [ 40-44] , lymphagenesis[ 45-47] , cancer 

development [ 48] , and more. Such processes can be via autocrine or paracrine signaling and/or 

through direct cell to cell contact between the two cell types. [ 49] 

1.2.1 Angiogenesis 

Monocytes, and their activated state, macrophages, have been demonstrated to be a key 

component during angiogenesis. Live imaging performed by the Martin group indicate that 

macrophages are drawn to wound blood vessels soon after injury in mouse and zebrafish wounds 

and are intimately associated throughout the repair process. [50] Furthermore they show that 

macrophage ablation results in impaired neoangiogenesis. The use of zebrafish embryo 's in this 

study provides a beautiful method of live imaging to precisely show the interaction of 

macrophages and endothelial cells. Interestingly, the Martin group found that monocyte derived 

macrophages with an inflammatory phenotype, M 1, induced more vessel sprouting via increased 

production ofVEGF, a potent driver of endothelial proliferation. In a more applicable human cell 

model, the group observed three different types of macrophage- vessel interactions in vitro-I) 

interaction with blood vessel tips, 2) localise to the sides of blood vessels, or 3) to vessel 

intersections and anastomoses. The group found that pro-inflammatory (IFN treated) 

macrophages were far more likely to associate with vessel tips than any other part of the vessel, 

whereas non-inflammatory cells (treated with IL-4) associated randomly with different areas of 

vessels. [50] 

Monocytes are extremely plastic and sensitive to their micro-environment. A slight 

change in even one of the many various cytokines that act upon monocytes can result in a vastly 
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different macrophage phenotype that can range from anti-inflammatory (M2) to pro

inflammatory (Ml) and somewhere in between. This allows for a diverse range of functions 

during various physiological processes, including angiogenesis. As discussed, macrophages can 

act either direct upon nearby endothelial cells as indicated by the Martin group, or they can act in 

a paracrine fashion- promoting and/or inhibiting nearby endothelial proliferation and migration. 

A great example of this functionality is explored by the Lu group, that identifies opposing effects 

on endothelial cells through a paracrine manner when macrophages express either high levels of 

MCSF (CCL2) or CX3CL1. [31] The Lu group found that monocytes and their active 

macrophage state with high levels of CCL2 induced endothelial proliferation and migration. 

Conversely, MC with high levels of CX3CL1 inhibited endothelial proliferation and migration. 

The group studied the effects of these two ligands on macrophage gene expression and found 

that CCL2 induced significantly more VEGF-A expression and decreased THBS-1 and 

ADAMTS-1. Conversely, CX3CL1 downregulated VEGF-A expression and increased THBS-1 

and ADAMTS-1. As discussed so far, VEGF is a very potent chemokine for endothelial 

proliferation and migration, thus the high CCL2 induced expression ofVEGF was found to drive 

endothelial proliferation and migration. Similarly, THBS-1 and ADAMTS-1 are known to inhibit 

EC proliferation and migration, thereby connecting CX3CL1 production as a negative regulator 

of EC proliferation and migration. [31] 

Another study by the Blocki group further exemplifies the role macrophage activation 

state has on angiogenesis. However, this study seems to indicate a more angiogenic role of M2 

macrophages. In this study the group used an in vitro assay using vascular cell spheroids that 

were induced to sprout vessels in the presence of Ml or M2 activated macrophages. They 

showed that M 1 macrophages induced single-cell migration of endothelial cells and pericytes. In 
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contrast, M2 macrophages augmented endothelial sprouting, suggesting that endothelial cells 

infiltrate the wound during the inflammatory phase followed by extensive angiogenesis after the 

switch to M2. [33] When the activated state secretomes were analyzed, interestingly, both 

macrophage phenotypes shared a strong pro-angiogenic secretion profile including factors such 

as bFGF, VEGF with some anti-angiogenic factors (IGFBP-3 , PEDF, TIMP-1 , thrombospondin-

1). They did not detect any factor secreted by M2 macrophages that was not present in Ml

conditioned media, however, they detected several factors that were only secreted by Ml 

macrophages (IL-1~, MCP-1 , MIP-la, and Pentraxin 3). It is important to note that while all 

three studies mentioned this far have used macrophages activated towards either Ml or M2, the 

method of activation was different. In the study by Blocki ' s group they used IFN and LPS in 

conjunction to activate Ml and IL4 and IL13 to activate M2. [33] Lu' s group used GM-CSF to 

obtain enriched monocytes and then activated the monocytes with either CCL2 or CX3CL1. [31] 

Martin's group used INF alone for Ml and IL4 for M2. [50] As mentioned, it only takes a slight 

change in the macrophage activation to obtain different functionalities. 

1.2.2 Monocyte and Endothelial Adhesion 

In addition to angiogenesis, monocytes also play a major role in homeostasis and repair 

of established vasculature. A number of studies have provided clear evidence of a number of 

receptors, selectins, and integrins that are specific for endothelial cells on monocytes and vice 

versa. This intricate system of adhesion plays a fundamental role in cardiovascular health. A 

number of reviews have provided detailed mechanisms for monocyte rolling, arrest, and 

adhesion onto injured endothelium.[51-54] Briefly, the adhesion cascade is characterized first by 

rolling, which is mediated by selectins such as P or E selectin expressed on the endothelium and 

slow down/bind to the monocytes via receptors such as PSGL-1 for P-selectin. The second step 
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is characterized by activation, which is mediated by chemokines released by damaged or stressed 

endothelial cells such as CCL2, CCL5, and IL-I which in tum bind to and rapidly activate the 

monocyte for firm adhesion usually by changing the conformation of the various integrins 

towards a more active state. In the last step monocytes come to a stop/arrest through integrin 

mediated arrest such as binding of a4 or ~2 integrin on the monocyte to VCAMI or ICAMI on 

the endothelial cell. [52] Considerable work has been done in the area of adhesion to further 

elucidate the triggers behind monocyte adhesion. As mentioned, monocytes are very 

heterogeneous and as such the various subtypes provide differing functions upon binding to the 

endothelium. A typical inflammation based response was just summarized, however other 

adhesion schemes have been identified for various subtypes that promote anti-inflammatory 

responses. 

A key example of an alternative adhesion scheme was elucidated by the Limbourg group, 

wherein the adhesion of monocytes with regenerative capacity was studied on damaged 

endothelium as opposed to inflamed endothelium as just summarized above. [55] In this study 

Cx3crlGFP/+ reporter mice were used to track monocyte populations as they were recruited to 

areas of induced endothelium damage. Interestingly they found a dramatic increase in trafficking 

of the non-classical Ly6C-lo (CD14-low, CD16-high) monocyte to the damaged endothelium, 

corresponding with high levels of CX3CR1 on these non-classical monocytes which bound to 

and were activated by the dramatic increased in CX3CL1 production by the damaged 

endothelium. [55] As mentioned in the classical adhesion scheme, chemokines, such as 

CX3CL1 , activate the monocyte to induce firm adhesion via integrins. For CX3CL1 this is 

apparent on 2 different integrins present on the monocyte surface, a4~1 and aV~3. [56, 57] 

These binding interactions have been determined to take place either in conjunction with 
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CX3CR1 or directly onto the integrin itself Binding directly to the integrin induces 

conformational changes that opens the integrin alpha chain into a high binding state, which in 

tum allows rapid and strong binding to their respective adhesion molecules on the endothelial 

surface. Furthermore, additional research has shown a positive feedback loop whereby CX3CL1 

binding to CX3CR1 induces CX4CL production, which in tum induces VEGF production in 

nearby endothelial cells, macrophages, and recruits additional Monocytes via CX4CR1. [58] 

This seemingly conflicts with the earlier study indicating CX3CL1 induced a negative 

angiogenic effect [31 ], but it is important to note that the previous study was performed on in

vitro cells and did not take into account the recruitment of pro-angiogenic cells. 

Various ligands recruit different monocyte subsets such as GM-CSF [59-61] , M-CSF [31 , 

62, 63] , SDF [64-66] , and as just exemplified using CX3CL, however, chemokines and ligands 

are not the only method of recruitment. Interactions with platelets[ 67, 68] , extracellular matrix 

proteins [69] , and even shear [70, 71] have varying levels of monocyte subtype recruitment. 

Monocytes and Endothelial Cells have an intricately connected dependency upon the 

other for maintaining tissue homeostasis as has been exemplified thus far. It is imperative 

therefore that vascular tissue engineering strategies employ methods to incorporate strategies for 

regeneration that employs both cell types. In the next few sections I will highlight the current 

methods for producing or isolating both endothelial cells and monocytes for in-vitro and in-vivo 

studies and conclude with methods to harness both cell types in-situ for tissue regeneration. 

1. 3 Sources ofEndothelial Cells for Regeneration in-vivo. 

There is considerable discrepancy over whether endothelial progenitor cells (EPCs) exist 

in healthy adult blood, thereby considerably limiting isolation techniques to bone marrow 
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isolation or worse, expansion from mature endothelial cells isolated directly from patient tissue. 

The later method rarely succeeds in producing enough endothelial cells for regenerative purposes 

and is costly and painful for the patient. Bone-marrow isolations, while fruitful in obtaining 

endothelial progenitors still requires a painful and costly surgery with additional culturing in

vitro to obtain sufficient numbers. EPCs have been under considerable debate within the research 

community. The initial work by Asahara et al [72] , proved to be problematic in that it resulted in 

varying types of EPCs that have since been labelled as early EPCs (angiogenic leukocytes[73] , 

MOMCs[74] , CACs[75-77]) or late EPCs (CFU-EPC, Hill-EPC [78, 79]). Early EPCs are 

monocyte derived cells with angiogenic properties and endothelial markers but do not function 

as endothelial equivalents. They do not form VE-Cadherin+ junctions, do not directly form tubes 

on matrigel (a functional requirement of EC), nor do they proliferate much in culture. Late-EPCs 

however do form colonies with VE-Cadherin junctions, form tubes on matrigel, and are highly 

proliferative. Even in the case of late EPCs, these cells are only obtained in the presence of early 

EPCs. [80] However, they are exceedingly rare in healthy adult blood. This researcher has 

attempted to obtain EPCs from healthy adult blood for 6 years on a monthly basis and has only 

found one donor that gave rise to EPCs. Some research indicates EPCs are only present if a 

cardiovascular disease is apparent in the patient [81] , while others point to less than 0.01 % of 

peripheral blood mononuclear cells expressing EPC markers (CD34, VEGFR2, CD133 , c-KIT). 

Thus, while it is possible these cells exist in some form under physiological conditions, it is more 

advantageous to obtain EC by other means such as through differentiation from stem cells or 

direct induction. 
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In stark contrast, monocytes are bountiful within adult blood, representing over 20% of 

peripheral blood mononuclear cells. Monocytes are easy to isolate from the blood using 

traditional syringe and needle techniques and therefore will not be covered in depth. 

1.4 Harnessing the Body's Regenerative Potential 

So far we have discussed origins and developmental pathways shared between monocytes 

and endothelial cells, explored the intertwining and codependent physiology, and briefly 

discussed the unfortunate lack of EPCs within the adult blood, all to elucidate key aspects of 

vascular tissue engineering. Understanding the biology of the cells that in tum regenerate the 

tissue of interest is the first step in engineering technologies to harness our body's own 

regenerative potential. It is this researcher's opinion that in-situ tissue engineering is the future of 

medical interventions, especially within vascular tissue. Our bodies have the raw material and 

the perfect micro and macro environments in which to harness and assemble this raw material 

into regenerated tissue. Over the last decade, especially within the last few years, incredible 

progress has been made to make this idea a reality. While many successful technologies still rely 

on cell culture in-vitro with subsequent expansion, differentiation, and analysis- these methods 

cannot fully recapitulate the environment such products eventually find themselves in. 

Several groups have realized the potential in harnessing the monocyte/macrophage and 

endothelial interplay system for various tissue engineering applications. [30, 82-85] Recently, a 

study from the Zhou group demonstrated an example of a biomaterial designed to influence the 

activation state of macrophages to enhance angiogenesis and induce an anti-inflammatory 

response. [86] The study indicated that titanium dioxide (TiO2) nanotubes induced macrophage 

polarization toward the anti-inflammatory M2 state and increased the expression of arginase-1 , 

mannose receptor, and IL-10. Further mechanistic analysis revealed that M2 macrophage 
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polarization controlled by the Ti02 nanotube surface activated the phosphatidylinositol 3-

kinase/ AKT and ERK 1/2 pathways through release ofVEGF to influence endothelialization. 

Additional work by the Bouten group further exemplifies the effect of engineering a 

biomaterial with the purpose of modulating the immune response using a novel class of 

elastomer scaffolds based on synthetic peptide chemistry, supramolecular self-assembly, and 

immobilization ofheparin and IL-4.[87] Ureido-pyrimidinone (UPy)-modified chain extended 

polycaprolactone (CE-UPy-PCL) was mixed with a UPy-modified heparin binding peptide 

(UPy-HBP) to allow for immobilization of heparin, and further functionalization with IL-4 via its 

heparin binding domain. CE-UPy-PCL and UPy-HBP were exposed to primary human 

monocyte-derived macrophages, in the presence or absence of IL-4-heparin functionalization. It 

was demonstrated that the supramolecular IL-4-heparin functionalization effectively promoted 

macrophage polarization into an M2 anti-inflammatory phenotype. 

1.5 Engineering Vascular Grafts to Harness the body's regenerative potential 

As discussed thus far, various groups have engineered biomaterials with monocytes and 

macrophages within the material to promote tissue repair as well as engineer materials with 

cytokines to recruit the body's own monocytes and macrophages for tissue repair. The studies 

discussed thus far exemplify immunomodulation in various tissue applications. Relatively few 

studies have harnessed the monocyte/macrophage system directly for vascular graft engineering. 

In the next few sections, a detailed overview of the current state of in-situ vascular regeneration 

will be discussed. As exemplified within our laboratory and others, small diameter vascular 

grafts without an endothelium quickly occlude. [88] Therefore it has been the focus in the last 

few years to engineer grafts capable of promoting endothelialization en-situ. While a great deal 

of vascular grafts employ in-vitro culturing and seeding ofbiomaterials, many of which are 
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successful, the focus in the field is shifting towards acellular technologies due to ease of 

production, lower cost, and lowered immune rejection. 

Various methods to promote endothelial ingrowth (in small animal models) or capture 

and induce subsequent proliferation and differentiation of the elusive EPC. The Kim group 

demonstrated a dual approach for in-situ cellular homing to the implanted graft using 

Polycaprolactone (PCL)/collagen grafts containing substance P (SP) or SDF-la-derived peptide 

electrospun grafts. [64, 89] The lumen of the both grafts was covered by endothelial cells, 

elongated in the direction of the blood flow. SP and SDF-la grafts also promoted smooth muscle 

cell regeneration, endogenous stem cell recruitment, and blood vessel formation, which was the 

most prominent in the SP grafts. Evaluation of inflammatory response showed that SP grafts 

showed significantly higher numbers ofM2 macrophages than that of the control and SDF-la 

grafts. SP and SDF-la have been demonstrated to bind to various cell types with regenerative 

capacity, namely bone marrow derived stem cells. It has also been demonstrated that both EPCs 

and MCs express the SDF-la receptor, CXCR4, possibly indicating that these cells were also 

recruited to the implanted grafts. Other groups have demonstrated similar results using SDF-la 

engineered grafts as well as various other applications for tissue regeneration. [65 , 90-93] 

In addition to growth factors , synthetic peptides such as REDV and full-length 

extracellular matrix proteins such as fibronectin, have also been used to promote 

endothelialization [69, 94-96]. Use of fibronectin resulted in incomplete endothelialization in the 

middle of the graft, possibly due to lack of specificity to integrin binding domain RGD, which 

may allow a wide variety of cells to bind and outnumber the scarcely present endothelial cells in 

the blood [92]. Indeed, since platelets also carry the a5~1 integrin that binds the RGD domain, 

use of full-length fibronectin presents the risk of homing thrombogenic cells to the graft lumen 
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[95 , 97]. Furthermore, the use of the glycosaminoglycan, heparin has been utilized in small 

animal models to prevent thrombosis [98-100] , but failed to prevent thrombosis in large animal 

models, such as sheep. [101] 

Immunomodulation of vascular grafts has also emerged as a successful method of 

inducing in-situ tissue regeneration. The Baaijens group used monocyte chemotactic protein-I 

(MCP-1), laden grafts to study graft regeneration by circulating cells homing to MCP-1. [102] 

Using electrospun poly(e-caprolactone) (PCL) grafts loaded MCP-1 , the team found that MCP-1 

induced a phased healing response initiated by a rapid influx of inflammatory cells. After 3 

months in vivo, the grafts consisted of a medial layer with smooth muscle cells in an oriented 

collagen matrix, an intimal layer with elastin fibers , and confluent endothelium. 

Additional work by the Wise group engineered vascular grafts with immobilized IL-4, 

which as discussed earlier, promotes macrophage activation towards the M2 anti-inflammatory, 

pro-regenerative phenotype. In this study, a plasma immersion ion implantation (PIii) surface 

treatment was used that facilitates the rapid covalent attachment of IL-4 to electrospun 

polycaprolactone (PCL) scaffolds and implanted in mice. [ 103] The researchers found that IL-4 

grafts induced M2 polarization and positive regulation of the local cytokine environment, which 

translated to a significant reduction in foreign body encapsulation and neointimal hyperplasia 

development after 1 month in vivo. 

Engineering vascular grafts to capture circulating angiogenic cells has been a primary 

focus within the Andreadis group and is the primary technology assessed within this dissertation. 

As discussed throughout this introduction, VEGF is a potent driver of endothelial proliferation 

and differentiation and is essential during all forms of vessel development. As chapter 1 within 

this dissertation will demonstrate, VEGF can capture endothelial cells with high specificity and 
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selectivity under physiological shear conditions, similar to what would be found at the lumen of 

implanted vascular grafts. [ 104] This study was a proof of concept for a groundbreaking study 

using small diameter, small intestine submucosa derived, heparin and VEGF immobilized 

vascular grafts implanted in a clinically relevant ovine model. 

In this study, heparin was covalently linked to SIS via EDC/NHS chemistry with 

subsequent immobilization ofVEGF via the heparin binding domain and implanted into the 

small diameter, carotid system of a sheep. [101] As shown in the Pre-Figure 1, grafts were patent 

for the duration of the study, 3mo, and developed a confluent endothelium by Imo. Vascular 

reactivity, immunostaining of SMC and EC cells, and ECM analysis demonstrate the 

functionality of these grafts is similar to that of native arteries. This study proved to be the first 

truly a-cellular small diameter graft capable of in-situ regeneration in a clinically relevant animal 

model. Other a-cellular grafts had been developed but tested only in mice and rats, which rapidly 

endothelialize from anastimotic sites. In stark contrast, ovine and human vasculature do not 

proliferate from the anastimotic sites. 

This study opened the door for a number of questions, many of which comprise the 

contents of this dissertation. One of the limitations of the ovine study was the lack of methods to 

elucidate the mechanism of endothelium regeneration. Therefore, in chapter 3 a pilot study using 

a micro-sized version of the ovine grafts is assessed in mice. In brief, it was demonstrated that 

VEGF grafts confer vastly differing cellular and immunological responses compared to heparin 

only grafts. [35] 

The ovine study showed that VEGF can generate a functional endothelial lumen by Imo 

in-situ, however, at 1wk grafts were coated with cells that lacked any endothelial markers as 

evidenced by a lack of CD144 and eNOS. It was also demonstrated that grafts remained patent at 
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1 wk. This then presents an intriguing question- how do VEGF grafts endothelialize if the capture 

cells in-vivo lack endothelial phenotype? What cells are actually captured by VEGF in-vivo? 

These questions and more are the primary focus of this dissertation and make up the bulk of the 

research presented herein. Chapter 4 of this dissertation attempts to answer these intriguing 

questions and presents a status-quo challenging result. As discussed throughout this introduction, 

vessel endothelium development is not just dependent on endothelial cells, but rather is an 

intricate system of co-dependence on a variety of cells, namely monocytes and their activated 

macrophage state. Therefore chapter 4 will discuss how VEGF can capture monocytes from the 

circulating blood and initiate a previously misunderstood phenomenon- acquisition of endothelial 

phenotype and function. This phenomenon is presented both in-vitro under culture and 

physiologically relevant conditions as well as in-vivo. 

Furthermore, and as an example of harnessing the body's regenerative potential, a case 

study is presented in chapter 5 assessing the ability of engineered, novel, covalently linked 

growth factors VEGF and FGF9 to induce angiogenesis during bone production [105] . This 

study allowed for additional collaborations utilizing the same engineered VEGF for angiogenesis 

but for a vastly different tissue need, gland regeneration [ 106] . 
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Chapter 2: Capture of endothelial cells under flow using immobilized vascular 

endothelial growth factor 

Adapted from publication: Randall J. Smith, Maxwell T. Koobatian, Aref Shahini, Daniel D. 

Swartz, Stelios T. Andreadis, Capture of endothelial cells under flow using immobilized vascular 

endothelial growth factor, Biomaterials, Volume 51 , 2015 , Pages 303-312, ISSN 0142-9612, 

https ://doi.org/10.1016/j .biomaterials.2015 .02.025. 

2.1: Abstract 

We demonstrate the ability of immobilized vascular endothelial growth factor(VEGF) to capture 

endothelial cells (EC) with high specificity under fluid flow. To this end, we engineered a 

surface consisting of heparin bound to poly-1-lysine to permit immobilization of VEGF through 

the C-terminal heparin-binding domain. The immobilized growth factor retained its biological 

activity as shown by proliferation of EC and prolonged activation ofKDR signaling. Using a 

microfluidicdevice we assessed the ability to capture EC under a range of shear stresses from 

low (0.5 dyne/cm2) to physiological (15 dyne/cm2). Capture was significant for all shear stresses 

tested. Immobilized VEGF was highly selective for EC as evidenced by significant capture of 

human umbilical vein and ovine pulmonary artery EC but no capture of human dermal 

fibroblasts , human hair follicle derived mesenchymal stem cells, or mouse fibroblasts . Further, 

VEGF could capture EC from mixtures with non-EC under low and high shear conditions as well 

as from complex fluids like whole human blood under high shear. Our findings may have far 

reaching implications, as they suggest that VEGF could be used to promote endothelialization of 

vascular grafts or neovascularization of implanted tissues by rare but continuously circulating 

EC. 
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2.2 Introduction 

Coronary artery disease (CAD) is the leading cause of mortality in the United States, 

necessitating approximately half million coronary artery bypass graft (CABG) surgeries annually 

[ 107]. While autologous venous or arterial grafts have been the gold standard for many years, up 

to 30% of patients requiring venous grafts lack transplantable veins [108, 109]. Limited 

availability of suitable autologous vessels, morbidity at the donor site, and the high rate of long

term failure of venous grafts necessitate the search for alternative strategies [110]. Various 

groups have demonstrated patent tissue engineered vessels (TEV s) comprised of various 

biomaterial scaffolds seeded with cells in the lumen and medial layers and further preconditioned 

in various bioreactors exposing tissues to shear stress and/or pulsatile pressure [111-118]. 

Alternatively, other groups demonstrated success with scaffold-free TEV's comprised of cell 

sheets that were rolled and preconditioned prior to implantation and such TEV s have even 

progressed to human clinical trials [119-123]. However, both types of TEVs require an 

autologous cell source and weeks to months of culture before implantation. Consequently, 

development of cell-free TEVs has re-emerged recently as several laboratories demonstrated 

successful approaches to decellularize cell-containing TEVs and provide "off-the-shelf' 

transplantable grafts [124-127] . However, a functional endothelium was still necessary to 

maintain graft patency [128]. One group reported engineering of a completely acellular TEV that 

exhibited patency and remodeling in a rat animal model [129] , but evidence that this approach 

can also work in a larger, clinically relevant animal model is still lacking. For cell-free vascular 

grafts, a functional lumen is necessary for successful transplantation. Methods to capture cells 

after implantation are emerging as an alternative strategy that aims at capturing rare circulating 

endothelial progenitor cells (EPCs) to repopulate the lumen and maintain graft patency. 
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EPCs are rare, highly proliferative, circulating cells capable of endothelializing vascular 

grafts, and have been a consistent target of cell capture technologies, such as microfluidic 

devices with appropriate surface modifications [130-133]. Of note is the capture ofEPCs using 

surface immobilized antibodies against cell surface molecules including VEGFR2, vWF, CD31 , 

and CD34, under low shear stress [132, 133]. In these studies cell capture occurred at shear stress 

lower than 4 dyne/cm2
, whereas physiological shear in arterial vessels, such as the carotids, 

ranges from 10-14 dyne/cm2 [134]. 

While antibodies can capture cells, they may not promote and in fact, may even block 

cell proliferation [133]. On the other hand, growth factors are well-established inducers of cell 

proliferation and/or migration and may be a viable alternative to antibodies to capture rare cells. 

Moreover, surface immobilization of several growth factors such as NGF, EGF, GM-CSF, 

VEGF, and KGF has been shown to induce prolonged biological activity over their soluble 

counterparts [135-143]. Interestingly, the presentation of immobilized growth factors to the cells 

is directly related to their bioactivity and varies with the method of immobilization [135 , 144, 

145]. Recently, we showed that engineered TGF-~1 fused to the fibrin binding peptide, 

NQEQVSP, prolonged the phosphorylation of Smad2/3 from a few hours to several days, 

thereby increasing deposition of collagen and elastin and improving the contractility of vascular 

grafts [146]. Similarly, immobilization of heparin binding growth factors such as bFGF, TGF-~2, 

or VEGF to heparin via their heparin-binding domain (HBD) was shown to prolong their 

biological activity [147-150]. 

VEGF is a well-known potent mitogen for endothelial cells [151-161] and a major 

inducer of angiogenesis - the development of new blood vessels in the body [ 162-168]. Binding 

ofVEGF to heparin through the C-terminal HBD was shown to increase its biological activity, 
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possibly by enhancing presentation of the N-terminal VEGFR binding domain [159, 169, 170] 

and as a result this strategy has been employed in various biomaterial applications [ 135, 144, 

145, 171 , 172]. Interestingly, VEGF bound to extracellular matrix proteins such as collagen, 

fibronectin, vitronectin, laminin, and matrix-associated heparin was shown to prolong VEGF 

receptor 2 (VEGFR2) phosphorylation and subsequent signaling events [147, 173-177] . In 

addition, binding of cells to matrix immobilized VEGF promoted association of VEGFR2 with 

~ 1-integrin, which in tum associated with focal adhesions, a process that did not occur with 

soluble VEGF [136]. Therefore, binding to heparin allows for optimal presentation ofVEGF and 

subsequently, an enhanced cellular response. 

Here we hypothesized that surface immobilized VEGF may capture endothelial cells 

under flow and subsequently support the proliferation and expansion ofcaptured cells. Indeed, 

VEGF immobilized onto heparin could capture EC under low and high shear stress in a highly 

selective manner, even from complex biological fluids such as blood. Our findings suggest that 

this strategy may be useful in capturing rare endothelial cells for diagnostic or regenerative 

medicine applications. 

2.3 Materials and Methods 

VEGF cloning and protein production 

The pGEX-VEGF plasmid was graciously provided by Dr. Te-Chung Lee of the University at 

Buffalo, SUNY. This plasmid encodes for a thrombin cleavable glutathione-S-transferase (GST) 

tag followed by the VEGF-165 gene. For protein production, bacteria strain E. coli BL21-DE3-

pLysis was kindly provided by Dr. Sriram Neelamegham of the University at Buffalo, SUNY. 

Bacteria was then expanded until O.D.=0.8, then induced with lmM isopropyl ~-D-1-
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thiogalactopyranoside (IPTG) for protein production for 4-6 hr at 37°C and 300rpm. The bacteria 

was pelleted at 20,000g for 30 min. Bacterial pellets were re-suspended in lysis buffer (50mM 

Tris, 500mM NaCl, lmM ethylenediaminetetraacetic acid (EDTA), pH 8.5, lmg/mL lysozyme, 

and protease inhibitors) and Triton X-100 was added at 1 % prior to sonication. Sonication 

consisted of 10 cycles with 70% intensity, 30 s on/30 s off Sonicated lysates were clarified by 

ultracentrifugation at 50,000g for 30 min. Insoluble material consisting mostly of inclusion 

bodies was subjected to numerous rounds of washing and sonication. The final , washed, 

inclusion body pellet was re-suspended in solubilization buffer (50mM Tris, 500mM NaCl, 7M 

Urea, IM Guanidine-HCl, lmM EDTA, l00mM dithiothreitol (DTT), pH of 8.5) prior to 

refolding by dialysis . Briefly, solubilized GST-VEGF was immediately added to a dialysis 

membrane (SpectraPor-1 6-8 kDa cut-off) and dialyzed in Refolding Buffer-I (50mM Tris, 

500mM NaCl, l0mM KCl, lmM EDTA, 2M Urea, 500mM L-Arginine, 5mM reduced 

glutathione, 0.5mM oxidized glutathione, pH 8.5) for 24 hr. The volume of the refolding buffer 

was 1 00x the volume of solubilized GS T-VEGF. Each subsequent day the refolding buffer was 

replaced with half the urea concentration of the previous day for 3 days . The final dialysis step 

was performed in PBS. Refolding success was determined by homodimer formation as analyzed 

by 10% SDS-Page with and without reducing agent DTT. Properly refolded GST-VEGF has an 

apparent MW of 95-110 kDa, which reduces to 55 kDa upon DTT treatment. Refolded GST

VEGF was then subjected to sequential purification using GST agarose beads (Sigma,St. Lous, 

MO), thrombin cleavage of GST from VEGF, and a final purification step by passing cleaved 

VEGF through a Hitrap Heparin Column (GE Healthcare, Pittsburg, PA) according to the 

manufacturer's instructions. 

Cell Culture 
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Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza as a pooled 

donor isolation, maintained in EGM2 complete media (Lonza; Allendale, NJ) and used between 

passage 2 and 6 and maintained below 75% confluence. Hair follicle derived mesenchymal stem 

cells (HF-MSC) were isolated as described and maintained in DMEM (Life Technologies) 

supplemented with 10% MSC-FBS (Invitrogen) and lng/mL bFGF [178] . NIH-3T3 fibroblasts 

were purchased from American Type Culture Collection (ATCC) and maintained in DMEM 

supplemented with 10% BS (Invitrogen). Ovine pulmonary artery endothelial cells (OPAECs) 

were isolated as previously described [179] and were maintained in DMEM supplemented with 

20% FBS. Human dermal fibroblasts (h-dFB) were isolated as described previously from 

neonatal foreskin and maintained in DMEM supplemented with 10% FBS [143]. All media 

supplemented with 1 % Pen/Strep AA cocktail (Invitrogen). All cells were maintained in a 

humidified incubator with 10% CO2 at 37°C. 

Biological Activity of Recombinant VEGF 

The biological activity of recombinant VEGF was assessed using a standard cell 

proliferation assay. To this end, HUVECs were seeded onto a 96 well plate at a density of 2x103 

cells per well in M199 medium (Life Technologies, Grand Island, NY) supplemented with 2% 

heat inactivated FBS and varying concentrations of recombinant VEGF or commercial VEGF 

(Cell Signaling) that was used as control. Concentrations ranged from 0.05ng/ml to l00ng/ml. 

Cells were allowed to proliferate for 72 hr prior to treatment with 3-( 4, 5-dimethylthiazol-2-yl)-

2, 5-diphenyltetrazolium bromide (MTT; Life Technologies) for 4 hr. Then, the medium was 

carefully removed and replaced with 100 µ1 ofDMSO to solubilize the purple formazan crystals. 

Absorbance was read at 570nm using a Biotek Synergy 4 Spectrophotometer (with background 

absorbance at 650nm subtracted). 
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Immobilization of VEGF 

Poly-L-Lysine, MW 75 ,000-150,000 (Sigma) was used at the manufacturer' s recommended 

concentration of 0.05mg/mL to coat tissue culture treated polystyrene surfaces (TC). Coating 

was performed by adding sterile PLL solution for 2 hr with rocking at RT. After coating with 

PLL, the surface was washed repeatedly with sterile water to remove unbound PLL. Heparin (17-

19 kDa) from porcine submucosa (Sigma) was dissolved in sterile water at a concentration of 

5mg/mL and then applied directly to the PLL treated surfaces overnight at RT. Then the surface 

was washed with sterile water to remove unbound heparin and heparin binding to PLL was 

determined using the toluidine blue binding assay as described previously [180] . Heparin 

concentration on the surface was determined by comparing the unbound heparin concentration 

remaining in solution to the initial concentration. Briefly, unbound heparin was added to 

toluidine blue buffer (0.1mg toluidine blue dissolved in 50mM TBS buffer, pH 4.5) at a ratio of 1 

volume toluidine blue to 12 volumes heparin. The reaction proceeded for 30 min prior to 

centrifugation and absorbance was measured at 631nm using a Biotek Synergy 4 

Spectrophotometer (background absorbance of an empty well was subtracted from each value). 

Finally, recombinant VEGF was then added to the PLL-Heparin surface. Binding of 

VEGF was optimal at 3 7°C without rocking, for 2 hr. VEGF binding was determined by ELISA 

using biotin-conjugated goat anti-VEGF antibody (l00ng/mL, 2 hr, RT, R&D Systems), 

followed by incubation with streptavidin-HRP (1 :200, 30 min, RT) and addition of substrate 

(TMB, Sigma). Absorbance was read at 450nm using a Biotek Synergy 4 Spectrophotometer 

(with subtraction of background absorbance of 570nm). 

Static Capture of Endothelial Cells 
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Wells of a 48-well plate were prepared as discussed above with varying concentrations ofVEGF 

on P+H (PLL-Heparin) surfaces. All surfaces were blocked with 1 % BSA for 1 hr prior to 

seeding. HUVECs (under 70% confluent) were removed from tissue culture plates by treatment 

with 5mM EDTA (l0min), re-suspended in M199 medium without serum and plated at a density 

of 5x103 cells per well (7x 103 cells/cm2
). Cells were allowed to bind to the surface for 30 min 

under standard culture conditions and then washed with PBS and fixed with 4% para

formaldehyde. Cells were stained with DAPI and imaged with a Zeiss Axio Observer.Zl 

fluorescence microscope-(LSM 51 0; Zeiss, Oberkochen, Germany) equipped with a digital 

camera (ORCA-ER C4742-80; Hamamatsu, Bridgewater, NJ). Cells were counted under a 20x 

objective in 10 fields of view per well. 

Proliferation on VEGF Functionalized Surface 

To determine cell proliferation, HUVECs (under 70% confluent) were removed from tissue 

culture plates by treatment with 5mM EDTA (l0min), re-suspended in basal EBM2 medium 

with 10% serum and plated at 5x103 cells per well on P+H+V treated 48-well plates with 

varying concentrations ofVEGF. The cells were allowed to bind for 6 hr and then unbound cells 

were removed and the medium was changed to M199 supplemented with 2% heat inactivated 

FBS. After 120 hr, cells were subjected to MTT assay as described above. 

Capture of cells under flow in a microfluidic device 

Capture of endothelial cells under flow was assessed in a microfluidic device (Fig. 3A). The 

device with channel dimensions of 400µm in width, 200µm in height, and 1cm in length, 

contains four circular ports used for vacuum sealing to a flat surface. Functionalization of the 

surface with PLL and heparin, was performed as described above and using 50µ g/mL VEGF to 
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obtain complete saturation of the P+H surface in the microchannel. The PDMS based device was 

washed vigorously with 100% ethanol and dried under a stream of air before it was placed onto 

the functionalized surface. The input port was connected to a reservoir for media and cells, and 

the output port was connected to a Harvard Apparatus Syringe Pump through a Hamilton glass 

syringe (1 mL). The pump controlled the flow rate and therefore, the shear stress on the bottom 

surface of the micro channel, Tw, in the device could be calculated according to the equation: 

6µQ 
Tw =-h2 

W1 

where, µ is the viscosity; Q the volumetric flow rate; h, the height; and w1 , the width of the 

micro channel. DMEM without serum was used during fluidic runs with a viscosity of 0.88cP 

[ 181] . Simulation of fluid velocity through the channel in 2D is represented in Fig. 3E, but for 

simplicity, the formula above was used to adjust shear within the channel. All cells (under 70% 

confluent) were removed from tissue culture plates by treatment with 5mM EDTA (l0min) and 

re-suspended in DMEM medium without serum at the required concentration prior to running on 

the device. When indicated cells were pre-stained with fluorescent carbocyanines, DIO or DIL 

(Life Technologies) according to manufacturer specifications to enable live cell tracking. 

Acquisition of Whole Blood 

Whole blood was acquired from healthy donors as per University at Buffalo IRB/IACUC 

guidelines and federal regulations. Whole blood was acquired using traditional methods of 

needle and syringe and supplemented with a tenth of acquired volume with sodium citrate and 

used within 4 hr. 

Statistics 
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All experiments were performed in triplicates or higher as noted to obtain statistical significance. 

Statistical significance was assessed by a two-tailed student t-test and the data was considered 

statistically different when p<0.05. 

2.4 Results 

VEGF-165 was produced in Escherichia coli. as a recombinant GST tagged protein. As 

described above, VEGF expression was induced with IPTG and the protein was harvested as 

insoluble inclusion bodies followed by dialysis refolding and downstream purification (Fig. S1). 

Typical yields ranged from 5-10 mg/L culture. Biological activity was determined to match that 

of commercially available VEGF-165 via HUVEC proliferation assay, with an ED-5 0 of ~ 5 

ng/mL (Fig. S1D). 
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To immobilize VEGF in a bioactive form, tissue culture treated surfaces were first treated 

with poly-L-lysine (PLL) followed by heparin to utilize the heparin binding domain (HBD) of 

VEGF-165 (Fig. lA) . PLL has been shown to bind heparin with high affinity due to the high 

electrostatic interactions of the two molecules [182] . A toluidne blue binding assay was 

employed to measure the heparin concentration, which reached 0.763±0.05µg/cm2 (Fig. lB) . 

Heparin bound to the surface only in the presence of PLL and did not bind on tissue culture 

treated surfaces alone (Fig. lB). VEGF was then immobilized only to P+H (PLL-heparin) 

surfaces as confirmed by ELISA. Further, using ELISA we determined the surface concentration 

ofVEGF, which followed a sigmoidal pattern as a function of the concentration of input VEGF 

(Fig. 1D). In the range ofVEGF concentration between 1,000 and 10,000ng/mL, approximatelty 

- 64% ±7% ofVEGF was immobilized and the surface concentration at saturation was 

1,010±9.8ng/cm2
. 
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Figure 1: Assembly ofmodified surface/or VEGF immobilization. (A) Schematic ofthe modified surface with 

immobilized VEGF. (B) Heparin binds to PLL but not to TC plates. The concentration ofheparin bound to PLL was 

determined by toluidine blue binding and subsequent absorbance reading. (C) VEGF surface concentration ofPLL

bound heparin; y-axis in logarithmic scale. (D) Immobilized VEGF surface concentration (ng/cm2
) as a function of 

input VEGF concentration in solution (ng/mL). Approximately-64% ofVEGF bound to heparin when the 

concentration ofinput VEGF was in the range between 1 00ng and 1 000ng/well; x-axis is in logarithmic scale. (#) 

denotes statistical significance (p<0.05, n=3) between the indicated samples. Legend: TC: Tissue culture treated 

plate with no heparin or PLL; TC+H: tissue culture treated plate incubated with heparin; P: Surface treated (J'C) 

with PLL and no heparin or VEGF; P+H: Surface treated with PLL and Heparin; TC+ V- surface treated with 

VEGF alone; P+ V: surface treated with PLL then VEGF; P+H+ V: surface treated with PLL then heparin and then 

VEGF. 
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To assess the biological activity of immobilized VEGF, we measured proliferation of 

HUVEC on varying concentrations of immobilized VEGF, using the MTT assay. As shown in 

Fig. 2A, HUVEC proliferation increased as a function ofVEGF surface concentration. Next we 

examined whether binding of cells to immobilized VEGF activated VEGF receptor (VEGFR) 

signaling. Here we focused on VEGFR2/Flk-1 , the major transducer ofVEGF signals in EC 

[183]. To this end, HUVEC were seeded onto P+H+V surfaces and at the indicated times, non

adherent cells were removed and adherent cells were lysed for protein isolation. First, WB 

showed that VEGFR2 was phosphorylated quickly after cell binding to the surface (Fig. 2C). 

Phosphorylation levels were prolonged over a 90 min time period with a maximum response at 

10 min. As expected, phosphorylation of the downstream kinase Erkl /2 followed VEGFR2 

phosphorylation and was sustained for 30min. Such prolonged phosphorylation has also been 

observed when VEGF was bound to fibronectin and collagen indicating differential signaling 

response when bound to extracellular matrix components [136, 147, 176]. 

Capture of EC on VEGF functionalized surface 

First we examined cell binding as a function of immobilized VEGF concentration. To this end, 

HUVEC were exposed to functionalized surfaces with varying VEGF concentrations in the 

absence of serum. After 30 min the unbound cells were washed and bound cells were counted. 

As shown in Fig. 2B the number of captured cells increased with increasing surface 

concentration ofVEGF and reached a maximum between 700-1 ,000ng/cm2 ofVEGF. 
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Figure 2: H UVEC capture and proliferation on VEGF-functionalized surfaces. 

3 
(A) Proliferation ofH UVECs cultured on VEGF surface . Cells were seeded (5x l 0 cells/well of48 well p late) in 

basal EBM2 with 10% serum for 6 hr to allow proper spreading before changing the media to a basal media 

(Ml 99) with 2% serum and allowed to grow for a period of5 days. Proliferation was measured using the MTT 

assay and reported as% increase as compared to the P+H surface. (B) Capture ofH UVECs as a function of 

3 
immobilized VEGF surface concentration. Briefly H UVECs (5x l 0 cells/well of48 well plate) were p lated onto 

VEGF functionalized surface for 30 min in the absence ofserum. At that time, unbound cells were washed with PBS 

and the remaining cells were fixed, stained with DAPI and counted. f'k) denotes statistical significance (p<0.05, 

n=3) between the P+H+ V and P+H surfaces, ($, #, !) denotes statistical significance (p<0.05, n=3) between the 

two data points. (C) Western Blot for p VEGFR2 and its downstream effector pERKJ /2. H UVEC were allowed to 

bind to immobilized VEGF for the indicated times prior to lysis. Bar Graphs; quantification (densitometry) of 
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western blot bands (n=3), normalized values to GAPDH GAPDH served as loading control. (*) denotes statistical 

significance (p<0.05, n=3) between the P+H+ V and P+H surfaces, (#) denotes statistical significance (p< 0.05, 

n=3) between the indicated time points. Legend: P+H+ V- surface treated with PLL then heparin then VEGF; P+H: 

surface treated with PLL then heparin (no VEGF) served as negative control. 

Next, a microfluidic device was employed to assess whether immobilized VEGF could 

capture cells under flow (Fig. 3A). The setup of the device, microscope, and syringe pump is 

depicted in Fig. 3A and the flow rates with the corresponding values of shear stresses are shown 

in Fig. 3B. The surface of microfluidic channel was functionalized with VEGF to allow HUVEC 

capture as shown in Fig. 3D. 

Figure 3 
CJ:A 

E 
:1 
g 
N 

_, 
E ...u 

400µm W 

B D E 
Shear Stress 
(dynes/cm2) 

0.5 

1 

Flow Rate 
(µL/min) 

2.2 

4.4 --~j
y 'Jam ' 

100 

80 

60 

40 
s 22.2 

20 
7.5 33.3 0 

10 44.4 

15 66.6 z 'µm' 

35 



Figure 3: Microjluidic device for capture ofcells under shear. (A) Schematic ofvacuum-sealedfluidic device and 

setup within a Zeiss fluorescence microscope containing an incubator chamber with temperature and CO2 

controlled environment. The channel has dimensions of200µm height (H) , 400 µm width (W), and 1cm length (L) . 

(B) Calculated shear stress on the surface f or the indicated flow rates. (C) Image offluidic channel within the 

fluidic device. (D) Schematic of EC capture on the micro-channel. (E) The laminar flow profile in microfluidic 

channel was derived analy tically from the Navier-Stokes equations f or rectangular geometry, considering zero 

velocity at the walls, as boundary conditions. The parabolic flow profile was plotted using Maple (Version 17) . 

First, we evaluated the capture ofHUVEC at varying shear stresses between 0.5 to 15 

dyne/cm2 
. Representative images of the empty channel as well as cells captured at 0.5 dyne/cm2 

are shown in Fig. 4A. At low shear, cells were captured with high efficiency and began to spread 

within 20 min. Increasing shear decreased the capture efficiency in a dose dependent way from 

771±102 cells/mm2 to 37±2 cells/mm2 (n=3-10, p<0.05) (Fig. 4B). However, even the lowest 

capture efficiency on P+H+V surfaces at 15 dyne/cm2 was significantly higher than that of 

control surfaces (P+H; no VEGF) under static conditions (10±4 cells/mm2
, n=l0, p<0.05). 
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Figure 4: Capture ofHUVEC under shear. (A) Representative image ofHUVECs captured on VEGF 

functionalized surface under low shear stress (0.5 dynelcm2
) at two magnifications (20X and 36X). Captured cells 

spread within 20 min and were stained with membrane tracker DIL (red). The picture is an overlay offluorescence 

and brightjield images. (B) Capture ofHUVECs on VEGF functionalized surface as a function ofshear stress. 

HUVECs were pretreated with membrane dye DIL (red fluorescence) , detached from the surface with 5mMEDTA 

solution and passed through the micro-channel at various flow rates. Each "run" is defined as 100 µL ofsample 

containing 10,000 cells. Total time for each run varied with shear stress, from 86 s at high shear (15 dynelcm2
) to 

45 min at low shear (0.5 dynelcm2
) . (#) denotes statistical significance (p<0.05, n=3 for shear stress between 0.5-

7.5 dyne/cm2; n=lOfor shear stress between 10-15 dyne/cm2) between P+H+V and P+H surfaces. Legend: 

P+H+ V: surface treated with PLL then heparin then VEGF; P+H: surface treated with PLL then heparin (no 

VEGF) served as negative control. 

Capture on immobilized VEGF requires active VEGF receptor pathway 

Next we tested other cells types to examine whether VEGF-mediated capture was specific to 

endothelial cells (Fig. SA). These experiments were performed under low shear conditions where 

the capture efficiency was maximum. Specifically, HUVEC were compared to ovine pulmonary 

artery endothelial cells (OPAEC) and three non-endothelial cell types namely, human hair 

follicle mesenchymal stem cells (hHF-MSC), human dermal fibroblasts (h-dFB) and a mouse 

fibroblast cell line (NIH-3T3). OPAEC exhibited similar capture efficiency on P+H+V as 

HUVEC (139±15 cells/mm2
, n=3 , p<0.05). In contrast, neither hHF-MSC, h-dFB, nor NIH-3T3 

cells bound to VEGF surfaces at a rate that was statistically significant as compared to P+H 

control surfaces. Taken together, these results suggest that VEGF mediated capture is specific to 

cells expressing VEGF receptors. 

To address this hypothesis, HUVEC were first pretreated with SU5416, a well-known 

and potent tyrosine kinase inhibitor ofVEGFR2 function [184]. Interestingly, SU5416 
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pretreatment prevented capture ofHUVEC on P+H+V (Fig. SB), indicating that an active VEGF 

pathway was required for successful cell binding and capture. 
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Figure 5: VEGF captures Endothelial Cells with high specificity. (A) Two types ofendothelial cells, H UVECs and 

Ovine Pulmonary Artery Endothelial cells (OPAECs) and three non-EC, HF-MSC, NIH-3T3 and h-dFB were tested 

at low shear (0. 5 dynelcm2
). Only EC bound to VEGF functionalized surface. (B) H UVECs were treated SU541 6 (1 

µMfor 60 min then media was replaced with fresh media 0 /N to achieve cellular quiescence) prior to flow over 

VEGF functionalized surface. (#) denotes statistical significance (p<0.05, n=3) between the control and SU541 6 

treated samples. Legend: P+H+ V- surface treated with PLL then heparin then VEGF; P+H: surface treated with 

PLL then heparin (no VEGF) served as negative control. 

Immobilized VEGF can capture EC in complex cell mixtures under low and high 

shear stress 

Next we examined whether immobilized VEGF can capture EC in complex cell mixtures, 

especially when EC represent a small fraction of the total cell population. To this end, we tested 

varying ratios of EC to non-EC under low shear (0.5 dyne/cm 2) . HUVECs and NIH-3T3 were 
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prepared as described for fluidic runs and diluted as needed to produce a 0: 1, 1 : 0, 1 : 1, 1 : 10, and 

1:100 ratio ofHUVECs to NIH-3T3s, keeping the total cell concentration constant (lx104 cells 

per run in 1 00µL). As shown in Fig. 6A, the number of captured HUVEC increased linearly 

with the initial HUVEC cell number (solid line), whereas NIH-3T3 capture remained below 

control conditions ( dashed line), indicating that capture was dependent on EC concentration and 

unaffected by the presence of other cell types. 

Next we tested the low cell ratio (HUVEC:NIH-3T3 at 1:100) at intermediate (5 

dyne/cm2
) and high shear stress (10 dyne/cm2

) that more closely mimic the physiological shear 

of the arterial circulation. For these experiments, the concentration of HUVECs was held 

constant at lx104 cells/mL and NIH-3T3 at 9.9x105 cells/mL and the volume was adjusted 

accordingly to allow for a standard running time of 45min for both shear stresses assessed. As 

shown in Fig. 6B, 0.8±0.05% and 0.9±0.03% ofHUVEC's were captured under 5 and 10 

dyne/cm2 respectively, (n=l0, p<0.05 compared to control of P+H surface, 0.003±0.001 % and 

0.002±0.001 % respectively). NIH-3T3 capture was very low and not significantly above control 

conditions (0.0015% and 0.0019% for 5 and 10 dyne/cm2
, respectively, n=l0, p>0.05). 

Finally, we spiked blood samples with HUVEC to test selectivity ofHUVEC binding on 

immobilized VEGF under physiological conditions. To this end, HUVEC were pre-labeled with 

DIL and 5x103 HUVEC were mixed with lmL of freshly drawn human blood containing 

approximately 5-l0xl0 9 cells per mL, yielding a ratio of HUVEC:blood cells of 1: lx106
. As 

shown in Fig. 6C, 0.7±0.05% ofHUVECs (35±5 of 5x103 cells per run) were captured on the 

P+H+V surface under high shear (10 dyne/cm2
) (n=3 , p<0.05 , as compared to the control 

surface). 
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Figure 6: HUVEC capture from complex cell mixtures. (A) Capture ofEC at low shear (0.5 dyne/cm2
) from dual 

cell mixtures ofHUVECs and NIH-3T3 cells of1:0, 0:1, 1:1, 1:10, or 1:100 ratio. HUVECs and NIH-3T3 were pre

labeled with DIL and DIO, respectively prior to running through the jluidic device. The solid line indicates captured 

HUVECs and the dotted line captured NIH-3T3 cells. (B) EC capture.from a HUVEC:NIH-3T3 mixture (ratio 

1: 100) under intermediate (5 dyne/cm2
) or high shear stress (10 dyne/cm2

). (C) HUVEC were pre-labeled with DII 

and spiked into whole human blood at 5xl03 cells per mL ofblood (HUVEC: Blood cell ratio=J06). Then lmL of 

HUVEC containing blood was passed through the micro-channel at high shear stress (10 dyne/cm2
). (*) denotes 

statistical significance (p<0.05, n=5) above the indicated samples. 

40 



2.5 Discussion 

Repopulating vascular grafts with endothelial cells in-vivo is the basis for many attempts to 

engineer cell-free vascular grafts. Target cells usually include the rare endothelial progenitor cell 

(EPC), a highly proliferative cell type, with the potential to endothelialize blood vessels within 

the body [185]. However, the timely capture of such cells and their subsequent proliferation and 

maturation in-vivo so as to maintain patency is an ongoing challenge. Current devices utilize a 

wide range of techniques such as device geometry, micro-pillars, and antibodies to capture rare 

cells, such as EPCs, as reviewed recently [130]. However, to date, no study has identified a 

method to capture cells under flow and further promote the growth and differentiation of 

captured cells as would be required for the endothelialization of a vascular graft. Thus the 

purpose of this study was to investigate whether VEGF, a potent EC growth factor, could capture 

cells under flow and subsequently induce proliferation of the captured cells. 

While previous studies showed that antibodies such as anti-CD34, -CD31 , or -VEGFR2 

could be used to capture cells [132, 133], surface immobilized growth factors have not been 

investigated in this context. This is important, as antibodies do not support cell proliferation and 

in many cases they block the intended action of the receptor or surface molecule. Indeed, one 

study showed a dose dependent decrease in proliferation of cells captured using an anti-VEGFR2 

antibody [133]. On the other hand, we found that immobilized VEGF increased proliferation of 

captured EC in a dose dependent manner, demonstrating that in addition to capturing cells, 

VEGF-mediated signaling stimulated biological activity. 

This finding is in agreement with previous studies that showed enhanced cellular 

response by immobilized growth factors. For example, immobilization ofEGF or bFGF in 

polyethylene glycol (PEG)-based scaffolds maintained their mitogenic activity, promoted cell 
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migration, and induced cell alignment in the direction of increased growth factor concentration 

[ 186-188]. Tethering TGF-~ 1 to PEG scaffolds resulted in significant increase in matrix 

production from fibroblasts over the same amount of soluble TGF-~ 1 [139]. Our laboratory 

recently showed that immobilization of TGF-~ 1 into fibrin hydro gels led to prolonged 

phosphorylation of Smad2, which was accompanied by increased expression of smooth muscle 

genes and vascular contractility [146]. Interestingly, immobilized SDFla was successful in 

regenerating a cell-free vascular graft with a complete endothelium by 3 months in a small 

animal model [189]. However, in a more clinically relevant ovine model, SDFla loaded grafts 

resulted in neointimal hyperplasia, thrombi formation in the middle of the graft, and incomplete 

endothelium coverage at 3 months post-implantation [90] , suggesting a need for an alternative. 

Based on these studies, we hypothesized that immobilized VEGF may provide an efficient means 

of capturing EC under flow and promoting biological activity. 

Indeed, our findings show that VEGF captured endothelial cells even at the highest shear 

stress tested (15 dyne/cm2
). As expected, the rate of cell capture decreased with increasing shear 

stress but remained statistically significant as compared to control surfaces (without VEGF). It is 

important to note that previous studies using anti-VEGFR2, CD31 , and CD34 demonstrated cell 

capture only up to 4 dyne/cm2 [132, 133], suggesting that VEGF may be superior to antibodies in 

capturing cells under physiological conditions. One possible explanation may be because the 

dissociation constant of the anti-VEGFR2:VEGFR2 interaction is - 1,000 fold higher than that of 

VEGF:VEGFR2 (anti-VEGFR2:VEGFR2, Ko=6.9x10-9 M; as opposed to VEGF:VEGFR2, 

Ko= 14-51 x10-12 M) indicating that the binding affinity of receptor/ligand is much higher than 

that ofreceptor/antibody [132, 190, 191]. It is important to note that in our experiments, cell 

number and density was standardized, and therefore, the time that each sample spent in the 
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device varied from 45 min at low shear to 2.2 min at high shear stress. This suggests that if the 

time of each run were kept constant by running larger volumes at high shear stress, the number 

of cells would increase significantly. Indeed, when the running time of high shear runs increased 

from 2.2 min to 45 min (same as the time of low shear runs) the number of captured cells 

increased nearly four times (from 66 to 237 cells/mm2
) (Fig. S2). 
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Figure S2: High Shear Time Dependence ofCapture. Effect of running time on EC capture on VEGF 

functionalized micro-channels under high shear stress (10 dyne/cm2) . H UVEC at 105 cells/mL were flowed through 

the micro-channel at high shear stress f or 2.2 min (corresponding to the time of high shear stress runs) or 45 min 

(corresponding to the time of low shear stress runs) . (*) denotes statistical significance (p<0.05, n=3) between the 

indicated samples. 

VEGF mediated capture was highly selective. Endothelial cells, as represented by 

HUVECs and OPAECs showed similar capture rates, whereas non-EC represented by hHF

MSC, h-dFB, and NIH-3T3 did not bind to an extent that was statistically significant as 

compared to control conditions (no VEGF). In contrast, antibody-mediated capture resulted in 

low but significant capture of non-endothelial cells [132]. Considering the highly selective nature 
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ofVEGF towards EC, we hypothesized that cell capture might be dependent on activation of the 

high affinity VEGF receptor, VEGFR2 or KDR [ 192-194]. Indeed, inhibiting VEGFR2 using 

SU5416 [184] , a well-known and potent chemical inhibitor ofVEGFR2 function, completely 

inhibited VEGF-mediated EC capture. Therefore, it is reasonable to conclude that receptor

mediated binding and signaling is necessary for yielding highly selective EC capture. 

We can reasonably conclude that the cell capture observed was driven only by 

VEGF:VEGFR binding as shown by the following evidence: (i) lack of capture observed when 

treating the cells with SU5416; (ii) insignificant capture observed when the surface was coated 

with heparin but without VEGF; and (iii) no significant capture above control conditions was 

observed for non-EC cells i.e. NIH-3T3s, h-DFBs, and hHF-MSCs, which do not express 

functional VEGF receptors. Control surfaces contained heparin but were devoid ofVEGF and 

failed to any capture EC at any shear stress in the range tested (Fig. 4B). They also did not 

capture any non-EC cells (Fig. SA). Removal of heparin left the surface coated with poly-L

lysine, which was not permissive to VEGF binding as shown in Fig. 1 C. In our studies, we used 

EDT A to detach the cells from the surface in order to preserve the function of surface receptors, 

including the VEGFRs. This likely preserved surface-associated ECM molecules, which could 

assist in VEGF mediated capture. However, omission of serum in all flow experiments mitigated 

any effect that serum proteins, e.g. fibronectin, might have had on capture through cell surface 

receptors other than VEGFR, e.g. integrins. In addition, all non-EC cells were also lifted with 

EDT A but capture was insignificant. Taken together, our results suggest that a functional VEGF 

receptor was crucial for successful EC capture under flow. 

In addition to capturing EC from homogenous cell solutions, immobilized VEGF could 

capture EC from mixtures with non-EC, such as NIH-3T3 at varying ratios. As expected, the 
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efficiency ofVEGF-mediated EC capture decreased at high shear stress. However, for the same 

shear stress, the percentage of captured cells was independent of the ratio of EC to non-EC cells 

(1 : 100 or 1: 106
) , suggesting that cell capture efficiency depended primarily on the concentration 

of EC but was independent of the presence of other cells that did not compete for binding to 

VEGF. Notably, VEGF could capture pre-labeled EC that were spiked into whole blood at very 

low ratio (1:106 EC; 5x103 EC were added into 1 mL of blood containing 5x109 cells [195]). This 

result may have far reaching implications, as it suggests that VEGF could be used to promote 

endothelialization of vascular grafts or neovascularization of implanted tissues by rare but 

continuously circulating EPCs. We are currently working to address this interesting hypothesis. 

2.6 Conclusions 

In conclusion, we demonstrated that immobilized human VEGF-165 could capture EC under low 

or high shear stress with high selectivity. Cell binding to immobilized VEGF activated VEGFR2, 

which was necessary for capture. VEGFR2 activation increased proliferation of captured EC, 

demonstrating that VEGF might be useful in promoting endothelialization of vascular grafts or 

neovascularization of implants. 
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3.1 Abstract 

Recently our group demonstrated that immobilized VEGF can capture flowing endothelial cells 

from the blood in-vitro and promote endothelialization and patency of acellular tissue engineered 

vessels (A-TEVs) into the arterial system of an ovine animal model. Here we demonstrate 

implantability of sub-millimeter diameter, heparinN EGF decorated A-TEV's in a mouse model 

and discuss the cellular and immunological response. At one-month post-implantation, the graft 
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lumen was fully endothelialized as shown by expression of EC markers such as CD144, eNOS, 

CD31 and VEGFR2. Interestingly, the same cells co-expressed leukocyte/macrophage markers 

CD14, CD16, VEGFRl , CD38 and EGR2. Notably, there was a stark difference in the cellular 

makeup between grafts containing VEGF and those containing heparin alone. In VEGF

containing grafts, infiltrating monocytes converted into anti-inflammatory, M2 macrophages and 

the grafts developed well-demarcated luminal and media layers resembling those of native 

arteries . In contrast, in grafts containing only heparin, monocytes converted primarily into Ml 

macrophages and the endothelial and smooth muscle layers were not well-defined. Our results 

indicate that VEGF may play an important role in regulating A-TEV patency and regeneration, 

possibly by regulating the inflammatory response to the implants. 

3.2 Introduction 

Over the past decade, several groups have demonstrated the feasibility of completely 

acellular, "off the shelf," grafts in various animal models as well as human clinical trials. 

Decellularized and devitalized tissue engineered constructs have been utilized with increasing 

frequency and demonstrated improved patency and regeneration potential [99, 124, 126, 196-

205]. Devitalized constructs are based on bioengineered tissue constructs that are stripped of the 

cellular components while leaving ECM components intact and then implanted into the animal 

model of choice [206] . It is important to note that these vessels, although successful, still require 

intensive culture times - a key issue when considering the ability of a graft to be truly "off the 

shelf' ready. In addition to devitalized and decellularized grafts, non-biological grafts composed 

of various polymeric biomaterials have also been used to engineer cell-free vascular grafts [129, 

207-214]. Besides biocompatibility, lack of immunogenicity and mechanical properties matching 

those of native vessels, these materials must promote endothelialization of the lumen to achieve 
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patency and promote development of the vascular wall through extensive, long-term remodeling. 

These qualifications limit the potential choices of polymer-based biomaterials. 

The biggest challenge facing implantation of vascular grafts is endothelialization of the 

lumen in order to prevent thrombosis and occlusion [128]. To this end, growth factors or other 

proteins have been immobilized to the luminal surface. One such growth factor, stromal derived 

factor (SDFla), has been used to home circulating stem cells to the graft lumen via the SDFla 

receptor, CXCR4. However, these studies showed incomplete endothelialization, especially in 

the center of the grafts, indicating that endothelialization may be limited to anastomotic end in

growth of endothelial cells [90, 92]. 

In addition to growth factors , synthetic peptides such as REDV and full-length 

extracellular matrix proteins such as fibronectin, have also been used to promote 

endothelialization [69, 94-96]. Use of fibronectin resulted in incomplete endothelialization in the 

middle of the graft, possibly due to lack of specificity to integrin binding domain RGD, which 

may allow a wide variety of cells to bind and outnumber the scarcely present endothelial cells in 

the blood [92]. Indeed, since platelets also carry the a5~1 integrin that binds the RGD domain, 

use of full-length fibronectin presents the risk of homing thrombogenic cells to the graft lumen 

[95 , 97]. Furthermore, the use of the glycosaminoglycan, heparin has been utilized in small 

animal models to prevent thrombosis [98-100] , but failed to prevent thrombosis in large animal 

models, such as sheep [ 101]. 

In our lab we developed a truly off-the-shelf vascular graft that is based on small 

intestinal submucosa (SIS) with immobilized heparin and VEGF on the graft lumen to capture 

VEGF receptor expressing circulating angiogenic cells from the blood. When implanted into the 

carotid arteries of an ovine animal model, such small diameter ( 4.5mm) grafts exhibited high 
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patency rates, fully endothelialized within one month, and developed a functional and contractile 

medial layer by three months post-implantation [101 , 104, 215]. In this study we utilize a small 

animal model to examine the role of the inflammatory response in promoting endothelialization 

and tissue regeneration of VEGF decorated A-TEV. While not as clinically relevant as sheep, 

mice may be useful in addressing mechanistic questions mostly due to the availability of multiple 

transgenic models that are not available in sheep. 

In this study, we demonstrate the implantability of sub-millimeter diameter vascular 

grafts comprised of SIS functionalized with heparin and VEGF in a mouse animal model. In 

contrast to grafts containing only heparin, the presence of immobilized VEGF promoted 

formation of the luminal endothelial and media layers, with spatial organization that 

recapitulated the structure of the native artery. VEGF also promoted an anti-inflammatory 

microenvironment that might have contributed significantly to the enhanced regeneration of cell

free vascular grafts. 

3.3 Materials and Methods 

Graft Production: 

Grafts were engineered using small intestinal submucosa (SIS) (Cook Biotech, W. Lafayette, IN, 

USA) wrapped around a perforated plastic mandrel and further subjected to crosslinking and 

drying steps as shown in Fig. 1. Initially, plastic tubing with an outer diameter of 800µm was 

perforated with 12G needles in an equally distributed pattern. SIS was then rolled around the 

mandrel manually, tightening each tum as it was rolled for at least three times. SIS has a 

thickness of approximately 50µm. The SIS/mandrel was then allowed to dry on the mandrel for 
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2hr at RT before it was crosslinked in a solution containing 20mM 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, Sigma, St. Lous, MO, USA), l0mM N

Hydroxysuccinimide (NHS, Sigma, St. Lous, MO, USA), in 50mM 2-ethanesulfonic acid (MES) 

buffer (pH=4.5) for 2hr at RT with gentle rocking. The partially crosslinked SIS/mandrel was 

removed from solution and assembled into a vacuum device consisting of a I-mm diameter 

tubing, a vacuum line and a clamp. The mandrel was first connected to the vacuum line and the 

larger tubing was then slipped over the SIS/mandrel and sealed around the vacuum line piece. 

Finally, a clamp was placed at the opposite end of both the SIS/mandrel and the larger sheath 

tubing. Application of vacuum for 24hr allowed the SIS to dry through the perforations on the 

mandrel and the dry graft was then easily slipped off of the mandrel for further processing. The 

final dried SIS tube had a diameter ranging from 850-900µm when assessed under the surgical 

microscope right before implantation. 

Functionalization of SIS graft 

_SIS conduits were further processed using a protocol that we published previously [101 , 215]. 

Briefly, the grafts were placed in a solution of 5mg/mL heparin (low molecular weight; Sigma), 

20mM EDC, l0mM NHS in 50mM MES buffer, pH 4.5. The reaction proceeded for 24hr at RT 

with gentle rocking. After repeated rounds of washing with sterile water the graft was either 

stored in PBS (SH graft) or further functionalized with 0.5mg/mL VEGF (produced in house) in 

PBS for 2hr at 37°C. VEGF binds to the heparin via the heparin binding domain (SHV graft). 

Prior to implantation, the vessels were washed in PBS to remove unbound VEGF. 

Arterial Interpositional TEVG implantation 
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_All animal experiments were approved by Nationwide Children' s Hospital institutional 

guidelines for the use and care of animals. In this experiment, there were 2 groups: heparin only 

control (SH) and heparin/VEGF coated grafts (SHV) (n = 5 each). A-TEVs were implanted into 

8 to 10 week (wk) old female C57BL/6 mice. The mice were anesthetized using ketamine 

xylazine cocktail with ketoprofen as pre-anesthesia analgesic. Hair in the surgical area was 

removed by shaving and the area was disinfected by betadine and alcohol pads. A midline 

laparotomy incision from below the xyphoid to the suprapubic region was made and a self

retaining retractor was inserted. The intestines were wrapped in saline-moistened gauze and 

retracted. The infrarenal aorta and inferior vena cava were bluntly defined. 

Microsurgery was performed using an operating microscope with zoom magnification. The aorta 

was separated from the inferior vena cava and vascular control was achieved with microvascular 

clamps before the infra-renal aorta was transected. An aortic interposition graft 2mm in length 

was implanted with proximal and distal end-to-end anastomoses using sterile 10-0 monofilament 

sutures on tapered needles. Any hemorrhage was controlled by applying topical absorbable 

sterile hemostatic agents (Surgicel). Then intestines were returned to the abdominal cavity and 

the abdominal musculature and skin were closed in two layers using 6-0 prolene suture. 

Ultrasound 

To monitor graft patency during the implantation period, mice were imaged at 1 day, 2 wk and 4 

wk with a high frequency Doppler ultrasound system (Vevo 2100; VisualSonics, Toronto, ON, 

Canada). After anesthetizing the mice (1.5% isoflurane; Baxter, Deerfield, IL, USA), the 

abdominal hair was clipped, and ultrasound gel (Aquasonic Clear, Fairfield, NJ, USA) was 

applied on the abdomen. Long axis images were acquired in both B mode and color Doppler, and 

the graft patency was determined by the presence of blood flow through the graft lumen. 
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Tissue Collection and Preparation for Histology 

The grafts were explanted at I-month post implantation. After euthanizing the mice, the grafts 

were perfusion fixed with 10% formalin, placed in 10% formalin overnight and embedded in 

paraffin. The paraffin embedded sections were stained with hematoxylin and eosin for 

histological examination. Tissues were sectioned from anastomotic ends ( observed via suture 

location) and tissue sections (5µm thick) were collected starting at 15µm after proximal suture 

site (proximal end) or 15µm prior to distal suture site ( distal end). The middle of grafts was 

approximately at Imm after the proximal suture site. 

Immunohistochemistry 

Paraffin sections were first blocked with 5% (v/v) goat serum in PBS prior to incubation with the 

following primary antibodies: anti-VEGFRI (1: 100, Thermo Fisher Scientific, Grand Island, 

NY), anti-VEGFR2 (1 : 100, Thermo Fisher Scientific), anti-smooth muscle actin (1 :200, Thermo 

Fisher Scientific), anti-CD144 (1:50, Cell Signalling Technologies, Danver, MA), anti-CD16 

(1:200, Abgent, San Diego, CA), anti-CD14 (1:100, Abgent), anti-CD38 (1:200, Abeam, 

Cambridge, MA), anti-EGR2 (1:100, Abeam), anti-CD31 (1:200, Thermo Fisher Scientific), 

anti-eNOS (1 :500, BD Biosciences, Franklin Lakes, NJ) in in 5% (v/v) goat serum in PBS 

overnight at 4°C. Following three washes tissue sections were incubated with Alexa-Fluor 

secondary antibodies (1 :200, Thermo-Fisher Scientific) for 1hr at RT. Nuclei were 

counterstained with Hoechst 33342 (1 :200, Thermo Fisher Scientific) for 5 min at room 

temperature and images were obtained with a Zeiss Axio Imager microscope (Carl Zeiss GmbH, 

Jena, Germany). 

Analysis and Statistics 
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Images of immunostained tissue sections were quantified using ImageJ (NIH). All cells 

per image were quantified using DAPI and 5 images were used per tissue section (proximal, 

middle, distal) for each animal (n=3 animals) for a total of 45 images per antibody panel. 

Luminal cells were defined as the topmost single cell layer, with wall/subluminal cells defined as 

all cells beneath the luminal cells. Statistical significance (p<0.05) was calculated using paired 

student t-test. 

3.4 Results 

Cell-free, very small inner diameter TEVs (diameter: 850-900µm; length: 2mm) were prepared 

from the clinical grade, natural biomaterial small intestinal submucosa (SIS) using perforated 

tubing with the same outer diameter (Fig. 1). The SIS was rolled around the mandrel three times 

to achieve a wall thickness of 150 □m (50 □m per layer), then cross-linked, dried, and vacuum 

pressed to seal the tubular construct into a single conduit. The conduit was then cross-linked with 

heparin (SH) and further functionalized with VEGF (SHV). As we reported previously [101] , 

under these conditions, the surface concentration ofVEGF on the SIS surface was 11.5µg/cm2 

and only 14% was released over 120hr. In addition, human VEGF could not be detected in the 

blood of sheep receiving the A-TEV, suggesting negligible release of immobilized VEGF from 

the graft into the circulation (unpublished data). 
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Fig.1 
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Figure 1: Schematic of sub-millimeter sized, VEGF-decorated A-TE V. 

Grafts were then implanted interpositionally in the descending aorta of adult mice (Fig. 

2). At the time of implantation, the diameter of the graft was larger than that of the native artery 

(700-S00µm). Upon closure, grafts were observed via ultrasound and Doppler radar at 24hr, 2wk, 

and 4wk post implantation. At 4wk, mice were sacrificed and the grafts were explanted for 

further analysis. 
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Fig.2 

Pre-Implant DO 4Wk 

:c 
(/) 

>:c 
(/) 

Figure 2: Gross anatomical images of A-TEVs pre-implantation, upon implantation, and at 4wk post-implantation. 

Black arrows represent anastomotic sites. 

Ultrasound revealed that 2 SHV (n=5) and 2 SH (n=5) grafts occluded within the first 24hrs. The 

remaining 3 grafts were patent throughout the I-month study as evidenced by Doppler 

ultrasound (Fig. 3). Interestingly, as time progressed the initial diameter mismatch decreased 

towards native size as evidenced by ultrasound measurements (Fig. 3B). Blood velocity within 

the grafts was consistent throughout the study at approximately 160±14mm/s as evidenced by 

color Doppler, demonstrating no evidence of stenosis (Fig. 3C). 
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Fig.3 

A 

:::c 
(/) 

B 
950 

-
E 900::::1.-... 
QI.... 
QI 

E 
n, 850 
0 

-SHV ·• SH 

I 

• • .... ········ • •••• :♦ 
• • • • • • • I.----...l : 

C 250 

_200 

"'-EE 1so -> 
·"E 100 
0 

~ so 

-SHV ·• SH 

800 
01 Wk2 Wk4 

0 
01 Wk2 Wk4 

Figure 3: Patency and blood flow measurements in implanted A-TEV. (A) Ultrasound and Color Doppler images 

ofSHV and SH grafts at Day 0, 2wk, and 4wk post-implantation and representative graphs ofblood velocity through 

the grafts. (B) Diameter Analysis over time as determined by ultrasound. (C) Average velocity over time as 

determined by ultrasound. 

Explanted grafts were assessed via hematoxylin and eosin staining (Fig. 4) . As shown in Fig. 

4B, both the luminal cellular layer as well as the underlying remaining SIS (separated by the 

dotted line) differed significantly between SH and SHV grafts. Specifically, SHV grafts had a 

significantly thicker cellular layer (250±24µm) compared to SH grafts (170±19µm) (n=l0, 

p<0.05), which correlated with increased cell density in SHV (3,996±550 cells/mm2
) as 
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compared to SH grafts (2 ,950±450 cells/mm2
) (n=27 fields of view, n=3 grafts, p<0.05). In 

addition, about 33% of the SIS remained in the SHV grafts, as compared to 73% remaining in 

the SH grafts at one-month post-implantation. 

Fig.4 
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Figure 4: Histological analysis ofA-TEVexplants. (A) Hematoxylin and Eosin analysis of exp/anted grafts. (B) 

Measurements of thickness of cell layer and the remaining SIS scaffold. SIS and Cell Layer are separated by a 

dotted line. 

SHV grafts exhibit native-like topological organization of the reconstituted lumen 

and vascular wall 

Immunostaining for endothelial markers VEGFRl (red) and VEGFR2 (green) indicates 

expression ofVEGFRl and VEGFR2 in the luminal cells and only VEGFRl in cells 

immediately beneath the lumen of SHV grafts (Fig. SA) similar to that observed in native 
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arteries (Fig. SB). In contrast, the demarcation was not clear in SH grafts, as VEGFR2 and 

VEGFRl were expressed in the lumen and subluminal areas. In addition, SH grafts contained 

multiple layers ofVEGFR1/VEGFR2 expressing cells. 

Similarly, there was a clear demarcation in the expression of endothelial cell marker, CD 144 

(green) on the lumen and smooth muscle alpha actin, aSMA (red) in the wall of SHV grafts, 

similar to that observed in native arteries (Fig. SD). In contrast, both markers appeared in the 

luminal as well as sub-luminal areas of SH grafts (Fig. SC). Notably, SHV grafts contained a 

continuous layer of CD 144+ cells on their lumen, but in SH grafts CD 144 expression was not 

consistent across the entirety of the luminal surface. 

SHV grafts regenerate a well-defined luminal endothelium co-expressing anti

inflammatory monocyte/macrophage proteins 

Next, we sought to examine whether blood monocytes infiltrated the grafts and whether the 

presence ofVEGF on the graft lumen affected the phenotype of the graft infiltrating 

macrophages. Interestingly, immunostaining for CD14 (green) and CD16 (red) revealed a 

significant difference (p<0.05) between SHV and SH grafts (Fig. 6A). Specifically, the lumen of 

SHV grafts contained doubly stained CD14+/CD16+ cells (100% ofn=153 luminal cells) with 

few such cells also present in the wall (4±1 % ofn=l ,463 wall cells). In contrast, SH grafts 

displayed a stark difference (CD14+/CD16+: 10±2%, n=201 luminal cells), with the 

overwhelming majority of cells on the lumen and the wall expressing only CD14 (CD14+/CD16-

: 73±10%, n=1486 total luminal and wall cells). As expected, little or no expression of CD14 or 

CD16 was observed in native arteries (Fig. 6B). 
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Figure 5: SHV grafts exhibit native-like topological organization ofthe reconstituted lumen and vascular wall. 

(A-B) l mmunostainingfor VEGFR J (red) and VEGFR2 (green) in SH V and SH grafts (A) or native arteries (B) . (C

D). l mmunostainingfor aSMA (red) and CDJ44 (green) in SH V and SH grafts (C) or native arteries (D) . The arrow 

indicates three images from the proximal to the distal end ofSH V and SH grafts (A, C) . L: graft lumen. Scale bars, 

white:J 0µm; red:30µm. (E) Image quantification and analysis for n=45 images per antibody panel. (*) : denotes 

p <0.05. Percent positive cells ofDAPI positive cells per specified vessel area. 
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This result prompted us to examine the nature of macrophages in the grafts by co-staining for the 

macrophage Ml marker CD38 (red) and the M2/EC marker EGR2 (green) (Fig. 6C, D). 

Immunostaining indicated a significant difference (p<0.05) between SH and SHV grafts. The 

luminal surface of SHV grafts consisted entirely of EGR2+ cells (100%, n= 164 luminal cells) 

with CD38+ cells present only beneath the surface, similar to the expression observed in native 

vessels. Some EGR2+ cells were also present in the subluminal areas. In contrast, EGR2 

expression was significantly reduced in SH grafts, and limited to only subluminal areas (11±8%, 

n=l ,486 wall cells, p<0.05), while all luminal cells (100%, n=201) and several subluminal cell 

layers expressed CD38 (81±3% ofn=1486 wall cells), indicating that monocytes turned into pro

inflammatory macrophages in SH grafts. Interestingly, the lumen of SHV and SH grafts 

expressed the monocyte/endothelial marker CD31 (green) but were statistically different 

(p<0.05 , n=l ,668 cells) in the expression of CD14 or CD16 as discussed above. All CD14+ and 

CD16+ cells co-stained for CD31 in both SHY and SH grafts (Fig. S1). 

SHV grafts develop functional luminal endothelium 

Next, we examined whether the luminal cells displayed EC function by staining for the active, 

phosphorylated form of eNOS (green). In SHV grafts, active eNOS was expressed only by 

luminal cells, which also expressed CD31 (100%, n=153 luminal cells) (Fig. 7A) and CD16 

(100%, n=151 luminal cells) (Fig. 7C). However, in SH grafts, which lacked CD16+ cells 

(5±2%, n=l ,467 total cells), eNOS was observed in subluminal cell layers, suggesting atypical 

tissue organization (Fig. 7A, C). As expected, in native arteries only luminal EC co-expressed 

active eNOS and CD31 (Fig. 7B) but not CD 16 (Fig. 7D). 
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Figure 6: Co-expression ofmonocyte and EC markers by the cells populating the SHVgrafts. (A-B) 

lmmunostaining for the monocyte markers CD 14 (green) and CD16 (red) in SHV and SH grafts (A) or native 

arteries (B) . (C-D) . lmmunostainingfor Ml (macrophage) marker CD38 (red) and the M2/EC marker EGR2 

(green) in SHV and SH grafts (C) or native arteries (D). The arrow indicates three images from the proximal to the 

distal end ofSHV and SH grafts (A , C) . L: graft lumen. Scale bars, white:JOµm; red:30µm . (E) Image quantification 
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and analysis for n=45 images per antibody panel. Star(*) denotes p <0.05. Percent positive cells ofDAPI positive 

cells per specified vessel area. 
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Figure 7: Development offunction endothelium in A-TEV grafts. (A-BJ Immunostainingfor eNOS (green) and 

CD31 (red) in SH V and SH grafts (A) or native arteries (BJ. (C-D) . Immunostainingfor eNOS (green) and monocyte 

marker CDJ6 (red) in SH Vand SH grafts (CJ or native arteries (DJ . The arrow indicates three images from the 

proximal to the distal end ofSH V and SH grafts (A, CJ. L: graft lumen. Scale bars, white: J0µm; red:30µm . (E) 
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Image quantification and analysis for n=45 images per antibody panel. Star(*) denotes p <0.05. Percent positive 

cells ofDAPI positive cells per specified vessel area. 
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Figure SJ: Differences in expression ofmonocyte markers by infiltrating cells in SHV vs. SH grafts. (A-BJ 

Immunostainingfor the CD31 (green) and monocyte marker CDJ4 (red) in SHV and SH grafts (A) or native arteries 

(BJ . (C-D) . Immunostainingfor CD31 (green) and monocyte marker CDJ6 (red) in SHVand SH grafts (CJ or native 
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arteries (DJ. The arrow indicates three images from the proximal to the distal end of SHV and SH grafts (A, CJ. L: 

graft lumen. Scale bars, white: J0µm; red:30µm . (EJ Image quantification and analysis f or n=45 images per 

antibody panel. Star (*J denotes p <0.05. Percent positive cells of DAPIpositive cells per specified vessel area. 

3.5 Discussion 

In this study we utilized the clinical grade biomaterial, decellularized porcine small 

intestinal submucosa (SIS), which has been used extensively in the past [128, 216-221]. Using 

SIS with immobilized heparin and VEGF, we developed cell-free, "off the shelf," vascular grafts 

with sub-millimeter inner diameter (850-900µm) that were implanted into the arterial system of a 

mouse. Similar to our previous study with an ovine animal model, grafts demonstrated host cell 

integration and a confluent endothelium within the lumen [101 , 215]. Cell-free vascular grafts of 

such small size are a continuing challenge for the field of tissue engineering. Prior to this study, a 

polymer based graft composed of an inner core of poly(glycerol sebacate) and a non-degrading 

outer sheath of thin poly( D-caprolactone) implanted in mice was patent over a 12 month period. 

However, the polymeric outer sheath did not degrade during that time indicating lack of 

integration and long-term remodeling [211]. 

The anti-coagulant, heparin has also been used to functionalize the lumen of vascular 

grafts, with mixed results. One study implanted a heparin functionalized elastomer in a rat model 

that proved to be effective in promoting endothelialization [129]. However, heparin 

functionalized grafts occluded within the first few hours post-implantation into the carotid artery 

of sheep [ 101 , 215] . On the other hand, in the current study we found no difference in graft 

patency between heparin only (SH) and heparin/VEGF (SHV) grafts using the same biomaterial 

and immobilization strategy, despite the much smaller graft diameter. Although the reasons are 
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not well understood, significant differences in wall shear stress between the mouse descending 

aorta (40-50 dyn/cm2
) and sheep carotid arteries (10-15 dyn/cm2

) may provide a plausible 

explanation for the patency differences between the two studies. Furthermore, endothelial cell 

ingrowth from the anastomotic sites differs between the two animal models, with ingrowth being 

well-documented in mice while lacking in sheep and humans [222]. 

Grafts with immobilized VEGF showed significantly improved tissue organization at 

one-month post-implantation. Specifically, as evidenced by the presence of a functional cell 

monolayer on the lumen expressing key endothelial markers (VEGFR2, CD144) and a medial 

layer consisting of aSMA+ cells. In contrast, SH grafts contained multiple layers of disorganized 

endothelial-like cells with no clear demarcations between the lumen and medial layers 

(VEGFRl , VEGFR2 and CD144 were seen throughout multiple cell layers) at one-month post 

implantation. In addition, medial cells were stained for the quintessential SMC marker, aSMA 

and appeared to align perpendicular to the luminal layer, indicating circumferential alignment. In 

addition, the thicker cellular component of SHV grafts indicates a more robust cellular 

infiltration, likely due to the presence ofVEGF, a well-known mitogen for endothelial cells and 

strong chemoattractant for monocytes/macrophages [223 , 224]. Recruited 

monocytes/macrophages might have induced robust proliferation of medial layer cells especially 

smooth muscle cells and fibroblasts in a well-orchestrated series of events, typical of the wound 

healing process [207, 225-227]. Increased cell infiltration was accompanied by reduced thickness 

of the SIS matrix remaining in the grafts at I-month post-implantation, suggesting that SHV 

grafts remodeled more efficiently than SH grafts. It is well documented that the initial phase of 

rapid cellular proliferation within the vessel wall is followed by decreased proliferation and wall 
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thickness towards more of a homeostatic state [226]. Longer implantation times are required to 

study the long-term remodeling ofVEGF-based A-TEVs in this animal model. 

Notably, the cellular makeup was significantly different between the SHV and SH grafts. 

SHV grafts contained significantly more cells expressing EGR2, a marker shared between the 

anti-inflammatory M2-Macrophage (Mcp) and endothelial cells and few, if any, cells expressing 

the pro-inflammatory Ml-Mcp marker, CD38 . Cells in the lumen of SHV grafts also expressed 

CD 14 and the M2-Mcp marker, CD 16. In contrast, SH grafts contained a large number of cells 

expressing the Ml-pro-inflammatory marker CD38; significantly fewer cells expressing EGR2 

and very few, if any, cells expressing CD 16. Collectively, these results indicate that the SIS

based grafts were infiltrated by monocytes that turned into M2-Mcp in the presence ofVEGF but 

Ml-Mcp in grafts containing heparin alone. These results also suggest that immobilized VEGF 

might have directed the incoming monocytes (MC) towards an anti-inflammatory phenotype. 

MC, a key component of the inflammatory response, express VEGFRl and respond to VEGF in 

a chemotactic fashion [223 , 224, 228-240]. In addition, endothelial progenitor cells comprise less 

than 0.1 % [241] , while monocytes comprise between 10-20% [242] of mononuclear cells of the 

blood and therefore, they may be more likely to be captured by VEGF on the graft lumen via the 

VEGF receptor (VEGFRl) on their surface. Therefore, initially our grafts might be populated 

mostly by MC, which may polarize into M2-Mcp in the presence ofVEGF but Ml-Mcp in the 

presence of heparin alone [243]. M2-Mcp may be aiding EC in-growth through paracrine action 

as they are known to secrete a multitude of growth factors , including FGF, PDGF, TGF D, 

SDFla and VEGF [26, 244-246]. They also establish new ECM, predominantly fibronectin, that 

serves as substrate for EC attachment and migration [ 69, 24 7]. Breuer and colleagues showed 

that MC/Mcp were indispensable for vascular graft patency and remodeling, providing key 
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signals for circulating EPC and/or in-growth of anastomotic EC [207, 225-227, 248-250]. In a 

key study, Hibino and colleagues found that Mcp infiltration was crucial for neotissue formation 

[248]. When Mcp were depleted prior to implantation, the vessels lacked both the endothelium 

and medial layers. Furthermore, they noted that when the grafts were pre-seeded with bone 

marrow mononuclear cells (BMMNCs ), which are known to produce VEGF among other growth 

factors and cytokines, the Mcp phenotype was predominantly M2; as opposed to cell-free, naked 

grafts where the majority of infiltrating Mcp turned into Ml phenotype. Taken together, we 

propose that immobilized VEGF may enable the capture of MC from the blood stream and direct 

their conversion to a M2-Mcp phenotype, which may ultimately affect cell fate and tissue 

regeneration. 

Alternatively, VEGF may be coaxing MC/Mcp into differentiating to an EC fate . There is 

a growing body of literature suggesting that MC may be capable of differentiating into EC-like 

cells that express both MC/Mcp markers and EC markers in-vitro [80, 235 , 236, 251-259]. In 

agreement, our results revealed that the lumen of SHV grafts contained cells that expressed both 

M2-Mcp and EC markers, but in sub-luminal areas they expressed only Mcp markers. More 

experiments are required to address this intriguing hypothesis and these are pursued in our 

laboratories using microfluidic technology and transgenic mouse models. However, regardless of 

the underlying mechanism, our current study suggests that VEGF may play a crucial role in the 

regeneration and remodeling of cell-free vascular grafts by modulating the inflammatory 

response to generate a pro-regenerative environment. 

3.5 Conclusions 
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In this study, we demonstrated that cell-free tissue engineered vascular grafts made of 

heparin/VEGF functionalized SIS maintained patency and promoted regeneration of a functional 

endothelium at one-month post-implantation in a mouse model. Heparin/VEGF grafts exhibited 

improved remodeling and endothelialization as compared to heparin only grafts. We also 

observed that the graft lumen was populated by cells of dual phenotype expressing both 

monocyte/macrophage and endothelial proteins, indicating a more direct role of immune cells in 

the regeneration of cell-free vascular grafts. In conclusion, our results suggest that immobilized 

VEGF may promote regeneration of cell-free vascular grafts by modulating the inflammatory 

response of the host. 
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4.1 Abstract 

Recently our group demonstrated that a-cellular tissue engineered vessels ( A-TEV s) 

comprised of SIS immobilized with heparin and vascular endothelial growth factor (VEGF) 

could be implanted into the arterial system of sheep where they endothelialized within one month 

and remained patent. Here we sought to identify the type of cells that are captured by VEGF on 

the lumen of A-TEVs in-vivo and understand how these cells tum into an endothelial cell (EC) 

monolayer that is capable ofmaintaining patency in-vivo. We discovered that monocytes (MC) 

expressing high levels ofVEGF receptors were captured on VEGF surfaces with high specificity 

under a range of shear stresses. Under the right conditions they were coaxed to differentiate into 

a mixed EC and macrophage (M D) phenotype and further matured under high shear conditions 

to align in the direction of flow and produce nitric oxide. At one week, cells on the graft lumens 

expressed only MC-M D proteins CD14 and CD163 but at one and three months later, luminal 

cells co-expressed CD14/CD163 and EC-specific proteins CD144 and eNOS. We also identified 

soluble signals and bio-mechanical forces that mimic the arterial microenvironment and could 

generate functional EC from surface captured MC in vitro. This novel finding indicates that the 

highly prevalent circulating MC contribute directly to the endothelialization of acellular grafts 

with the right biological cues, suggesting that they may also contribute to endothelial 

maintenance and repair following injury or disease. 

4.2 Introduction 

Acellular vascular grafts continue to show great promise in various animal models as 

well as human clinical trials. Decellularized and devitalized tissue engineered constructs have 
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been utilized with increasing frequency and demonstrated improved patency and regeneration 

potential [99, 124, 126, 196-205]. Devitalized constructs are based on either native arteries or 

bioengineered tissue constructs that are stripped of the cellular components while leaving ECM 

components intact and then implanted into the animal model of choice [200, 206]. In addition to 

devitalized and decellularized grafts, non-biological grafts composed of various polymeric 

biomaterials have also been used to engineer cell-free vascular grafts [129, 207-214]. All of these 

a-cellular materials must promote endothelialization of the lumen to achieve patency and 

promote development of the vascular wall through extensive, long-term remodeling. However, 

despite extensive experience with engineering vascular grafts, the mechanism of 

endothelialization, admittedly the greatest challenge facing vascular graft implantation, remains 

unknown. 

Rapid endothelialization has been reported in small animal models as well as in pigs and 

dogs, which occurred mostly via migration of endothelial cells from the anastomotic sites. 

However, trans-anastomotic endothelialization is very limited in ovine or humans [260-262] and 

therefore, the mechanism of endothelialization of acellular vascular grafts remains unclear. 

Several studies employed immobilized peptides or growth factors to the luminal surface to 

promote endothelialization. Some used integrin-binding peptides such as REDV and full-length 

extracellular matrix proteins such as fibronectin [69, 94-96]. Use of fibronectin resulted in 

incomplete endothelialization in the middle of the graft, possibly due to lack of specificity to 

integrin binding domain RGD, which may allow a wide variety of cells, including platelets, to 

bind and outnumber the scarcely present endothelial progenitor cells (EPCs) in the blood [95 , 

97]. Growth factors such as stromal derived factor (SDFla) was used to home circulating stem 

cells to the graft lumen via the SDFla receptor, CXCR4. However, these studies showed 
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incomplete endothelialization, especially in the center of the grafts [90, 92]. In our lab we 

developed an a-cellular vascular graft that was based on small intestinal submucosa (SIS) with 

immobilized heparin and VEGF on the graft lumen to capture VEGF receptor expressing EPC or 

circulating angiogenic cells (CAC) from the blood. When implanted into the carotid arteries of 

an ovine animal model, such small diameter (4.5mm) grafts exhibited high patency rates, fully 

endothelialized within one month, and developed a functional and contractile medial layer by 

three months post-implantation [101 , 104, 215]. 

Given the success ofVEGF-based vascular grafts and the lack of trans-anastomotic 

migration in the ovine animal model, we sought to determine the mechanism of rapid 

endothelialization of these grafts. We identified a novel means of endothelialization via the 

capture and subsequent differentiation of circulating monocytes (MC) on the VEGF coated 

lumen. We discovered that MC, which significantly outnumber EPCs in the blood, were captured 

by VEGF and polarized towards M2 macrophages before differentiating into a functional EC that 

produced nitric oxide and afforded patency to the neo-arteries. 

4.3 Materials and Methods 

VEGF cloning andprotein production 

Bioactive, recombinant VEGF isoform 165 was produced and purified as previously described 

[104]. Briefly, bacteria strain Escherichia coli BL21-DE3-pLysis containing pGEX-VEGF, 

encoding for a thrombin cleavable glutathione-s-transferase (GST) tag followed by the VEGF-

165 gene, was induced with lmM isopropyl ~-D-1-thiogalactopyranoside for protein production 

for 4-6hr at 37°C and 300rpm. Bacterial pellets were then lysed (50mM Tris, 500mM NaCl, 
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lmM ethylenediaminetetraacetic acid (EDTA), pH 8.5, lmg/mL lysozyme, and protease 

inhibitors) and sonicated. GST-VEGF containing inclusion bodies were then subjected to 

numerous rounds of washing and sonication then solubilized (50mM Tris, 500mM NaCl, 7M 

Urea, IM Guanidine-HCl, lmM EDTA, l00mM dithiothreitol (DTT), pH 8.5) prior to refolding 

by dialysis. Briefly, solubilized GST-VEGF was immediately added to a dialysis membrane 

(SpectraPor-1 6-8kDa cut-off) and dialyzed in l00x volume of Refolding Buffer-I (50mM Tris, 

500mM NaCl, l0mM KCl, lmM EDTA, 2M Urea, 500mM L-Arginine, 5mM reduced 

glutathione, 0.5mM oxidized glutathione, pH 8.5) for 24hr, then the refolding buffer was 

replaced with half the urea concentration of the previous day for 72hr. The final dialysis step was 

performed in PBS. GST was cleaved from VEGF using thrombin (100 units/mg protein; Sigma

Aldrich; St. Louis, MO) Refolded VEGF was then subjected to purification using Hitrap Heparin 

Column (GE Healthcare; Chicago, IL) according to the manufacturer's instructions. 

Cell Culture 

HUVECs were purchased from Lonza (Allendale, NJ) as a pooled donor isolation, maintained 

below 75% confluence in EGM2 complete medium (Lonza), and used between passage 2 and 6. 

Hair follicle-derived mesenchymal stem cells (HF-MSC) were isolated as described and 

maintained in DMEM (Thermo Fisher Scientific; Grand Island, NY) supplemented with 10% 

FBS (Atlanta Biologicals; Atlanta, GA) and lng/mL bFGF [178]. NIH-3T3 fibroblasts were 

purchased from American Type Culture Collection (ATCC) and maintained in DMEM 

supplemented with 10% FBS (Thermo Fisher). Ovine pulmonary artery endothelial cells 

(OPAECs) were isolated as previously described [179] and were maintained in DMEM 

supplemented with 20% FBS. Human dermal fibroblasts (h-dFB) were isolated as described 

previously from neonatal foreskin and maintained in DMEM supplemented with 10% FBS [143]. 
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All media were supplemented with 1 % antibiotic-antimycotic cocktail (Thermo Fisher). All cells 

were maintained in a humidified incubator with 10% CO2 at 37°C. 

Acquisition ofMonocytes from Human Whole Blood and Platelet Apheresis Cones 

Human whole blood was acquired from healthy donors as per University at Buffalo IRB/IACUC 

guidelines and federal regulations. Whole blood was acquired using traditional methods of 

needle and syringe, and supplemented with a tenth of acquired volume with sodium citrate and 

used within 4 hr. To obtain platelet rich plasma (PRP), whole blood was acquired as described 

and centrifuged at 1500rpm for l0min to separate the RBC/WBC from PRP. PRP was carefully 

removed from above the RBC/WBC layer and frozen until use. Platelet apheresis cones, as a 

source of enriched WBC, were purchased from Roswell Cancer Center (Buffalo, NY). Cones 

were obtained from anonymous healthy donors. Cones were purged with PBS to remove the 

WBC rich blood and layered on top ofhistopaque-1077 (Sigma-Millipore; St. Louis, MO) to 

separate the WBC rich buffy coat from RBC. The buffy coat was then washed with PBS before 

use in experiments. 

Monocyte Culture 

PBMNCs isolated on fibronectin (FN; Thermo Fisher) or VEGF surfaces were further cultured 

up to 14 days in EGM2 medium, with all supplements. FBS was replaced by autologous platelet 

rich plasma (20% v/v) . VEGF (50ng/ml) and MCSF (Ing/ml; Thermo Fisher) were added to the 

EGM2 medium throughout the culture period. On day 0, Y-27632, l0µM , (Y27; Sigma) was 

added to the medium and removed on Day 3. On day 3, CHIR-99021 , 10 µM , (CHIR, Sigma) 

was added to the medium and removed on day 5. EGM2 with 20% PRP, 50ng/ml VEGF, and 

lng/mL MCSF was replaced every 2-3 days . 

74 



Culture under Shear Conditions 

On day 14, differentiated MCs on FN or VEGF surfaces were further cultured in a bio-reactor 

setup as previously reported [263]. In this procedure circular dishes were modified with 

attachment of a smaller inverted circular culture dish inside of a larger dish. When this dish is 

placed on an orbital shaker, the force directs the medium to "swirl" around the center dish. Shear 

strength is then changed by changing the rotation speed. We adapted this procedure with an 

orbital shaker with a 1.9 cm radius. Shear was determined by the equation: 

r = r/ryp(2rrf) 3 

Where r is the desired shear (dynes/cm2
) , r is the radius of the orbital shaker, Tl is the viscosity 

(poise), pis the density (g/mL), and f is the rotations speed in rounds per second. Using this 

equation and converting to rotations per minute, approximately 29, 84, and 133 rotations per 

minute equated to 1, 5, and 10 dynes/ cm2 of shear, respectively. Shear was slowly ramped up 

from 1 to 10 dynes/cm2 over 2 days and maintained at that level for 3 days prior to analysis. 

Medium was replaced every other day during shear studies. 

Biological Activity ofRecombinant VEGF 

The biological activity of recombinant VEGF was assessed using a standard cell proliferation 

assay as previously described[104] . Briefly, human umbilical vein endothelial cells (HUVECs) 

were seeded onto a 96-well plate with varying concentrations of recombinant VEGF or 

commercial (control) VEGF (Thermo Fisher). Concentrations ranged from 0.05ng/mL to 

1 00ng/mL. Cells were allowed to proliferate for 72hr prior to treatment with 3-( 4, 5-

dimethylthiazol-2-yl)-2 , 5-diphenyltetrazolium bromide (MTT; Thermo Fisher) for 4hr, followed 
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by solubilization of the purple formazan crystals and absorbance reading at 570nm using a 

Biotek Synergy 4 Spectrophotometer (with background absorbance at 650nm subtracted). 

Immobilization of VEGF 

Chitosan (Sigma) was used at the manufacturer' s recommended concentration of0.lmg/mL to 

coat tissue culture treated polystyrene surfaces (TC). Coating was performed by adding sterile 

chitosan solution for 12 hr with rocking at 37 °C. After coating with chitosan, the surface was 

washed repeatedly with sterile water to remove unbound chitosan. Heparin (17-19 kDa) from 

porcine submucosa (Sigma) was dissolved in sterile water at a concentration of 5mg/mL and then 

applied directly to the chitosan treated surfaces overnight at RT. Then the surface was washed 

with sterile water to remove unbound heparin and heparin binding to chitosan was determined 

using the toluidine blue binding assay as described previously [180]. 

Finally, recombinant VEGF, l0µg/mL in phosphate buffered saline (PBS), was added to the 

Chitosan-Heparin surface. Binding ofVEGF was optimal at 37°C without rocking, for 2 hr. 

VEGF binding was determined by ELISA using biotin-conjugated goat anti-VEGF antibody 

(l00ng/mL, 2 hr, RT, R&D Systems), followed by incubation with streptavidin-HRP (1:200, 30 

min, RT) and addition of substrate (TMB; Sigma). Absorbance was read at 450nm using a 

Biotek Synergy 4 Spectrophotometer (with subtraction of background absorbance of 570nm). 

Proliferation on VEGF Functionalized Surface 

To determine cell proliferation, HUVECs (under 70% confluent) were detached from tissue 

culture plates by treatment with 5mM EDTA (1 0min), re-suspended in basal EBM2 medium 

with 10% serum and plated at 5x103 cells per well on Chitosan-Heparin-VEGF, termed 

immobilized (i)VEGF, coated 48-well plates with varying concentrations ofVEGF. The cells 
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were allowed to bind for 6hr and then unbound cells were removed and the medium was changed 

to EBM supplemented with 2% heat inactivated FBS. After 120hr, cells were subjected to MTT 

assay as described above. 

Capture ofcells under flow in a microjluidic device 

Capture of endothelial cells under flow was assessed in a microfluidic device (Fig. lA). The 

PDMS based device with channel dimensions of 400µm in width, 200µm in height, and 1cm in 

length, contains four circular ports used for vacuum sealing to a flat surface. Functionalization of 

the surface with chitosan and heparin was performed as described above followed by addition of 

50µg/mL VEGF to obtain complete saturation of the CH surface in the microchannel. The 

PDMS based device was washed vigorously with 100% ethanol and dried under a stream of air 

before it was placed onto the functionalized surface. The input port was connected to a reservoir 

for medium and cells, and the output port was connected to a Harvard Apparatus Syringe Pump 

through a glass syringe (lmL). The pump controlled the flow rate and therefore, the shear stress 

at the bottom surface of the micro channel, Tw, in the device could be calculated according to the 

equation: 

6µQ 
Tw =-h2 

W1 

where, □ is the viscosity; Q the volumetric flow rate; h, the height; and w1 , the width of the 

micro channel. DMEM without serum was used during fluidic runs with a viscosity of 0.88cP 

[181]. All cells (under 70% confluent) were detached from tissue culture plates by treatment with 

5mM EDTA (l0min) and re-suspended in DMEM medium without serum at the required 

concentration prior to running on the device. When indicated, cells were pre-stained with 
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fluorescent carbocyanines, DIO or DIL (Thermo Fisher) according to the manufacturer ' s 

specifications to enable live cell tracking. 

Flow Cytometry 

Flow cytometry was performed on 3 different MC isolation methods, buffy coat PBMNCs, 

fibronectin (FN) captured PBMNCs, and iVEGF captured PBMNCs. FN surfaces were prepared 

using human FN (Thermo Fisher) at l0µg/mL in PBS overnight at 4°C. Surfaces with VEGF 

were prepared as just discussed. For FN and iVEGF surfaces, buffy coat PBMNCs were allowed 

to adhere to either FN or iVEGF surfaces for 1 hr at 37°C/5% CO2 in the absence of serum; 

gently washed with PBS to remove unbound cells; and then gently mechanically removed from 

the surface and fixed with 4% paraformaldehyde. Fixed cells were blocked in 5% goat serum in 

PBS, washed, and incubated for 1hr on ice with primary conjugated antibodies. The following 

fluorescent conjugated antibodies were used to characterize isolated cells, CD14-FITC, CD16-

BV421 , VEGFR2-Alexa Fluor-647, CD49D-CF594, CD34-PE-Cy7 (BD Biosciences; Franklin 

Lakes, NJ) and VEGFRl-PE (Miltenyi Biotech; Bergisch Gladbach, Germany). IgGl isotype 

controls for each conjugated dye was run to establish proper gating. Flow cytometry was 

performed using a BD Fortessa X-20 (BD Biosciences) and data analyzed with FCS Express 

software suite (DeNovo Software; Naples, CA). 

Gene Expression Analysis 

MCs were assessed by qRT-PCR for gene changes prior to differentiation (day 0), and at 24 hrs, 

5 days, 7 days, 10 days, 14 days, and day 20 ( 14d differentiated cells exposed to a total of 6 days 

of shear) after induction to differentiation. RNA was isolated and purified according to the 

manufacturer 's protocol (Qiagen RNeasy mini kit, Qiagen; Hilden, Germany). RNA was then 
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reverse transcribed to cDNA following the manufacturer' s protocol (QuantiTect Reverse 

Transcription Kit; Qiagen) and mixed with SYBR Green (PowerUp™ SYBR™ Green Master 

Mix; Thermo Fisher). For all experiments, gene expression levels were normalized to the 

housekeeping gene RPL32 expression level and compared to the levels of MC at day 0. All qRT

PCR reactions were performed with n=3 experimental repeats in triplicate, using a Bio-Rad 

CFX96 thermal-cycler. Heat Map (Fig. S1-2) generated via Morpheus Software 

(https://software.broadinstitute.org/morpheus).Color varies from Red to Green with red 

indicating expression the lowest expression and green the highest expression. Each row is 

independently assessed. 

Tube Formation Assay 

Differentiated MCs on day 14 were trypsinized and replated on growth factor reduced matrigel in 

EGM2 with 20% PRP and 50ng/ml VEGF and cultured for 24-48 hrs. Wells were fixed in 4% 

paraformaldehyde, permeabilized with 1 % Triton-Xl00 in PBS, and blocked with 5% goat 

serum in PBS prior to immunocytochemistry. 

LDL Uptake 

Differentiated MCs on day 14 were incubated with acetylated LDL according to the 

manufacturer's protocol. Cells were exposed to Dil labelled LDL for 4 hrs, washed with PBS 

three times, then fixed in 4% paraformaldehyde before imaging and quantification. 

Quantification ofNO production 

NO production was measured as a function ofNQ3 concentration. Media from differentiated 

cells under static and shear were collected and assessed for nitrate using the Greiss colorimetric 

reagent (Thermo Fisher). 
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Vascular grafts and animal implantations 

Preparation of the SIS vascular grafts with immobilized heparin and SIS and implantations into 

the carotid arteries of sheep was done as previously described [ 101] . All animal surgical 

procedures and other protocols were approved by the Institutional Animal Care and Use 

Committee at the State University ofNew York at Buffalo. 

Immunohistochemistry and Immunocytochemistry 

Explanted A-TEV s and native carotid arteries were cleaned using saline and pressure fixed in 

10% Formalin. Samples were then dehydrated in a series of graded ethanol solutions, xylene 

substitutes and then embedded in paraffin. Tissue sections (l0µm each) were deparaffinized, and 

subjected to pressure-activated high temperature antigen retrieval. Paraffin sections were first 

blocked with 5% (v/v) goat serum in PBS. On day 14 and day 20 (after shear) cells were fixed in 

4% paraformaldehyde, permeabilized in 0.1 % Triton X-100, and blocked in 5% goat serum. 

Tissue sections and cells were then further incubated with the following primary antibodies: anti

VEGFRl (1:100, Thermo Fisher), anti-VEGFR2 (1:100, Thermo Fisher Scientific), anti-smooth 

muscle alpha actin (1:200, Thermo Fisher), anti-CD144 (1:50, Cell Signalling Technologies, 

Danver, MA), anti-CD16 (1:200, Abgent, San Diego, CA), anti-CD14 (1:100, Abgent), anti

CD38 (1:200, Abeam, Cambridge, MA), anti-EGR2 (1: 100, Abeam), anti-CD31 (1:200, Thermo 

Fisher), anti-eNOS (1 :500, BD Biosciences) in 5% (v/v) goat serum in PBS overnight at 4°C. 

Following three washes tissue sections and fixed cells were incubated with Alexa-Fluor 

conjugated secondary antibodies (1 :200 in 5% (v/v) goat serum, Thermo-Fisher) for 1hr at RT. 

Nuclei were counterstained with Hoechst 33342 (1 :200 in PBS, Thermo Fisher) for 5 min at 

room temperature and images were obtained with a Zeiss Axio Imager microscope (Carl Zeiss 

GmbH, Jena, Germany). 

80 



Analysis and Statistics 

All experiments were repeated at least three times, and each assay (qRT-PCR, flow cytometry) 

was done with triplicate samples. Immunofluorescence images were analyzed using ImageJ 

(NIH) and more than 300 cells were counted in five randomly selected fields of view per image. 

Statistical significance (p<0.05) was calculated using paired Student's t-test. 
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4.4 Results 

VEGF Captures Monocytes from Whole Blood under flow 

In our previous work, we demonstrated that vascular grafts decorated with immobilized VEGF 

could be implanted into the arterial circulation of an ovine animal model where they remained 

patent for three months (the duration of the experiment)[l0l]. At one-week post-implantation, 

the lumen contained cells that were devoid of typical endothelial cell (EC) markers, such as 

CD 144 and eNOS. In addition, by one month the lumen was completely populated with cells and 

there was no gradient of cell density between the anastomotic sites and the middle of the graft, 

that one might expect if the lumen were populated with EC migrating from the anastomotic sites. 

These observations prompted us to hypothesize that the lumen might be endothelialized with 

cells from circulating blood. 

To address this hypothesis, we employed a microfluidic device to examine whether cells from 

blood could be captured by immobilized VEGF. The device consisted of a single channel 

(length: 1cm; width: 400µm; height: 200µm) that was kept in place by vacuum (Fig. lA) and 

coated with a layer of chitosan (positively charged) that was used as adhesive to immobilize 

heparin (negatively charged) as shown previously[ 104]. VEGF was then immobilized by binding 

to heparin via its heparin binding domain. The surface concentration ofVEGF increased with 

increasing the concentration ofVEGF in solution until saturation was reached at approximately 

1000 ng/cm2 (Fig. lB), similar to our previous work that used poly-L-lysine to immobilize 

heparin and subsequently VEGF[104]. Furthermore, the chitosan/heparin/VEGF (denoted as 

CHV) surfaces supported proliferation of human umbilical vein endothelial cells (HUVEC) in a 

VEGF surface concentration dependent manner (Fig. lC), demonstrating that immobilized 

VEGF on CHV surface is biologically active. 
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Next, freshly drawn human blood was passed over the VEGF-containing channel surface 

under different flow rates corresponding to shear stress ranging from 1 to 15 dyn/cm2 and 

captured cells were fixed and assessed via immunocytochemistry. As indicated in Fig. 1D and 

quantified in Fig. lE, all captured cells expressed the monocyte (MC) marker CD14, 

independent of the level of shear stress (e.g. 100% of234±16 cells at 15 dyn/cm2; n=5 

independent runs per shear stress were tested). In comparison less than 1 % of captured cells 

expressed the EC marker CD144 (only one out of 234±16 cells was positive; n=5 independent 

runs in 1 dyn/cm2 or 15 dyn/cm2
; no CD 144+ cells were present in any run at shear stress of 5 or 

10 dyn/cm2
). Furthermore, all captured cells expressed CD31 , a shared marker between MC and 

EC lineages. Interestingly, 64.3±7.1 % of captured cells expressed the anti-inflammatory 

macrophage marker CD 163. These results suggested that VEGF may be capturing blood MC, 

which are known to express the VEGF receptor 1 (VEGFRl). 

To verify any potential MC capture by surface immobilized VEGF, CD14+/CD16+ MC were 

isolated from peripheral human blood by negative selection and run over the microfluidic 

channel (0.5x106 cells/mL) under the same shear conditions. Indeed, MC were captured by 

surface bound VEGF with capture efficiency that was shear stress dependent, decreasing as shear 

stress increased (Fig. lF). Interestingly, the capture efficiency of MC was similar to that of 

human EC, ovine EC, and a murine macrophage cell line (Fig. lG; n=5 independent runs at 

ldyn/cm2
). In contrast, little or no capture was observed when using murine and human 

fibroblasts or human mesenchymal stem cells. 

83 



Figure 1 
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Figure 1: VEGF Captures Monocytes Under Flow. Microjluidic device to capture ofcells from blood: schematic 

and shear dependency. (A) Schematic ofmicrojluidic device. PDMS device is sealed to iVEGF surface using a 

vacuum. An empty channel image is shown. (B) VEGF binding kinetics to CH surface as determined by ELISA, n=3 

independent biological replicates C) MTT proliferation ofHUVECs on iVEGF surface with a range ofinitial 

soluble VEGF concentrations added per well; n=3 independent biological replicates, symbols(!, #, $) denote 

statistical difference (p<0.05) between the indicated samples; (*) indicates statistical difference (p<0.05) compared 

to control conditions (no VEGF). (D-F) Whole human blood was passed though the microjluidic device on a iVEGF 

surface at the shears indicated. All runs were standardized to lmL ofblood total run volume. Captured cells were 

fixed and immunocytochemistry performed using MC markers CD14, CD 163, and CD3 l and EC marker CD144. 

Total captured cells (D) were analyzed as captured cells per total cell count oflmL ofblood. lmmunocytochemistry 

results were quantified (E) and representative images at 1 dynlcm2 are shown (F). * Denotes statistical difference to 

cells captured on CH surface (p<0.05, n=l0 runs per shear) . EC markers are less than 1% in all shears tested. 
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Immobilized VEGF Captures MCfrom Peripheral Blood Mononuclear Cells 

Next, we examined the phenotype ofVEGF captured MC using multi-color flow cytometry. As a 

control we used FN-coated surface that has been previously used to culture MC. To this end, we 

performed flow cytometry of peripheral blood mononuclear cells (PBMNs) directly after 

standard histopaque-1077 isolation (Fig. 2A), or following adherence on FN (Fig. 2B) or VEGF 

functionalized surface (Fig. 2C) for 1hr before gentle mechanical removal. As indicated in Fig. 

2, the majority of cells (>98±2.7%) that bound to FN or VEGF coated surfaces were positive for 

CD14, a well-accepted MC marker, as compared to only 29±4.6% CD14+ in the PMBN 

population. In addition, FN or VEGF-captured MC were highly enriched in classical 

(CD14++/CD16-, FN: 71±3 .9%; VEGF: 73±4.2%) and non-classical MC (CD14+/CD16+, FN: 

28 .5±2.1 %; VEGF: 26±3.4%). As expected VEGF-captured MC, were highly enriched in 

VEGFRl expressing cells (99±1 .2% were VEGFRl + ), as were the FN bound cells, albeit to a 

lesser extent (73±5.6%). However, no VEGFR2+ cells were found on either the VEGF or FN 

coated surface. Histograms for each antibody and corresponding IgG controls are shown in Fig. 

2D-H. IgG gating is depicted in Fig. S1-1. 
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Inducing Spreading and Proliferation ofSurface Captured MC 

Next, we examined whether MC that were attached on VEGF or FN could be differentiated into 

functional EC. To this end, we developed a protocol based on three important findings (Fig. 3A). 

First, we found that the ROCK inhibitor, Y-27632 induced rapid adherence and spreading in a 

spindle like morphology on both VEGF and FN surfaces (Fig. 3B-C). Quantification of cell area 

indicates that Y-27632 has a dramatic effect on spreading, with an average cell area of326.1 ± 

43 .8 µm2 and 265 .5 ± 13 .7 µm2 on FN and VEGF surfaces when cultured with Y-27632 (50nM 

for 3d) as compared to 128.5 ± 33.4 µm2 and 95 .8 ± 22.1 µm2 on FN and VEGF surfaces when 

cultured without Y-27632 (Fig. 3C). In addition, platelet rich plasma (PRP) promoted cell 

spreading and was used in place of serum (data not shown). 

Finally, it is well documented that primary monocytes/macrophages are non-dividing 

cells when cultured in-vitro. Interestingly, we discovered that Wnt activation using the GSK3~ 

antagonist, CHIR-99021 (CHIR), induced proliferation of adherent MC, as shown by 
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immunostaining for Ki67 (Fig. 3D). Specifically, treatment with CHIR for 2 days induced Ki67 

expression in 44.4±11.6% (p<0.05, n=3) of cells on FN and 50.2±11.6% (p<0.05, n=3) of cells 

on VEGF, as compared to only 6.3±4.5% ofKi67+ of control cells on FN (no CHIR) (Fig. 3E). 
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Figure 3: Optimized Protocol for MC Differentiation. (A) Schematic ofoptimized protocol timeline. (B) 

Representative images ofY27 induced spreading ofMC on both FN and iVEGF surfaces and subsequent 

quantification ofcell area (C) ofphalloidin (green) stained cells. (D) Representative images ofMC stained for the 

proliferation marker Ki67 (green) after CHIR treatment for 2 days and subsequent quantification ofpositive cells 

(E). * denotes statistical significance (p<0.05, n> 300 cells per n=3 independent experiments. (F-G) Representative 

brightjield imaging ofMC during 14-day differentiation on FN (F) and iVEGF (G) . 
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Monocyte Differentiation to Endothelial Cells 

Based on these observations, we developed an optimized differentiation protocol as outlined in 

Fig. 3A. Briefly, monocytes were cultured on either FN or VEGF surfaces in a modified 

endothelial basal media (EBM; Lonza) with all supplements (EGM2 bulletkit) with Y-27632 

(l0 DM), MCSF (l0ng/mL), soluble VEGF (l00ng/mL), and 10% autologous activated platelet 

rich plasma (PRP). On day 3, Y-27632 was removed and CHIR was added for 2 days. 

Thereafter, the medium was replaced with the same basal medium but without Y-27632 or 

CHIR-99021 until day 14. While initially cultured monocytes displayed a spindle like 

morphology, they gradually changed into a cobblestone morphology as cells proliferated and 

formed tight colonies typical of EC (Fig. 3F-G). 

Over the 14-day differentiation, we assessed multiple genes involved in EC differentiation and 

function as well as genes associated with pro-inflammatory (Ml) and anti-inflammatory (M2) 

macrophage activation states (Fig. 4) . Interestingly, the differentiation process resulted in a 

genotype comprising both classic endothelial as well as macrophage genes, especially M2-

associated genes. While some monocyte genes were quickly downregulated such as CD14 (Fig. 

4A) and CX3CR1 (Fig. S2A), the non-classical monocyte marker CD16 was upregulated nearly 

100-fold during initial differentiation and decreased to pre-differentiation levels by day 14 (Fig. 

4B). A similar trend was observed for Ml associated genes such as IL6, IL12, iNOS, and TNF

□ . Interestingly, VEGF surfaces induced higher upregulation of IL6, IL 12, and iNOS compared 

to FN during early differentiation. However, eventually Ml associated genes were 

downregulated in both FN and VEGF surfaces (Fig. 4C-E, S2A). Conversely, some M2 

associated genes were dramatically upregulated during differentiation and remained elevated 

above pre-differentiation levels such as CD163 , a gene that is completely lacking in EC such as 
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HUVECs (Fig. 4F). Other M2-associated genes were also upregulated during differentiation and 

decreased to pre-differentiation levels by day 14 including EGR2, ARGl , FN, and ILl0 (Fig. 

4G-H, S2A). 

Several transcription factors that are well known to be crucial to EC differentiation during 

development were upregulated during differentiation. Interestingly, the pattern of upregulation 

loosely followed the accepted temporal sequence of EC transcription factors during 

development. ETV2 and GATA2 are transcription factors that appear early in EC development 

and as shown reach a maximum upregulation on day 5 (Fig. 41-J). Following the paradigm, 

SOXl 7 reached maximum upregulation after ETV2 and GATA2, on day 7 and remained 

elevated similar to typical EC levels at later times (Fig. 4K). Another important EC transcription 

factor, ERG was upregulated early during differentiation and then decreased but remained at 

levels similar to EC (Fig. 4L). Interestingly, the transcription factor HEYl , a venous EC 

differentiation marker that is expressed in HUVEC, was significantly downregulated during MC 

differentiation (Fig. 4M). Conversely, its arterial counterpart, HEY2 was upregulated at early 

times but decreased at later times on FN surface. Interestingly, HEY2 was significantly 

upregulated by nearly 100-fold, and remained at high levels on VEGF surfaces (Fig. 4N). 

Next, we assessed markers of mature and functional EC. Of particular interest is KDR/VEGFR2, 

which was not expressed in MC as demonstrated already using flow cytometry (Fig. 2B, C). As 

indicated in Fig. 40, KDR was dramatically upregulated during differentiation, reaching EC 

levels by day 14. FLTlNEGFRl expression was upregulated early during differentiation on 

VEGF surfaces but downregulated on FN surfaces (Fig. 4P). After day 5, FLTl expression 

decreased in cells on both VEGF and FN. VE-Cadherin/CD144 expression was upregulated 

significantly (more than 1,000-fold on VEGF) and remained at high levels through day 14 (Fig. 
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4Q). Similarly, vWF, which is expressed in mature EC, was upregulated and continued to 

increase towards (FN) or above (iVEGF) EC levels by day 14 (Fig. 4R). Furthermore, the 

functional EC marker, eNOS was also upregulated to EC levels, with VEGF surfaces conferring 

significantly higher expression of eNOS during early differentiation (Fig. 4S). MC/Mcp and EC 

both express PECAM 1/CD31 , therefore it is not surprising that expression of CD31 was fairly 

stable at MC levels with a final upregulation towards EC levels, which are approximately 5-fold 

higher than MC, possibly due to cell-cell contract as cells reach confluence (Fig. 4T). 

Surprisingly, and similarly to the shear related transcription factors HEYl and HEY2, the arterial 

EC marker EphB2 was dramatically upregulated during differentiation on both FN and VEGF 

surfaces, with VEGF surfaces conferring much greater expression ofEphB2, above that observed 

in HUVECs, which are venous EC (Fig. 4U). Conversely, the venous EC marker EphB4 was 

slightly upregulated during MC to EC differentiation but remained low compared to the 

expression levels observed in HUVECs (Fig.4V). Other EC markers were also upregulated 

during differentiation such as TIEl , TIE2, NRPl , and NRP2 as indicated in Fig. 4W-X and the 

heat map of Fig. SI-2A-B. Similar results were obtained when cells were cultured on SIS 

substrate functionalized with heparin and VEGF (Fig. SI-2C). 
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Figure 4: Gene expression profile as MC differentiate towards EC. Quantification ofgene expression via 

quantitative PCR over MC at day 0. All genes were internally normalized to RPL32 cycle number. HUVEC gene 

expression served as a comparison reference (A-X). Monocyte markers (A-B); Ml macrophage markers (C-E); M2 

macrophage markers (F-H); Endothelial transcription factors (I-N); Endothelial functional markers (O-X) . Error 
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51-2 

bars indicate standard deviation over n=3 independent experimental replicates. Each PCR reaction was conducted 

with triplicate for each gene. 
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Monocytes Differentiate to an Endothelial and M2 Macrophage Mixed Phenotype 

Next, we investigated the expression of endothelial proteins KDR, eNOS, CD31 , and CD144 by 

immunocytochemistry (Fig. 5) . Interestingly, the monocyte markers CD14 and CD16 were still 

present by day 14, albeit expression of CD16 was low (Fig. SA, 5G). Interestingly, cells formed 

VE-cadherin (CD144) junctions, while maintaining expression of the M2 macrophage marker 

CD163 either on FN or VEGF surfaces (Fig. SB and Fig. SH). Similarly, cell junctions contained 

CD31 , while cells continued to express CD14 (Fig. 5D, SJ) . Initially MC lacked expression of 

VEGFR2, however, VEGFR2 was highly expressed by day 14 (Fig. SC, 51). Finally, cells 

expressed the phosphorylated form of eNOS, indicating acquisition of EC function but lacked 

expression ofEphB2 or EphB4 at the protein level (Fig. 5E-F, 5K-L). 
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Figure 5: Phenotypic Changes during MC-derived EC. Immunostainingfor MC and EC markers after 14 days of 

differentiation on FN (A-F) or iVEGF (G-L) . (A, G) CD 16 (red) and CD 14 (green); (B, H) CD 163 (red) and 

CD144 (green); (C, I) VEGFRl (red) and VEGFR2 (green); (D, J) CD14 (red) and CD31 (green); (E, K) eNOS 

(red) and EphB2 (green); (F, L) VEGFR2 (red) and EphB4 (green) . Scale bars:l0µm . 
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MC-derived EC develop EC Function 

To assess the function of MC-derived EC, we employed two well-accepted assays, namely, 

acetylated LDL (acLDL) uptake and neo-vessel (tube) formation in vitro. After 14 days of 

differentiation, cells were assessed for acLDL uptake and the percentage of acLDL+ cells 

quantified as shown in Fig. 6A. Of note, only 6.4±3 .3% (n=3) of MC could uptake acLDL. In 

comparison, when MC were activated to a traditional macrophage phenotype by binding to a 

surface and exposure to serum, the percentage of cells that could uptake acLDL increased to 

67±9.3%. When MC were coaxed to differentiate towards EC either on FN or VEGF surfaces 

using our defined protocol, 92±5 .6% and 88±3.9% of cells uptake acLDL, similar to HUVECs 

(85 .3±7.2%, p<0.05 , n=3). 

Although both macrophages and EC uptake acLDL, only EC are known to organize into 

neo-vessels/tubes on matrigel. Interestingly, MC-derived EC on FN or VEGF surfaces formed 

tubes within 24 hr of adhesion to matrigel. In addition, cells within the neo-vessels expressed 

VE-cadherin/CD 144 and CD31 that were localized at the cell junctions. Surprisingly, these cells 

also expressed CD 16 as indicated in Fig. 6B. 
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Figure 6: MC-derived EC develop endothelial function. (A) MC-EC differentiated on FN or iVEGF uptake 

acetylated LDL. MC on day Oare unable to uptake LDL compared to traditionally activated, LPS stimulated MW, 

MC-EC on FN or VEGF or HUVECs. * denotes statistical significance (p<0.05, n=3 independent biological 

replicates). MC-EC differentiated on FN (B) or VEGF (C) formed tubular networks when cultured on matrigel. 

Representative immunostainingfor the monocyte markers CDJ6 (pink), endothelial marker CDJ44 (green), and 

CD31 (red) . 

Shear Stress Augments MC-EC Differentiation and EC Function 

Our results so far indicate that MC can differentiate into a functional EC like cell that 

retains MC/M<l> phenotype and function. Shear stress is well known to differentiate EC cells into 
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a mature phenotype capable of alignment along the direction of flow. To this end, MC cells were 

differentiated for 14 days and further cultured under shear by ramping from low to high shear 

stress (1 to 10 dyn/cm2
) over 2 days and further cultured at high shear for 3 days. Shear is known 

to induce NO production, thus we quantified NO3 content via Greiss reagent as shown in Fig. 

7A. As demonstrated, shear induced NO production significantly, as compared to static 

conditions when cultured on FN and especially on VEGF surfaces at levels similar to HUVECs. 

Next, we assessed the effect of high shear on a number ofkey EC genes that are known 

to be affected by shear stress (Fig.7B-K). Consistent with the increased NO production, eNOS 

was dramatically upregulated with shear (Fig. 7B). CD144N E-cadherin was similarly 

upregulated by shear, with expression at EC levels (Fig. 7C), as did key EC mechanosensor 

proteins such as JAGl , DLL4, and the receptors NOTCH! and NOTCH2 (Fig. 7D-G). 

Interestingly, high shear downregulated the venous genes HEYl and EphB4 and upregulated 

arterial EC genes HEY2 and EphB2 (Fig. 7H-K). 

Following gene expression changes, we assessed protein expression upon exposure to shear. 

Under high shear stress conditions, the cells aligned parallel to the direction of flow as expected 

(Fig. 7L-S). Immunostaining showed that both the MC marker CD14 and the M2-M<l> marker 

CD163 remained consistently expressed on FN and VEGF surfaces (Fig. 7L-M, P-Q). Notably, 

high shear induced expression of EphB2 - but not EphB4 - at the cellular junctions, typical of 

mature arterial endothelial cells (Fig. 7N-S). On the other hand, when cells were exposed to low 

shear (1 dyne/cm2
) for 5 days, cell alignment was not as evident, and expression of arterial EC 

marker EphB2 was not apparent (Fig. SI-3A, C), but the venous EC marker EphB4 was weakly 

expressed (Fig. SI-3B, D), indicating that shear plays an important role in the acquisition of MC

EC phenotype, similar to bona fide EC. 
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Figure 7: Shear augments MC-to-EC differentiation. (A) High shear (10 dyneslcm2
) induces production ofNO 

production in MC-EC cells differentiated on FN or iVEGF surfaces as compared to static condition (grey bars) . 

HUVEC were used as a reference cell capable ofproducing NO under shear. * denotes statistical significance 

(p<0.05, n=3 independent biological replicates) . (B-K) MC-EC were subjected to high shear (JO dynes/cm2
) and 

expression ofthe indicated genes was measured by RT-PCR. Genes were internally normalized to RPL32 and 

compared to MC at day 0. FN surface (black bars), iVEGF (light grey bars), and HUVEC as a reference cell type 
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(white bars) . (L-S) Immunostaining for key MC and EC markers after exposure to high shear. FN or iVEGF 

surfaces: (L, P) CDJ63 (red) and CDJ44 (green); (M, Q) CD31 (red) and CDJ4 (green); (N, R) eNOS (red) and 

EphB2 (green); (0, SJ VEGFR2 (red) and EphB4 (green). White arrows indicate direction offlow. Scale bar: 20µm . 
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SI Figure 3: Low Shear Effects on MCEC Differentiation. (A-BJ Differentiation on FN surface or (C-D) iVEGF 

Surface under low shear does not induce arterial EC protein EphB2(green) (A ,C) but does induce expression ofthe 

venous EC protein EphB4(green) (B,D) . White arrows indicate direction offlow. Scale bar: 20µm . 

The Lumens of VEGF Decorated Vascular Grafts are Populated with Cells ofMixed EC and 

M2 Macrophage Phenotype 

These results prompted us to hypothesize that MC could be captured on VEGF-decorated 

vascular grafts and differentiate towards functional EC in the arterial microenvironment, thereby 

contributing directly to endothelializion of neo-arteries. To this end, VEGF-decorated, SIS-based 

small diameter (4.5 mm) vascular grafts were implanted into the carotid arteries of sheep, where 

they remained patent for three months (>92% patency) [101]. At one week, one month and three 
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months the grafts were explanted and the phenotype of luminal cells was assessed by 

immunostaining. 

Interestingly, at 1 wk post-implantation graft lumens were comprised of CD 14+ and CD 163+ 

cells, but lacked EC markers CD144 or eNOS (Fig. SA-B). Surprisingly, at Imo and 3mo post

implantation, luminal cells of explanted grafts co-expressed the endothelial specific marker 

CD144 and the M2-macrophage specific marker CD163 (Fig. SA). Similarly, they also co

expressed the EC-specific marker, eNOS and the monocyte/macrophage specific marker, CD14 

(Fig. SB). These results are consistent with our in-vitro findings and provide strong support of 

the hypothesis that blood MC might have endothelialized and afforded patency to VEGF

decorated vascular grafts in this large, pre-clinical animal model. 

101 



lOT 

wr1o5 wr1o5 wr1o5 

QJ 
>-~ 
ro z 

, , , 

wr105 wr1o5 wr1o5 

0 - "-. 

E '-
' · 

("'(") 
' 

, , , 
Wr105 wr1o5 wr1o5 

0 
E 

'r'i 

, , , 

wr1o5 wr105 wr1o5 

, , , 



Figure 
8B 

L L L 

~ 

~ 
7' 

soµm soµm soµm 

L L L 

_ ,._ T --~·,... ~ 

3 
0 

soµm soµm soµm 

PJi 
L L L 

/- ,/. 

' · w 
3 
0 

soµm soµm soµm 

au 

L L L 

z 
Q) 
,-+ 

< 
Cl) 

~ 

soµm 
~ 

soµm soµm 

Figure 8: Monocytes are incorporated as the Endothelium ofAcellular Vascular Grafts. Immunostaining of 

exp/anted VEGF-based A-TEVs at the indicated time points oflwk, Imo, and 3mo compared to native carotid 

artery, (A) Co-staining for the macrophage marker CDJ63 (red) and the endothelial marker CDJ44 (green), (B) 

Co-stainingfor the monocyte marker CDJ4 (red) and the functional endothelial marker eNOS (green) , Note that at 

]wk lumens are devoid ofEC markers but at Imo and 3mo lumens comprise ofcells co-staining for CDJ63 and 
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phosphorylated (active) eNOS. In contrast, the luminal cell stain f or MC marker at all times. White letter "L " 

indicates the lumen. Scale bars: 50µm . 

4.5 Discussion 

Various strategies have been employed to capture rare circulating endothelial progenitor 

cells, EPCs, from the blood to induce endothelialization of implanted materials [64, 90, 104, 133, 

264]. Some groups employed antibodies against EPC specific proteins such as VEGFR2, CD34, 

and CD133 , but application in small animal models was met with varying success [133 , 231]. In 

addition, the use of antibodies was shown to reduce functionality of the bound protein, especially 

in the case ofVEGFR2 [265]. Others employed integrin binding peptides, such as REDV and 

others, to bind to integrins present on the EPC surface [266-271]. However, many cells express 

integrins that bind these peptides, thereby rendering this approach non-specific. SDFla, a 

cytokine that binds to CXCR4 on EPCs [64, 90, 92] has also been employed but resulted in 

incomplete endothelialization in the middle of the grafts and neo-intimal hyperplasia [90]. In 

recent work from our laboratory, we employed VEGF to capture circulating endothelial cells that 

express the VEGF receptor and endothelialize the otherwise a-cellular grafts [101 , 104] . This 

approach was very successful as shown by high patency rates (92%) and successful remodeling 

of arterial grafts in an ovine animal model. 

In this study we show that the cells populating the lumen ofVEGF-decorated grafts were 

mostly VEGFRl-expressing MC [272-274]. Interestingly, VEGFRl has higher affinity for the 

VEGF ligand than VEGFR2 [274] , which is expressed in EC, and thereby may enable higher 

selectivity of the VEGF surface towards MC. In addition, MC outnumber EPCs to a great extent, 

as EPCs represent less than 0.01 % of PBMNC, whereas MC represent over 20% [275-277]. 

Indeed, VEGF grafts did not contain any EC on the lumen at 1-wk post implantation. Instead, the 
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entirety of the 5cm+ graft lumen was covered in MC-M2 polarized cells (CD14+/CD163+). 

Binding of MC to immobilized VEGF was also shown in vitro using microfluidic channels with 

immobilized VEGF that captured MC cells from whole blood under flow. While we cannot 

exclude the possibility that some EPCs might have been captured on the graft lumen, the vast 

majority of cells expressed MC-Mcp markers even at 3 months post-implantation. 

MC are traditionally associated with their activated state, macrophages (Mcp), which have 

a wide variety of functions within the body depending upon the activation state and 

microenvironment the macrophage is in. These functions are either pro-inflammatory (Ml), anti

inflammatory (M2) or somewhere in between, as Mcp are highly plastic and will polarize 

according to cues from the microenvironment, including chemokines, growth factors , shear and 

02 levels [24-28]. The expected response of a monocyte derived Mcp is first to polarize towards 

the Ml phenotype, upregulating key Ml associated genes such as iNOS, IL6, IL12, and TNFa. 

Ml-Mcp clear away damaged tissue through endocytosis and induced apoptosis of nearby 

damaged cells . Upon clearance, under the right conditions, Mcp repolarize to an M2 phenotype, 

upregulate key M2 genes such as CD163 , IL4, and ILl0, and recruit additional MC/Mcp to the 

injured site. M2-Mcp function to recruit fibroblasts , SMC, EC, and others through the production 

of various growth factors (29-33). 

MC are also known to play crucial role in angiogenesis and arteriogenesis . During 

angiogenesis, Mcp have been found to orchestrate bud development of new vessels and are often 

found in direct contact with tip cells [278-280]. In addition, Mcp have been demonstrated to bind 

to injured endothelium, clear away the damaged EC, repolarize to an M2 phenotype and induce 

EC ingrowth through the secretion ofVEGF and FGF2 [281-284]. Similarly, MC derived, tumor 

associated Mcp, are known to induce rapid angiogenesis around growing tumors and have been 
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shown to be present within the growing vessels in contact with tip cells [ 48, 285 , 286]. MCs 

were also shown to be critical for the success of implanted grafts [225-227, 249, 250, 287, 288] , 

as removing them using genetic or chemical means led to graft failure due to stenosis and lack of 

a proper endothelium [225 , 248]. All these studies show that MC are critical for angiogenesis 

and endothelialization but their contribution is indirect through secretion of growth factors and 

cytokines that promote endothelial proliferation and migration. 

In contrast to these studies, here, we report for the first time, direct incorporation of MC

derived ECs into the endothelium of a neo-artery in a large animal model. At 1 wk post

implantation, acellular grafts were coated with cells expressing MC but not EC markers. At Imo, 

3mo, and even 6mo (data not shown) post-implantation, the luminal cells retained MC/Mcp 

markers while also expressing functional EC markers, including expression of eNOS and 

production ofNO, ultimately conferring graft patency. In contrast to small animals, where ECs 

can migrate from the anastomotic sites [222, 289] , in humans and large animals such as sheep, 

EC ingrowth does not occur [222, 290]. Therefore, endothelialization by an abundant cell in the 

blood such as MC may be critical for the success of arterial grafts and perhaps also venous or 

cardiac transplants. This novel mechanism may also contribute to the repair of cardiovascular 

tissues in vivo following EC disruption by injury or disease. 

Previous studies have shown that MC can express EC genes after in-vitro culture [80, 

236, 237, 255-259, 282, 291-298] but lack VE-cadherin positive adherens junctions and tube 

formation, indicating a lack of EC functionality [78, 282, 299-303]. In contrast, we developed a 

strategy to coax MC to differentiate into functional EC like cells in-vitro. Our strategy involved 

several steps. First, we utilized the ROCK inhibitor, Y27, which was used in previous studies to 

promote spreading and prevent death of embryonic stem cells during sub-culture [304, 305]. We 
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also substituted serum with PRP, which has been used previously to enhance the survival of MC 

[252, 306]. Most important, activation of the WNT pathway via CHIR was necessary to coax 

MC towards a functional EC phenotype, exhibiting VE-cadherin junctions and tube formation on 

matrigel. The WNT pathway is known to be activated under physiological shear conditions [307-

309] , suggesting that WNT activation might have simulated those conditions in-vitro. 

Accordingly, the WNT pathway was used in a number of studies to obtain functional EC from 

iPSCs and other stem cells [310-317]. MC and EC share a common developmental origin 

stemming from the hemogenic endothelium and WNT is indispensable for EC development 

[318-323]. In this context, the requirement for WNT activation during the MC-to-EC 

differentiation may not be completely unexpected. Most notably, we found that application of 

shear stress improved dramatically the expression of EC genes, induced cell alignment in the 

direction of flow, formation ofVE-Cadherin adherens junctions. Most notably, shear increased 

expression of key arterial marker EphB2 while downregulating the venous marker EphB4, 

clearly suggesting that MC-derived EC could develop arterial phenotype in a high shear 

environment. Interestingly, they also maintained expression ofMC-Mcp proteins CD14 and 

CD163 , similar to the luminal cells of the arterial grafts. These results demonstrate that MC 

could tum into functional arterial EC under conditions that mimic the arterial environment of the 

carotid arteries, where A-TEVs were transplanted (PRP, high shear stress), thereby providing 

strong support of the in vivo data. 

In light of our findings , it is plausible that MC may be even more plastic than originally 

thought, depending upon the microenvironment they are in. The literature suggests a multitude of 

macrophage identities ' under the "M2 umbrella", with M2a, M2b, M2c, and M2d already well 

established [27, 324, 325]. Our study suggests that there may be a fifth M2 type, M2-endothelial 
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cell or M2e that can tum into an EC when the need for endothelialization arises in response to 

injury, disease or implants. Activation of M2e may depend on signals such as VEGF that recruit 

MC and coax them towards an EC fate . Such a cell population might explain the link between 

MC and early-EPCs, as suggested by many studies, as well as the current results showing direct 

incorporation of M2-e Mcp as a functional endothelium in neo-arteries. 

4.6 Conclusion 

In this study we report, for the first time, direct incorporation of monocyte derived endothelial 

macrophages, M2e, as a functional endothelium in a large animal model. In addition, we 

establish a protocol to generate M2e cells in-vitro through activation of the WNT pathway. 

While rare EPCs are known to be involved in endothelium repair, our study indicates that the 

highly prevalent circulating monocytes may provide a novel, direct and efficient method of 

endothelializing acellular arterial grafts decorated with VEGF and perhaps other ligands as well. 
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5.1 Abstract 

Bone is a highly vascularized tissue and efficient bone regeneration requires 

neovascularization, especially for critical size bone defects. We developed a novel hybrid 

biomaterial comprising of calcium sulfate (nCS) nanoparticles and fibrin hydro gel to deliver 

mesenchymal stem cells (MSCs) and angiogenic factors VEGF and FGF9 in order to promote 

neovascularization and bone formation. MSC and growth factor(s) loaded scaffolds were 

implanted subcutaneously into mice to examine their angiogenic and osteogenic potential. Micro 

CT, alkaline phosphatase activity assay and histological analysis were used to evaluate bone 

formation, while immunohistochemistry was employed to assess neovessel formation. The 

presence of fibrin preserved the nCS scaffold structure and promoted de nova bone formation. In 

addition, the presence ofBMP2-expressing MSC in nCS and fibrin hydrogels improved bone 

regeneration significantly. While FGF9 alone had no significant effect, the combination FGF9 

and VEGF conjugated in fibrin enhanced neovascularization and bone formation more than 4-

fold as compared to nCS with MSC. Overall, our results suggested that the combination of nCS 

(to support bone formation) with a fibrin-based VEGF/FGF9 release system (support vascular 

formation) is an innovative and effective strategy that significantly enhanced ectopic bone 

formation in vivo. 

5.2 Introduction 

Critical-sized bone defects (CSBDs) are wounds that cannot be spontaneously bridged 

and that result in the formation of fibrous connective tissue rather than bone when left untreated 

[326] . Clinical therapies of CSBDs represent a great challenge for orthopedic and 

craniomaxillofacial surgeons, because current treatments rely on grafting materials such as 

autografts, allografts, or xenografts. However, recent advancements in stem cell-based bone 
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repair and regeneration have shown great promise in animal models and clinical studies. 

Although the treatment of bone defects using MSCs can effectively promote bone regeneration 

in human and animal models, the lack ofblood vessels in the grafts prevents sufficient nutritional 

support to the entire bone graft [326, 327]. Bone is a highly vascularized tissue but vessel 

penetration is difficult post bone formation. Therefore, a critical aspect for in vivo bone 

regeneration is vascularization [326]. It is of interest to develop a biomaterial or scaffold capable 

of promoting angiogenesis as the bone begins to form. Such a scaffold could be used to promote 

bone healing in larger defects in which vessel formation would be a major limitation. 

Mesenchymal stem cells (MS Cs) have been used extensively to promote bone formation. 

Recent work from our laboratory demonstrated that bone marrow derived MSCs (BM-MSCs) 

engineered to overexpress bone morphogenic protein 2 (BMP2) have greater bone formation 

potential than native MSCs [328, 329]. BMPs are potent morphogens that stimulate bone 

formation in developed tissues [330, 331] and one member of the family, BMP2 has shown 

promising results in orthopedic clinical trials. In addition to soluble signals, the mechanical 

properties of the scaffold have been shown to affect bone formation and surface stiffness has 

been shown to affect stem cell fate [332-335] with harder/stiffer surfaces promoting osteogenic 

differentiation of MSC [334]. To this end, our lab has recently shown the ability of calcium 

sulfate nano-particles (nCS) to promote osteogenic differentiation [329, 336] . We developed an 

injectable and porous nano calcium sulfate/alginate (nCS/A) scaffold and demonstrated that 

nCS/A is biocompatible and promotes bone regeneration [329, 336] . 

In addition to mechanical properties, tuning the angiogenic properties of scaffolds is 

essential for promoting tissue regeneration, especially for highly vascularized tissues such as 

bone [326, 337-339]. Decorating the scaffold with angiogenic factors may be one strategy to 
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enhance angiogenesis . The best-known angiogenic factor is vascular endothelial growth factor 

(VEGF), a potent mitogen for endothelial cells and a major inducer of angiogenesis that has been 

extensively used to promote vascularization in vivo [161 , 163, 340, 341]. However, neovessel 

formation through the sole use ofVEGF is often unstable as neovessels degrade quickly [342]. 

Other factors have been used to stabilize neovessels and promote vessel maturation thereby 

complementing the actions ofVEGF. One such factor is fibroblast growth factor 9 (FGF9), 

which was shown to induce proliferation, migration, and spreading of multiple cell types 

including glial cells, fibroblasts , and smooth muscle cells [343 , 344] . It has been previously 

shown that when FGF9 and FGF2 (another angiogenic growth factor) were used to induce 

angiogenesis, the neovessels contained a layer of endothelial cells that were completely 

enwrapped in smooth muscle cells (SMCs); in addition, vessels were larger in diameter, 

contractile, had higher flow rates, and remained active for longer than one year [342]. Therefore, 

FGF9 promoted angiogenesis not by promoting endothelial proliferation, but rather recruitment, 

proliferation, and wrapping of SM Cs, ultimately stabilizing the neovessels . 

Fibrin has been used extensively as a scaffold for tissue regeneration [345 , 346] and for 

controlled delivery of growth factors to accelerate wound healing [347-350] and promote 

vascularization [351-354]. In addition, previous studies developed methods to conjugate growth 

factors into fibrin hydro gels through the action of FXIII and the fibrin binding peptide, 

NQEQVSP [355]. Previously our group has utilized this method to conjugate growth factors , 

which are then released to the tissues in a cell-controlled manner, thereby increasing the 

effectiveness of delivery to the local microenvironment. Specifically, delivery of keratinocyte 

growth factor (KGF) improved the time of skin wound healing dramatically, from two weeks to 

one week [356]. In addition, immobilization ofTGF- D1 into fibrin led to prolonged 
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phosphorylation of Smad2, which was accompanied by increased function i.e. contractility of 

SMCs embedded within the hydrogels [146]. 

In this study we capitalized on previous developments in our laboratories to develop a 

hybrid biomaterial comprising of nCS and fibrin to deliver BMP2 producing MSC and 

angiogenic growth factors , VEGF and FGF9, to induce robust angiogenesis and enhance bone 

regeneration. 

5.3 Materials and Methods 

Production of Recombinant Fusion Proteins 

VEGF cloning and protein production 

The GST-NQ-VEGF plasmid was generated by subcloning the VEGF-165 gene with N-terminal 

primer additions to include an NQEQVSP peptide sequence and GGGS peptide linker sequence 

prior to the second amino acid in the VEGF-165 gene into a pGEX-2TK plasmid (GE 

Healthcare, Pittsburg, PA). This plasmid encodes for a thrombin cleavable glutathione-S

transferase (GST) tag followed by the fusion protein (NQ-VEGF). For protein production, 

bacteria strain E. coli BL21-DE3-pLysis were used which was kindly provided by Dr. Sriram 

Neelamegham of the University at Buffalo, SUNY. Bacteria was expanded until O.D.=0.8, then 

induced with 1 mM isopropyl ~-D-1-thiogalactopyranoside (IPTG) for protein production for 4-6 

hr at 37°C and 300 rpm. The bacteria were pelleted at 20,000 g for 30 min. Bacterial pellets were 

re-suspended in lysis buffer (50 mM Tris, 500 mM NaCl, 1 mM ethylenediaminetetraacetic acid 

(EDTA), 1 mg/mL lysozyme, and protease inhibitors, pH 8.5) and Triton X-100 was added at 

1 % prior to sonication. Sonication consisted of 10 cycles with 70% intensity, 30 s on/30 s off 

Sonicated lysates were clarified by ultracentrifugation at 50,000 g for 30 min. Insoluble material 
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consisting mostly of inclusion bodies was subjected to numerous rounds of washing and 

sonication. The final , washed, inclusion body pellet was re-suspended in solubilization buffer (50 

mM Tris, 500 mM NaCl, 7 M Urea, 1 M Guanidine-HCl, 1 mM EDTA, 100 mM dithiothreitol 

(DTT), pH 8.5) prior to refolding by dialysis. Briefly, solubilized GST-NQ-VEGF was 

immediately added to a dialysis membrane (SpectraPor-1 6-8 kDa cut-off) and dialyzed in 

Refolding Buffer-I (50 mM Tris, 500 mM NaCl, 10 mM KCl, 1 mM EDTA, 2 M Urea, 500 mM 

L-Arginine, 5 mM reduced glutathione, 0.5 mM oxidized glutathione, pH 8.5) for 24 hr. The 

volume of the refolding buffer was 100 x the volume of solubilized GS T-NQ-VEGF. Each 

subsequent day the refolding buffer was replaced with half the urea concentration of refolding 

buffer-I used in the previous day for 3 days. The final dialysis step was performed in phosphate

buffered saline (PBS). Refolding success was determined by homodimer formation as analyzed 

by 10 % SDS-PAGE with and without reducing agent DTT. Properly refolded GST-NQ-VEGF 

has an apparent molecular weight of 95-110 kDa, which reduces to 55 kDa upon DTT treatment. 

Refolded GST-NQ-VEGF was then subjected to sequential purification using GST agarose beads 

(Sigma, St. Lous, MO), thrombin cleavage of GST from NQ-VEGF, and a final purification step 

by passing cleaved VEGF through a Hitrap Heparin Column (GE Healthcare) according to the 

manufacturer's instructions. 

FGF9 cloning and protein production 

The pET28a-NQ-FGF9 plasmid was generated using the pET28a plasmid (Clonetech) and 

further subcloning of the FGF9 gene modified via N-terminal primer extension to include the 

NQEQVSP peptide sequence followed by a GGGS peptide linker prior to the second amino acid 

of the FGF9 gene. Bacteria strainE. coli BL21-DE3-pLysis containing the pET28a-NQ-FGF9 

plasmid was then expanded until O.D.=0.8, then induced with 1 mM IPTG for protein 
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production for 4-6 hr at 37 °C and 300 rpm. The bacteria was pelleted at 20,000 g for 30 min. 

Bacterial pellets were re-suspended in lysis buffer and Triton X-100 was added at 1 % prior to 

sonication. Sonication consisted of 10 cycles with 70 % intensity, 30 s on/30 s off Sonicated 

lysates were clarified by ultracentrifugation at 50,000 g for 30 min. The soluble fraction 

contained the vast majority of the His-NQ-FGF9, which was then subjected to further 

purification via Ni+ affinity columns (Histrap, GE), thrombin cleavage of the His-tag, and a final 

purification step of reapplying the cleaved NQ-FGF9 to the affinity column to bind the free His

tag. NQ-FGF9 has an apparent molecular weight of approximately 35 kDa. 

Cell Culture 

Human umbilical vein endothelial cells (HUVECs) were purchased as a pooled donor isolation, 

maintained in EGM2 complete medium (Lonza; Allendale, NJ) below 75% confluence and used 

between passage 2 and 6. NIH-3T3 fibroblasts were purchased from American Type Culture 

Collection (ATCC) and maintained in DMEM supplemented with 10% bovine serum (Life 

Technologies, Grand Island, NY). 

Biological Activity of Recombinant Proteins 

NQ-VEGF 

The biological activity of recombinant NQ-VEGF was assessed using a standard cell 

proliferation assay. To this end, HUVECs were seeded onto a 96 well plate at a density of 2x103 

cells per well in M199 medium (Life Technologies) supplemented with 2% heat inactivated FBS 

(Life Technologies) and varying concentrations ofrecombinant NQ-VEGF or commercial VEGF 

(Cell Signaling) that was used as control. Concentrations ranged from 0.05 ng/mL to 100 ng/mL. 

Cells were allowed to proliferate for 72 hr prior to treatment with 3-( 4, 5-dimethylthiazol-2-yl)-
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2, 5-diphenyltetrazolium bromide (MTT; Life Technologies) for 4 hr. Then, the medium was 

carefully removed and replaced with 100 µ1 ofDMSO to solubilize the purple formazan crystals. 

Absorbance was read at 570 nm using a Biotek Synergy 4 Spectrophotometer with background 

absorbance at 650 nm subtracted. A total of 3 independent biological replicates were assessed. 

NQ-FGF9 

The biological activity ofrecombinant NQ-FGF9 was determined using the same methods 

descripted in 2.3.1 NQ-VEGF with NIH-3T3 cells instead. A total of 3 independent biological 

replicates were assessed. 

Release Kinetics from Fibrin Hydrogels 

Fibrin hydrogels were polymerized in 96-well plates that were pre-coated with 2% BSA 

(50 µ L per well) and covered by DMEM/0.1 % BSA (100 µ L per well). Each hydrogel 

contained 1 mg/mL fibrinogen, 2.5 U/mL thrombin, 2.5 mm Ca2 
+, various concentrations of 

FXIII and 100 ng/mL ofNQ-VEGF orNQ-FGF9. Native VEGF and FGF9 were used as control 

respectively. The medium was collected at the indicated times and stored at -20 °C until use. 

The VEGF or FGF9 concentration of each sample was determined by ELISA according to 

manufacturer's recommendations (Duoset, R&D systems). A total of 3 independent biological 

replicates were assessed per growth factor. 

Preparation of BMP2 genetically engineered mouse MSCs (M/B2) 

MSCs were isolated from the 6 week-old C57 mice as described before [357, 358]. 

Briefly, bone marrow was collected by flushing the diaphysis of long bone with alpha minimum 

essential medium (alpha-MEM, Life Technologies) and allow growth to approximately 80 % 

confluence in alpha-MEM supplemented with 10 % FBS, L-glutamine (2 mM), and penicillin 
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(100 U/mL). Cells were passaged for subsequent passages until passage 4 for preparation of the 

pure MSC population. The cells used for all experiments were within 10 passages. 

BMP2 encoding adenovirus (Ad-BMP2) was produced as previously described [328]. 

MSCs were infected with Ad-BMP2 in a serum-free medium for 4 hr, and then cultured in the 

alpha-MEM medium with 2 % FBS for overnight [336]. 

Scaffold preparation 

nCS was produced following the method reported previously [359, 360]. Briefly, alginate 

was dissolved in PBS to prepare 10 % alginate solution (pH 7.2). The nCS/A disk was 

formulated by 67.5 mg nCS powder with 75 µL alginate. The disks were allowed to air dry for at 

least 24 hr. 

To encapsulate the nCS disk in the various fibrin conditions, nCS disks were placed in 

2% BSA coated 48 well plates directly in the center of the well. Fibrinogen (5 mg/mL) was then 

added around the nCS disk with immediate addition of the polymerization mix (1 plasma 

equivalent unit (PEU) FXIII, 50 U/mL thrombin, and 50 mM Ca2+) with mixing to ensure rapid 

polymerization of the fibrinogen around the nCS. 

Scaffold conditions are summarized in Table 1. For the groups of nC/FbM, nC/FbM-V, 

nC/FbM-F, and nC/FbM-VF, 2 x 106 M/B2 (M) were mixed with fibrin. The scaffold with cells 

were kept in the complete medium overnight. For the groups of nCM and nCM/Fb, 25 µL cell 

suspension with 2 x 106 M/B2 were loaded directly to the nCS disk right before the surgery. For 

the groups of nCM/FbM, nCM/FbM-V, nCM/FbM-F, and nCM/FbM-VF, 1x 106 M/B2 were 

loaded during Fb preparation and 1 x 106 M/B2 were loaded into nCS. For growth factor delivery 
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into the Fb, l00ng/mL of the NQ-VEGF and/orNQ-FGF9 were added during the fibrin 

encapsulation of the nCS. 

Implantation 

Animal procedures were conducted in accordance with the protocol approved by IACUC 

of the University at Buffalo. A total of forty-four C57/BL6 mice (eight weeks old) were divided 

into eleven groups (four mice per group) as shown in Table 1. Mice were anesthetized with 1 

L/min oxygen and 5 % isofluorane by inhalation. The incision sites were shaved and cleaned 

followed by two longitudinal skin incision of about 0.5-0.6 cm in length. Subcutaneous pockets 

were formed by blunt dissection and a single transplant was placed into each pocket (n = 8 

implants per group) . The skin was sutured and carprofen was given for two days post surgery. 

Eight weeks after implantation, the mice were euthanized by carbon-dioxide inhalation and the 

implants were retrieved. 

MicroCT 

The harvested implants were fixed and scanned using a custom-build micro-CT system (n=4 for 

each group). The data was analyzed with Micro View 3D Image Viewer & Analysis Tool (GE 

Medical Systems, London, Ontario, Canada). 

Scanning electron microscopy (SEM) 

The samples were fixed in 2 % glutaraldehyde in PBS for 1.5 hr at 4°C. The samples were then 

rinsed with PBS twice and dehydrated in ethanol as follow: 30 %, 50 %, 70 %, 85 %, 95 %, 100 

%, and 100 % ethanol for 15 min of each. The samples were treated with 100 % 

Hexamethyldisilazane (HMDS) and air dried overnight. The scaffolds were sputter coated with 
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carbon and measured by the Hitachi SU70 scanning electron microscope (Hitachi Instruments, 

Schaumburg, IL, USA). 

Alkaline phosphatase (ALP) activity assay 

ALP activity assay was performed as previously described with slight changes [361 , 362]. 

Briefly, cells were induced for osteogenic differentiation for 7 days with osteogenic medium, 

which were a -MEM containing 10% FBS, 10 mM {3 -glycerophosphate (Sigma), 50 µ g/mL 

ascorbic acid (Sigma), 10-8 M dexamethasone (Sigma). Cells were harvested with harvest buffer 

(10 mM Tris-Cl (pH 7.4), 0.2 % NP40, and 2 mM PMSF), homogenized and centrifuged. The 

supematants (30 µ L) were mixed with 50 µ L assay buffer (100 mM glycine and 1 mM MgCh, 

pH 10.5) and 20 µ L p-Nitrophenyl Phosphate (PNPP) solution (50 mM in 0.1 M glycine 

buffer), and incubated at 37 °C for 5-10 min. NaOH was used to stop the reaction. The optical 

density was measured at 405 nm with AD 340 microplate reader (Beckman Coulter, Fullerton, 

CA). Protein concentration were measured with BCA Protein Assay Kit (Pierce, Rochford, IL). 

ALP activity was normalized to protein content and expressed as nmol of p-nitrophenol 

produced per minute per g of total protein. A total of 3 independent biological replicates were 

assessed. 

For the implanted samples, the ectopically formed bones were smashed in liquid nitrogen, and 

lysed in 1 mL harvest buffer, followed by homogenization at low power. After centrifuge at 3300 

rpm for 15 min, 30 µ L supernatant were taken for ALP activity assay. 

Histological analysis and blood vessel analysis 

Specimens were fixed and decalcified in 10 % EDT A for one week. The samples were 

embedded with paraffin, cut into 5 µm sections and stained with hematoxylin and eosin (H&E). 
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The sections were stained for CD31 and CD 144 to visualize the endothelium of newly formed 

blood vessels. Sections were incubated with primary antibodies for rat anti CD31 (1: 100, Santa 

Cruz Biotechnology, Santa Cruz, CA) or rabbit anti CD144 (1:500, Cell Signalling) at 4°C 

overnight. Followed by incubation of secondary goat anti-rat or anti-rabbit antibody conjugated 

with Alexa-Fluor 594 and 488 (1 :200, Thermo Fisher Scientific) for 1 hr. Hoescht dye was then 

used (1 :200) to visualize the nuclei. Blood vessels, indicated by the staining, were counted from 

a total of 48 images per group (12 images per n=4 sections per group) manually at 20 x 

magnification and normalized to the implant area. Measurement of vessel diameter was 

performed with the use of AxioVision Software [328]. 

Statistical analysis 

Statistical analysis was performed with GraphPad Software (La Jolla, CA). Data are reported as 

Mean± SEM. Data were analyzed with one-way analysis of variance (ANOVA) followed by 

Tukey's test. A value of p<0.05 was considered statistically significant. 

5.4 Results 

Preparation offusion protein NQ-FGF9 and NQ-VEGF 

NQ-VEGF was produced as a recombinant histidine tagged protein with an N-terminal peptide 

sequence NQEQVSP in Escherichia coli (Fig. lA). As described in Materials and Methods , NQ

VEGF expression was induced with IPTG and the protein was harvested as insoluble inclusion 

bodies followed by dialysis refolding and downstream purification. Typical yields ranged from 5 

to 10 mg/L of culture. Biological activity was determined to match that of commercially 

available VEGF via HUVEC proliferation assay, with a median effective dose (ED 50) of 

approximately 5 ng/mL (Fig. lB). FGF9 was produced as a fusion protein (NQ-FGF9) similar to 

120 



NQ-VEGF (Fig. lA). NQ-FGF9 expression was also induced with IPTG but the protein was 

harvested through His-tag purification of the soluble fraction. Typical NQ-FGF9 yields ranged 

from 10 to 20 mg/L culture. Biological activity was determined to match that of commercially 

available FGF9 via NIH-3T3 proliferation assay with and ED 50 of approximately 1 ng/mL (Fig. 

lC). 
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Fig. 1. Recombinant VEGF and FGF9 production. (AJ Fusion protein NQ-FGF9 and NQ-VEGF plasmid schematic. 

(BJ HUVEC Proliferation response is dose dependent on concentration ofwt-VEGF and NQ-VEGF as assessed by 

MIT analysis. (CJ NIH-3T3 cell proliferation in response to wt-FGF9 and NQ-FGF9 as assessed by MTT analysis. 

(D-EJ Release kinetics ofNQ-VEGF (DJ and FGF9 (EJ from fibrin hydro gels over 120 hrs. Statistics, n= 3 independent 

biological replicates. 

In vitro release kinetics offusion protein NQ-VEGF and NQ-FGF9 

To assess the fibrin binding capacity of the NQEQVSP leader sequence on both recombinant 

proteins, the fusion proteins were prepared into 5 mg/mL fibrin hydrogels and the release was 

assessed every 24 hr for 5 days. The peptide sequence NQEQVSP has been previously shown to 

be covalently incorporated into fibrin hydro gels via the action of FXIII during fibrin 

polymerization [355]. After polymerization, the kinetics of growth factor release in the media 

was determined over a period of 120 hr using ELISA (Figs. 1D-lE). Maximum release of 

82.3±6.3% and 78.1±4.9% (n=3) were observed for wt-VEGF and wt-FGF9 respectively (Figs. 

1D-lE, blue lines). The addition of the NQEQVSP peptide sequence decreased growth factor 

release in a FXIII concentration dependent manner. At the maximum concentration of 3 PEU 

FXIII the amount of growth factor release was 6.1±1.5% and 7.5±0.53% (n=3) for NQ-VEGF 

and NQ-FGF9, respectively. 

In vitro bioactivity ofNQ-VEGF and NQ-FGF9 

Next we assessed the effects ofNQ-VEGF and NQ-FGF9 on M/B2. As expected, M/B2 

proliferation increased in a dose dependent manner with the addition ofNQ-FGF9 (Fig. 2A; 

black circle) but not induced with NQ-VEGF (grey triangle). The combination of both NQ-
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VEGF and NQ-FGF9 had the same effect as NQ-FGF9 alone. In addition, we studied the 

osteogenic differentiation potential ofM/B2 upon addition ofNQ-FGF9 (Fig. 2B). M/B2 have 

significantly higher ALP activity (67.6±2.6 U/min/g) compared with wild type BM-MSCs (M) 

(8.025±0.8 U/min/g) (n=3 , p<0.05). NQ-FGF9 had a small inhibitory effect on the osteogenic 

differentiation of wild type M cells but no statistically significant effect on M/B2 cells (n=3 , 

p>0.05), even at the very high concentration of 100 ng/mL. 
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Fig. 2. Growth factor affect on engineered BMP2 expressing BM-MSCs. (A) FGF9 and the combination ofVEGF and 

FGF9 induces proliferation in B2/M, whereas VEGF alone does not induce p roliferation as assessed by MTT assay, 

indicating that the proliferation response is mediated by FGF9 alone (n =3). (BJ Osteogenic differentiation as assessed 

by alkaline phosphatase activity is inhibited in wt-BMMSCs in response to FGF9, whereas B2-BMMSC differentiation 

is not statistically different in FGF9 treated (J 00ng/mL) vs non-treated. n=3 independent biological replicates, 

*P<0.01, **P<0.0001 . 

Prep aration of scaffolds and SEM analysis 
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To create a scaffold capable of both ectopic bone formation and angiogenesis we combined the 

previously established osteogenic inducing material nano-calcium sulfate (nCS) [328, 336], with 

fibrin hydrogels containing the fusion proteins NQ-VEGF and NQ-FGF9 as well as M/B2 cells. 

This hybrid biomaterial contained a rigid surface for bone formation (nCS) and a soft, porous 

material for angiogenesis and immobilization of the engineered fusion proteins (fibrin, Fb ). 

Next we assessed multiple combinations of these hybrid biomaterials that varied in the presence 

and location ofM/B2 cells and the presence ofNQ-VEGF, NQ-FGF9, or both within the fibrin. 

Scaffolds preparation were described in Material and Method and also showing in Fig. 3A. The 

size and shape of nCS disks and fibrin encapsulated nCS were shown in Fig. 3B. 

SEM analysis was performed on the various parts of the hybrid biomaterial (Fig. 3C). There was 

a clear distinction between nCS and fibrin composition and MSCs could easily adhere to the 

surface of fibrin. 
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Fig. 3. Scaffold preparation. (AJ Schematic of nCS-Fibrin plug preparation, MSCs loading and VEGFIFGF9 

conjugating. nC: nano calcium sulfate; Fb:fibrin; F: FGF9; V: VEGF; M: MSCs. (BJ Representative images ofnCS 

disks before and after fibrin encapsulation, and subcutaneous implantation. (CJ SEM view ofnano calcium sulfate 

(nCSJ, fibrin (FbJ, MSCs seeding on fibrin , and nano calcium sulfate(fibrin mixture (nC/FbJ. 
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3.5. Ectopic bone formation ofscaffolds in mice 

Implantations were performed in C57BL/6 8-week old mice in the forelimb subcutaneous 

pockets as described in Materials and Method (Fig. 3B). In total there were 8 hybrid scaffolds 

per group using 4 mice (two scaffolds per mouse). Hybrid scaffolds were implanted for a total of 

8-weeks prior to euthanasia and analysis. As shown in X-ray images, ectopic bone formation was 

evident in all (see arrows) but the nC/Fb group, which is the only group without M/B2 cells (Fig. 

4A). Scaffolds containing both VEGF and FGF9 (nC/FbM-VF and nCM/FbM-VF) showed 

robust ectopic bone formation. 

nC/Fb nCM nCM/Fb 

nCM/FbM nCM/FbM-V nCM/FbM-F nCM/ fbM-V F 

Fig. 4. X-Ray of 2-month post implant bone growth. Representative images, arrow indicates newly f ormed bone. 

Furthermore, microCT analysis indicated that groups with M/B2 within both the nCS and 

fibrin components of the hybrid scaffolds (nCM/FbM, nCM/FbM-V, nCM/FbM-F, and 

nCM/FbM-VF) developed more bone mass than groups containing M/B2 cells only in the fibrin 
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(nC/FbM, nC/FbM-V, nC/FbM-F, and nC/FbM-VF) or only in the nCS (nCM/Fb) component 

(n=4 scaffolds) (Fig. SA-B). In addition, very little bone formation was observed in the 

completely non-cellular control (nCS/Fb) with a bone volume to tissue volume ( total implant 

volume) ratio (BV/TV) of 12.5±2.4 (n=4). 

The growth factor varied in their contribution towards new bone growth. Less bone was formed 

in all groups treated with onlyFGF9 (BV/TVof50±4.5 and 117±4.4 fornC/FbM-F and 

nCM/FbM-F, respectively), as compared to the groups treated with only VEGF (BV/TV of 

93±23.2 and 161±8.1 fornC/FbM-VandnCM/FbM-V, respectively). However, in the presence 

of both FGF9 and VEGF, there was significantly more bone formation than in groups with either 

FGF9 or VEGF (BV/TV of 159±19.4 and 207±9.2 for nC/FbM-VF and nCM/FbM-VF, 

respectively). Indeed, the highest bone volume was observed when the hybrid scaffold 

incorporated both VEGF and FGF9 in the fibrin as well as M/B2 cells in the fibrin and nCS. 

This trend was further verified after analyzing the explants for ALP activity as shown in Fig. SC. 

ALP activity further demonstrates the need for M/B2 in both the fibrin and nCS components of 

the hybrid scaffold. The ALP activity in nC/FbM (no cells in the nCS) was 36.7±5.5U/min/g 

protein as compared to 60.2±6.5 U/min/g protein (n=4; p<0.05) for nCM/FbM (cells were 

located in both the nCS and Fb ). Indeed, all groups in which cells were present in only the Fb 

(nC/FbM, nC/FbM-V, nC/FbM-F, and nC/FbM-VF) or the nCS (nCM/Fb), regardless of the 

presence of growth factors had significantly lower ALP activity than scaffolds in which the cells 

were present in both the Fb and nCS (nCM/FbM, nCM/FbM-V, nCM/FbM-F, and nCM/FbM

VF). Furthermore, the addition ofFGF9 within the Fb did not increase ALP activity in constructs 

containing cells; (ALP of nCM/FbM-F: 61.7±6.6 U/min/g protein; ALP of nCM/FbM: 60.2±6.5 

U/min/g protein (n=4; p>0.05)). However, the addition ofVEGF (nCM/FbM-V: 79.1±9.2 

126 



U/min/g protein) significantly improved ALP activity over nCM/FbM alone (n=4; p<0.05). 

Furthermore, as seen with MicroCT, the combination of both VEGF and FGF9 within the Fb 

(nCM/FbM-VF) resulted in the highest ALP activity (98.5±4.6 U/min/g protein) over any 

condition with a single growth factor, suggesting the FGF9 and VEGF improved bone formation 

in a synergistic manner. 
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Fig. 5. Analysis of exp/anted tissue. (AJ Reconstructed 3D MicroCT images of representative samples. (BJ 

Quantification of bone volume/tissue volume (BVTITV) from microCT result (n=4J. (CJ ALP Activity of exp/anted 

bone tissue (n =4J. 
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Histological evaluation 

Histological assessment of the explanted new bone via hematoxyln/eosin (Fig. 6A) and 

Goldner' s Trichrome staining (Fig. 6B) was also performed to further demonstrate ectopic bone 

formation. As expected, groups with M/B2 cells in both the Fb and nCS as well as both VEGF 

and FGF9 in the fibrin resulted in best bone formation (nCM/FbM-VF). This was especially 

evident in Fig. 6B where the dark grey/blue indicates the newly developed bone. In addition, the 

organization of the new bone was better defined in groups with M/B2 in both the nCS and Fb 

components (nCM/FbM, nCM/FbM-V, nCM/FbM-F, and nCM/FbM-VF). 
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Fig. 6. Histological Evaluation ofnewly formed bone. (A) Hematoxyln and Eosin Staining. (BJ Goldner 's trichrome 

staining ofhistological sections ofimplants at 8 weeks. 

Further histological assessment to evaluate the extent of angiogenesis indicated a strong 

correlation between the number of blood vessels formed and the size/ALP activity of the newly 

formed bone (Fig. 7-9). Immunohistochemistry with CD31 and CD144 indicated that the 

addition ofVEGF was crucial for blood vessel development, as expected (Fig. 7-9, nC/FbM-V 

and nCM/FbM-V). Quantification of the density of blood vessels (Fig. 7) confirmed this 

observation, with 22.4±1.7 vessels/mm2 in nCM/FbM-V as compared with only 4.2±1.5 

vessels/mm2 in nCM/FbM (n=3, p<0.05). Notably, the combination of both FGF9 and VEGF 

(nCM/FbM-VF) increased the number of blood vessels even further (28.6±1.3 vessels/mm2
) 

compared with either VEGF (nCM/FbM-V, 22.4±1.7 vessels/mm2
) or FGF9 alone (nCM/FbM-F, 

14.2±1.1 vessels/mm2
) . Furthermore, the addition ofFGF9 increased the presence of medium 

diameter (10-50 µm) microvessels and large diameter (50µm+) microvessels compared to VEGF 

alone (Fig. 7). In addition, gross anatomical images also showed that addition of angiogenic 

factor(s) was crucial for new vessel formation (Fig. S1). Specifically, the same trend observed 

with bone volume, ALP activity, and blood vessel density was also observed with the number 

and thickness of the blood vessels surrounding the explants. 
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Fig. 8. Immunohistochemistry ofexp/anted ectopic bone. Representative images ofCD31 (red) , an endothelial marker 

and DAPI (blue) . 

nCM nCM/Fb 

nC/ FbM nC/F bM-V nC/FbM-F nC/ FbM-VF 

nC M/ FbM nCM/FbM-V nCM/ FbM-F nCM/FbM-VF 

Fig. 9. Immunohistochemistry of exp/anted ectopic bone. Representative images of CD 144 (green), an endothelial 

marker and DAPI (blue). 
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5.5 Discussion 

In this study we have demonstrated the potential of our hybrid biomaterial for enhanced 

osteogenesis and angiogenesis for ectopic bone formation. Previously our group has 

demonstrated combination ofnCS, BMP2 producing MSCs, and endothelial progenitor cells 

(EPCs) can promote vascularized bone formation [328] . However, EPCs are a very rare cell type 

in the blood and isolation of these cells is time consuming and costly [231]. In addition, 

treatment with EPCs required use of autologous cells to avoid immune rejection, thereby 

necessitating customized treatments. Therefore, the ability to induce angiogenesis during bone 

formation with slowly released growth factors is a major improvement. This is the first report 

demonstrating that the combination of the nCS/A with fibrin hydrogels ofVEGF and FGF9, and 

BMP2 producing MSCs can significantly promote vascularized bone regeneration. 

In the present study, nCS was employed as the primary scaffold matrix to promote 

osteogenesis. Calcium sulfate is a highly biocompatible material that has been used in clinical 

trials for long time now. It is one of the simplest synthetic bone-like grafts. Upon dissolution, the 

calcium ions form calcium phosphate which then precipitates on the surface of calcium sulfate 

thereby providing an osteoblast "friendly" environment [363]. Previously, we showed that the 

presence of 10% alginate increased the strength and generated pores of nCS without decreasing 

cell viability [328]. In addition, nCS combined with alginate was shown to promote effective cell 

proliferation and bone ingrowth [328]. 

Fibrin was also used in the present study to promote angiogenesis and as a scaffold for 

localized delivery of angiogenic factors . Fibrin has been extensively studied as scaffold and a 

number of studies have shown that fibrin is a growth factor carrier for tissue regeneration [364, 

365]. In addition, fibrin has also been used to deliver stem cells for bone tissue engineering [366, 
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367]. Ideally, incorporation of a vascularized network into engineered bone substitutes to mimic 

the structure of natural bone tissue is necessary to promote rapid bone regeneration [368]. In this 

study, we demonstrated that growth factor conjugated fibrin could be used to encapsulate our 

nCS scaffold to promote angiogenesis . We observed that nCS scaffolds became very soft upon 

implantation and often disintegrated. However, fibrin encapsulated nCS was observed to be 

much more stable following implantation ( data not shown), suggesting that fibrin might have 

provided a protective layer for nCS scaffold in vivo . 

MS Cs are the most common stem cell used in bone tissue engineering because of their 

multi-lineage differentiation potential and their ability to regulate the local immune response 

[369, 370]. In our previous study, we demonstrated the ability of BMP2 genetically engineered 

MSCs to promote bone regeneration [328]. BMP2, the most powerful osteogenic factor, was 

continuously expressed for at least 21 days in the BMP2 genetically engineered MSCs, which 

strongly promoted osteogenic differentiation[328]. In this study, we found the optimal 

distribution ofBMP2 genetically engineered MSCs within the scaffold. MSCs were incorporated 

into the fibrin hydrogel and in some cases also directly loaded into the nCS scaffold. As 

expected, the group with M/B2 on nCS and fibrin induced the highest level of bone formation 

(nCM/FbM, nCM/FbM-V, nCM/FbM-F, and nCM/FbM-VF), suggesting that M/B2 might play 

different roles in nCS and fibrin. Although, the mechanism is not currently clear, MSC on nCS 

might have differentiated into bone cells, while those in the fibrin scaffold might have promoted 

angiogenesis. More studies tracing MSCs in vivo are required to delineate the role(s) of each 

MSC population in bone formation in vivo . 

To promote angiogenesis during bone formation we engineered two fusion proteins, 

VEGF and FGF9, with the fibrin binding sequence NQEQVSP to enable covalent binding to 
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fibrin during polymerization. This approach has been successful in a wide array of scaffolds for 

the continual release of active growth factors [349, 371] , especially VEGF [349, 352, 372, 373] , 

however this is the first time to use immobilized FGF9 in fibrin. Previous work in our laboratory 

has shown that fibrin immobilized TGF-~ 1 promoted MSC differentiation to smooth muscle 

cells uniformly throughout fibrin rings, eliminating growth factor diffusion limitations [364, 

365]. VEGF has been used to promote angiogenesis in many previous studies however, 

neovessels formed only in the presence ofVEGF have been shown to be unstable and degrade 

rapidly in vitro , and at a slower extent in vivo. This is likely due to the lack of pericytes and 

smooth muscle cells which typically enwrap neovessels within the body [374] . 

Previously, FGF9 was shown to promote long lasting, functional neovessels in vivo when 

used in conjunction with the angiogenic FGF2 [342]. Therefore, we hypothesized that FGF9 

might also promote bone formation by stabilizing the newly formed blood vessels . Indeed, FGF9 

increase bone formation and angiogenesis in the presence ofVEGF but not alone. In addition, 

groups containing FGF9 alone or in combination with VEGF contained larger diameter 

microvessels than in conditions with either no growth factors or VEGF alone. Immunostaining 

showed that explants with scaffold groups containing both VEGF and FGF9 (nC/FbM-VF and 

nCM/FbM-VF) exhibited the highest number of alpha actin positive cells (SMCs) as well as the 

highest number of endothelial cells and vessel density. Consequently, the combination treatment 

enhanced ectopic bone formation significantly, likely due to improved nutrient delivery through 

the neovessels. Our findings therefore provide further evidence for the importance of FGF9 

mediated neovessel stabilization. 

5.6 Conclusions 
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In conclusion, we developed a novel hybrid biomaterial consisting of nCS and fibrin 

hydrogels. The optimal scaffold contained BMP2 producing MSC on nCS as well as within 

fibrin, which was also decorated with immobilized VEGF and FGF9 to induce and stabilize 

neovessel formation. This type ofbone inducing scaffolds have more advantageous in 

combination of softer, more malleable materials in the outer surrounding layer, and harder, more 

loading bearing materials in the inner center, which can fit for all kinds of critical sized bone 

defects especially for the clinical treatment challenged irregular bone defects, while also 

markedly promoting large size bone formation through enhanced angiogenesis. 
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Chapter 6: Concluding Remarks and Future Directions 

In this dissertation the ability of the body to regenerate vascular tissue has been explored 

in the context ofVEGF induced capture, proliferation, differentiation, and activation of 

endothelial cells and monocytes. These two cell populations are intertwined in a number of 

physiological processes and the research contained within this dissertation provides additional 

insight into the role these two cell types play in vascular regeneration. 

Firstly, it was demonstrated that VEGF, the potent driver of endothelial physiology, can 

capture cells expressing the VEGF receptor under physiological conditions of shear, complex 

mixtures, and even blood. Capture was specific and selective to cells with the VEGF receptor 

and it was demonstrated to be mediated specifically by the receptor via inhibition assays. This 

study paved the way for a groundbreaking in-vivo application of VEGF capture wherein SIS was 

functionalized with heparin and VEGF to capture cells from the blood and regenerate otherwise 

acellular grafts with a complete endothelium. While the in-vivo study was the primary subject of 

a colleague 's dissertation, it left many unanswered questions, many of which are studied within 

this dissertation. 

Following a key question arising from the in-vivo ovine study, the graft was "shrunk" to 

mouse size and assessed for cellular and immunological responses. This study was to serve as a 

starting point, as mice studies have numerous benefits that would be impractical to study in a 

large animal. Interestingly both VEGF and heparin grafts remained patent during the Imo mouse 

study. However, vast differences were observed in the cellular and immunological response. 

VEGF grafts recruited pro-angiogenic CD14-lo, CD16+ monocytes which differentiated towards 

an M2 phenotype (CD163 , EGR2) within the wall and on the lumen of the grafts. Interestingly, 

these same cells expressed endothelial markers. Heparin only grafts recruited pro-inflammatory 
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CD14+ monocytes that activated towards an inflammatory Ml phenotype (CD38+). In addition, 

VEGF grafts remodeled with clearly defined demarcations between the lumen and SMC medial 

layers, whereas heparin only grafts were comprised of an disorganized layers of cells with no 

clear demarcation. However, both grafts had endothelial like cells at the interface of the graft and 

blood flow. This study, though pilot in nature, further asked the question of what type of cell is 

captured from the blood in-vivo. The results of this study seem to indicate that monocytes and 

macrophages with endothelial markers comprised the lumens, which has not been reported in the 

literature before. 

Due to the common origin of both monocytes and endothelial cells it is not surprising that 

these two lineages share many key markers and functions. Both cell types express CD31 and 

VEGFRl , come from CD34+ precursors that also express VEGFR2, express isoforms ofNO 

synthase, and secrete and respond to angiogenic factors such as VEGF, FGF, IGF, EGF, and 

more. This is further exacerbated when a review of the literature is performed- many studies rely 

on endothelial staining based on CD31 , which as stated is shared between monocytes and 

endothelial cells. In some studies, additional markers are used, so implanted grafts that contain a 

true endothelium cannot be fully ruled out without more study. Therefore, it is apparent that 

studies identifying luminal cells need to consider additional markers prior to asserting 

endothelial presence. 

The most direct challenge to the status quo of endothelial based regeneration comes from 

the next study presented within this dissertation. In an attempt to address the question of what 

cells are captured in-vivo and explain how these cells generate a functional endothelium, we 

again turned to microfluidics to assess VEGF capture of cells from blood. As the study shows, 

VEGF captured purely monocytes from healthy, non-activated human blood, with no EPCs 
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found over a variety of shear conditions. Captured cells were then shown to be capable of 

acquiring endothelial phenotype and function when cultured under a specific protocol that 

induces ROCK pathway inhibition and WNT pathway activation as well as various cytokine 

pathways when cultured in platelet rich plasma. Furthermore, these M2e macrophages responded 

to shear by alignment in the direction of flow and upregulation of a number of key endothelial 

markers and functional proteins. In-vivo it was determined that this phenomena was occurring in 

a similar fashion. At 1 wk lumens were comprised of cells expressing only monocyte/macrophage 

markers. By Imo, 3mo, and even 6mo these same cells expressed both monocyte/macrophage 

markers and endothelial markers- providing key evidence that monocytes can activate towards a 

macrophage with both macrophage and endothelial phenotype and function. This study is a key 

finding in the field of vascular engineering, as it further demonstrates the ability of the immune 

system to regenerate tissue. 

Finally, it was demonstrated that harnessing VEGF for in-situ tissue regeneration could 

be applied to a very different tissue compared to the vascular tissue so far studied. Using 

engineered fusion proteins VEGF and FGF9 fused to the fibrin binding domain NQEQVSP, we 

showed enhanced angiogenesis and thereby enhanced bone formation in a novel bone material, 

nano calcium sulfate encapsulated in peptide decorated fibrin gels. While this study differs in the 

type of tissue generated, it provides additional support that our bodies are capable of 

regenerating damaged tissue if the right biological cues are present. 

Future studies from this dissertation can range in a variety of ways. What other peptides 

can capture angiogenic cells from the blood stream? Is VEGF king, or is some other 

undiscovered protein capable of homing cells with enhanced regenerative capacity. Perhaps a 

peptide such as the integrin binding REDV sequence or fractalkine, or a fusion protein ofREDV, 
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Fractalkine, and VEGF? A vast number of proteins have major effects on both endothelial and 

monocyte cells, so the options are numerous. Currently work is being performed to elucidate 

additional methods of capturing cells and directing tissue regeneration using the integrin binding 

peptide REDV in conjunction with VEGF. Results are preliminary but it appears REDV 

significantly enhances initial cell spreading and capture when used in conjunction with VEGF. 

Additional work will address this intriguing idea. 

Furthermore, the identification ofM2e cells can have many possible future endeavors. As 

discussed, a great number of studies rely on shared proteins between monocytes and endothelial 

cells, and thus it is possible some of these studies showing endothelial repair or regeneration are 

relying on M2e cells. Are M2e cells only possible under physiological conditions such as shear? 

Studies ongoing in the lab attempt to address this question. Can shear directly convert adherent 

macrophages towards the M2e phenotype or are there additional factors required? Lastly, it is 

still possible that the elusive EPC repopulates vascular grafts, and thus an intriguing study using 

male ovine carotid arteries as "cuffs" sutured to the SIS-Hep-VEGF grafts and implanted into 

female ovines will allow us to track where luminal cells come from. It also addresses whether 

luminal endothelial cells simply proliferate from anastimotic sites. Tracking via the Y 

chromosome will demonstrate if the graft is repopulated by cellular ingrowth or whether blood 

cells truly repopulate the graft thereby regenerate the endothelium. 

The field of vascular tissue engineering is always moving forward at an exciting and 

often times challenging pace. New technologies are developed in labs across the globe that could 

one day address the growing need for vascular tissue. It is my hope that some of the findings 

contained herein can contribute to new technologies that harness the body's regenerative 

potential. 
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