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Abstract 
 

 Endothelial colony forming cells (ECFCs) are a subset of the endothelial 

progenitor cell (EPC).  EPCs are found in bone marrow and in peripheral blood 

samples, and their subset the ECFC can be isolated from these samples for use.  

ECFCs have a high proliferative capacity, the ability to heal damaged blood vessels, 

and can form de novo blood vessels.  The ease of isolating ECFCs and the potential 

clinical applications of their use makes these cells an attractive therapeutic option for 

regenerative medicine.  When used for in vivo studies, stem or progenitor cells may aid 

wound healing either directly or indirectly by paracrine mechanisms.  In order to 

determine if equine ECFCs aid in wound healing by direct blood vessel incorporation, 

the ability to track cell movement and their final destination is paramount.  Equine 

ECFCs were labeled with semiconductor quantum nanodots, and cell growth and 

function characteristics were then assessed.  These results were used to aid study 

design for in vivo ECFC use in an equine distal limb wound model.  The distal limb 

wound is a disease of clinical importance in equine medicine that is characterized by 

local ischemia, hypoxia, and poor wound healing which can lead to exuberant 

granulation tissue.  To assess the effects of equine ECFCs on wound healing, a distal 

limb wound model was created in the horse.  Wound healing was assessed with non-

invasive analyses as well as histologic evaluation.  In addition to wound healing 

parameters, ECFCs were labeled with fluorescent nanodots prior to injection and then 
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tracked with serial biopsies in order to identify their final location within the wound.  

Results from this and other studies show that distal limb wounds in the horse are 

characterized by prolonged inflammation.  The effects of tumor necrosis factor alpha, a 

pro-inflammatory cytokine known to be present in equine distal limb wounds, were 

evaluated in equine ECFCs under in vitro conditions to understand how ECFC function 

is affected by this pro-inflammatory stimulus. 
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Chapter 1: Literature Review 
 

1.1 Endothelial colony forming cells 
 

Cell Definition – Surface Marker Expression 

Endothelial progenitor cells (EPCs) are a population of cells that have been 

isolated both from bone marrow and from peripheral blood samples (Asahara et al., 

1997; Medina et al., 2017).  They originate in the bone marrow or within the lining of 

blood vessels, may be released from the bone marrow in response to local growth 

factors, and home to areas of blood vessel damage (Asahara et al., 1997; Medina et al., 

2017).  There have been many studies regarding how best to identify EPCs and their 

subset populations, the early-outgrowth EPC and the late-outgrowth EPC, sometimes 

with conflicting results.  Late-outgrowth EPCs are also known as endothelial colony 

forming cells (ECFCs).  EPCs were first described as cells which were isolated from 

peripheral blood samples, adherent to fibronectin-coated cell culture wells, and 

expressed CD34, CD31, vascular endothelial growth factor receptor 2 (VEGFR2), Tie-2, 

or E-selectin (Asahara et al., 1997).   These cell surface markers are typically found on 

progenitor cells or endothelial cells, and therefore this specific combination of cell 

surface markers have been speculated by some to identify the EPC (Asahara et al., 

1997; Medina et al., 2010; Pelosi et al., 2014).  The cell surface markers CD34 and 

CD45 are thought to indicate a hematopoietic stem and progenitor cell population 

(Asahara et al., 1997; Case et al., 2007; Patel et al., 2016).  Cells isolated from 

peripheral blood that express CD34 can be separated into distinct subpopulations, 

including EPCs and hematopoietic low and high proliferative potential colony forming 
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cells (Case et al., 2007).  The evaluation of additional cell surface markers is used to 

further define each population, with cells that are CD34+ / CD45+ considered 

hematopoietic progenitor cells that do not have the capability for endothelial cell function 

(Case et al., 2007; Richardson and Yoder, 2011).  The cell surface marker CD45 is also 

known as the common leukocyte antigen, and this is expressed on the majority of 

nucleated blood cells in circulation (Yoder et al., 2007).  Expression of CD45 was 

observed in 94% of the freshly isolated cells in Asahara’s original description of EPCs, 

but after 7 days in culture these cells became CD45- (Asahara et al., 1997).  CD133 is 

another marker of stem and progenitor cells which has been used to identify this 

population (Case et al., 2007; Richardson and Yoder, 2011). 

A combination of progenitor cell and endothelial cell surface markers have been 

used to help identify EPCs.  The cell surface markers of CD31, von Willebrand factor 

(vWF), VEGFR-2, Tie-2, and E-selectin are all endothelial cell related markers that may 

help identify EPCs (Asahara et al., 1997; Kovacic et al., 2008; Richardson and Yoder, 

2011).  Additional mature endothelial cell surface markers studied include CD144 and 

CD105 (Richardson and Yoder, 2011; Timmermans et al., 2009).  The cell surface 

marker CD31, also called platelet endothelial cell adhesion molecule 1, is found on the 

surface of endothelial cells but also on platelets and monocytes (Newman, 1994).  The 

receptor VEGFR-2 is essential for the development of embryonic blood islands, a 

precursor for the onset of hematopoiesis and vasculogenesis, which is found on cells of 

endothelial lineage (Choi et al., 1998).  The Tie-2 gene encodes a tyrosine kinase 

receptor, which is one of several tyrosine kinase receptors prominently involved in the 

development of endothelial cells and essential to the formation of blood vessel networks 
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(Sato et al., 1995).  E-selectin is known as CD62E and is expressed almost exclusively 

on endothelial cells, with upregulation of expression occurring during activation of 

endothelial cells (Telen, 2014).  Although there are many different endothelial-specific 

cell markers that can be utilized, not all cells described as EPCs demonstrate consistent 

positive staining with each of these markers. 

Defining which cells are EPCs initially involves describing the cell surface 

markers positive staining characteristics, utilizing various combinations of the markers 

listed above.  However conflicting reports of positive staining characteristics of EPCs 

exist, so another important aspect for characterizing the EPC is the cell surface marker 

negative staining characteristics.  There are some reports that EPCs should not express 

CD45, however other reports refute this (Case et al., 2007; Timmermans et al., 2009).  

In part, this discrepancy may be related to the challenge of identifying early-outgrowth 

EPCs vs ECFCs based on cell surface markers.  One study demonstrated that cells 

with a CD34+ / CD45+ / CD133+ profile had characteristics of early-outgrowth EPCs, 

whereas cells with a CD34+ / CD45- / CD133- profile also expressed VEGFR-2 and had 

ECFC characteristics (Timmermans et al., 2009).  Most reports suggest the EPCs and 

their subset ECFCs do not express CD14, as CD14 is a peripheral blood monocytic cell 

marker (Kovacic et al., 2008; Timmermans et al., 2009).  However the EPC subset 

early-outgrowth EPCs and a similar cell the endothelial colony forming unit cell do stain 

positive for CD14 (Kovacic et al., 2008; Yoder et al., 2007).  There is also evidence that 

equine ECFCs express CD14 (Salter et al., 2015).  In the study that initially 

characterized ECFCs in the horse, 83% of the ECFCs isolated expressed CD14 (Salter 

et al., 2015). 
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ECFC Identity – Cell Morphology and Function 

To define and accurately identify the EPC subset populations, the early-

outgrowth EPC and the ECFC, more information than simply the cell surface marker 

staining characteristics must be obtained.  ECFCs are also defined by in vitro growth 

and function characteristics. The ECFC is typically observed as an adherent colony in 

cell culture flasks (Figure 1) anywhere from one to three weeks in standard cell culture 

conditions (Kovacic et al., 2008; Minami et al., 2015; Mukai et al., 2008; Sieveking et al., 

2008).  ECFCs have a cobblestone morphology when present as a monolayer in cell 

culture flasks and will stop proliferating with contact of nearby cells, a process called 

contact inhibition (Kovacic et al., 2008).  Early-outgrowth EPCs by comparison are 

typically isolated within 3 - 7 days in standard cell culture conditions, and their 

morphology is described as spindle-shaped cells clustered around more rounded cells 

centrally (Kovacic et al., 2008; Timmermans et al., 2009).  The early-outgrowth EPC 

also has a limited expansion capability in vitro, whereas the ECFC has a high expansion 

capability in vitro (Richardson and Yoder, 2011; Timmermans et al., 2009).  Other cell 

function characteristics can be used to help identify the ECFC.  Cell binding and uptake 

of the lectin Ulex europeaus agglutinin-1 (UEA-1) and low density lipoprotein have been 

used to identify the EPC, but neither necessarily helps to differentiate the early-

outgrowth EPC from the ECFC (Choi et al., 1998; Richardson and Yoder, 2011).  The 

binding of UEA-1 lectin is not specific to endothelial cells, and this binding can occur 

even with certain epithelial cells or certain hematopoietic cells such as platelets (Baldus 

et al., 1994; Richardson and Yoder, 2011).  This is particularly relevant to the intended 

isolation of ECFCs, as platelet microparticles are commonly  
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Figure 1. Appearance of ECFC colonies in cell culture flasks during isolation.   
A) Representative photomicrograph of a newly-developing ECFC colony in a cell culture 
flask 7 days after peripheral blood sampling from a horse.  B) Representative 
photomicrograph of a mature ECFC colony in a cell culture flask, 1 day after the image 
shown in (A).  Scale bars are 100 µm.  



6 
 

found in EPC cell cultures (Prokopi et al., 2009).  These microparticles contain platelet 

proteins such as CD31 and vWF, and they also have the ability to bind UEA-1 (Prokopi 

et al., 2009).  Even low density lipoprotein uptake, which is considered an endothelial-

specific function, may occur in non-EPC monocytes cultured in endothelial medium, as 

this cell culture environment has been shown to cause considerable phenotypic overlap 

between monocytes and EPCs (Schmeisser et al., 2001; Schmeisser et al., 2003).  Both 

early-outgrowth EPCs and ECFCs have the ability to bind and uptake low density 

lipoprotein. 

Arguably the function most specific to the ECFC is its ability to form new blood 

vessels or incorporate into existing, damaged blood vessels (Minami et al., 2015; 

Richardson and Yoder, 2011).  A surrogate test to evaluate new blood vessel formation 

ability is the in vitro tubule formation assay performed on basement membrane matrix 

(BD Matrigel Basement Membrane Matrix, BD Biosciences, Bedford, MA, USA).  For 

this assay, cells are cultured on basement membrane containing matrix under standard 

cell culture conditions.  Cells which form organized tubules (sometime referred to as 

capillary-like) along the surface of the medium are considered ECFCs (Minami et al., 

2015; Mukai et al., 2008; Pelosi et al., 2014; Richardson and Yoder, 2011).  However, 

these results are not unique to ECFCs.  Human monocytes, which express both 

endothelial and macrophagocytic cell surface markers, form tubule-like structures on 

basement membrane matrix after culture in endothelial culture medium (Schmeisser et 

al., 2001).  Similar results have been found for mesenchymal stem cells isolated from 

mouse kidneys, where in vitro capillary networks develop on basement membrane 

matrix after these cells were cultured in endothelial medium (Chen et al., 2008).   
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ECFC Function – In Vivo Evaluation 

The ability to form tubules in vitro suggests that ECFCs have the ability to form 

new blood vessels in vivo.  This has been confirmed by several studies.  In Asahara’s 

original work with EPCs, his group demonstrated incorporation of these cells at areas of 

experimentally-induced ischemia where subsequent active angiogenesis was observed 

(Asahara et al., 1997).  Another study utilizing a hind limb model of ischemia found that 

ECFCs injected near the site of ischemia migrated to the ischemic areas, increased new 

capillary formation and therefore blood flow, and also directly incorporated into existing 

blood vessels (Minami et al., 2015).  When early-outgrowth EPCs were injected, new 

capillary formation was observed but significantly less so than in ECFC treated limbs 

(Minami et al., 2015).  Additionally, direct incorporation into blood vessels was not 

observed histologically leading the authors to speculate that early-outgrowth EPCs 

participated via paracrine mechanisms (Minami et al., 2015). 

  

Equine ECFCs 

Cells that have the ability to promote neovascularization in vivo by differentiating 

into mature endothelial cells and directly incorporating into newly formed blood vessels 

are best described as ECFCs (Medina et al., 2017; Pelosi et al., 2014; Timmermans et 

al., 2009).  To date, this evaluation has not been performed for equine ECFCs.  In the 

two studies published on equine ECFC isolation, the time for colony emergence in vitro 

ranged from 6 – 14 days after peripheral blood sampling (Salter et al., 2015; Sharpe et 

al., 2016).  Cells from these colonies consistently had a cobblestone morphology and 
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formed a confluent monolayer with evidence of contact inhibition.  These cells 

expressed vWF, VEGFR-2, and CD34 (Salter et al., 2015; Sharpe et al., 2016), and 

between 83 – 98% of them expressed CD105 and CD14 in flow cytometric analysis 

(Salter et al., 2015; Sharpe et al., 2016).  Acetylated low density lipoprotein uptake was 

described as occurring in 61 – 75% of these cells, and they all formed prominent and 

extensive in vitro tubules (Figure 2) after 5 – 24 hr of culture on basement membrane 

matrix medium (Salter et al., 2015; Sharpe et al., 2016).  In many studies, cells that 

express CD14 are not considered ECFCs (Medina et al., 2017; Pelosi et al., 2014). 

However, surface marker expression has some variation among species; equine 

mesenchymal stem cells (MSCs) express CD14 even though MSCs from other species 

do not (Hackett et al., 2011).  Using all available data, our group has concluded that the 

cells previously described and used for the experiments described in this document are 

ECFCs.  However evaluation of the ability of these cells within in vivo environments to 

participate directly in neovascularization is warranted. 

  

1.2 Clinical uses of ECFCs 
 

ECFC Use – Hind Limb Ischemia Models 

Based on their ability to heal damaged or form new blood vessels and their high 

proliferative capacity, ECFCs may be ideal for in vivo clinical therapy for diseases with 

ischemia or vascular damage  
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Figure 2. Equine ECFCs forming multicellular tubules in vitro. A) Representative 
photomicrograph of equine ECFCs joining to form tubules in vitro on basement 
membrane matrix medium. B) Magnified view of the cells seen in (A), with individual 
ECFCs outlined and numbered highlighting the multicellularity of these tubules.  
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(Garbuzova-Davis et al., 2017; Kim et al., 2016; Patschan et al., 2016; Pias-Peleteiro et 

al., 2017).  Use of ECFCs for in vivo applications began on animal models characterized 

by vascular damage or ischemia (Asahara et al., 1997; Garbuzova-Davis et al., 2017; 

Pelosi et al., 2014).  A unilateral hind limb ischemia mouse model was created by 

surgically ligating one femoral artery, and DiI-Ac-LDL-labeled ECFCs that were 

subsequently injected into the tail vein were found to be integrated into capillary vessel 

walls of the neovascularized hind limb tissue from one to six weeks after injection 

(Asahara et al., 1997).  A similar finding was reported in the same study with a rabbit 

hind limb unilateral ischemia model, where DiI-Ac-LDL labeled ECFCs were localized 

exclusively to the neovascular zones of the affected limb and demonstrated 

incorporation into the capillary walls four weeks after injection (Asahara et al., 1997).  

Another study utilizing a mouse model of unilateral hind limb ischemia found that 

ECFCs injected into the left ventricular lumen shortly after femoral artery ligation 

significantly increased the perfusion to the affected leg 14 and 21 days after ligation as 

measured by a laser doppler perfusion image analyzer (Hur et al., 2004).  By day 21, 

the blood flow to both hind limbs was very similar in groups treated with ECFCs.  Of 

note, the mice treated with early-outgrowth EPCs regained a similar degree of blood 

flow to the affected hind limbs as those treated with ECFCs (Hur et al., 2004).  The 

histologic assessment of new blood vessel formation was not performed in that study.  

However the functionality of in vivo ECFC-derived blood vessel formation has been 

documented.  Using an in vivo vasculogenesis assay where investigators injected a 

mixture of cells and liquid basement membrane matrix into the subcutaneous tissue of 

mice, newly formed blood vessels derived from ECFCs were shown histologically to 
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have luminal structures containing erythrocytes (Melero-Martin et al., 2008).  This 

demonstrated that ECFC-derived blood vessels were functional and anastomosed with 

existing vascular structures (Melero-Martin et al., 2008).  In this study, the greatest 

quantity of functional, newly-formed blood vessels was observed when a combination of 

ECFCs and MSCs were injected together, where ECFCs remained on the luminal 

aspect of the blood vessels and the MSCs remained in a perivascular location around 

the ECFC-derived lumens (Melero-Martin et al., 2008).   

  

ECFC Use – Disease Models without Hind Limb Ischemia 

Disease models characterized by vascular damage unrelated to limb ischemia 

have also been studied to understand the potential benefits of EPC or ECFC therapy 

(Cahoon et al., 2015; Hendrickx et al., 2010; Huang et al., 2013; Kim et al., 2016; Lee et 

al., 2014; Zhang et al., 2013).  Diabetic retinopathy has been studied using a mouse 

model characterized by compromised endothelial and pericyte integrity, decreased 

capillary density, and a breakdown of the blood-retinal barrier (Cahoon et al., 2015; 

O'Neill et al., 2018).  Mice that received intra-vitreal ECFCs had improved retinal 

vascular density and integrity, decreased blood vessel permeability, decreased 

inflammation, and an improved neurophysiological response compared to control mice.  

These effects were enhanced with the addition of a bioengineered angiopoietin-1, a 

vascular growth factor (Cahoon et al., 2015).  Vascular injury is also observed in mouse 

models of traumatic brain injury and myocardial infarction (Kim et al., 2016; Lee et al., 

2014).  Intravenous injections of ECFCs in mice with traumatic brain injuries caused 

reversal of neurologic disability compared to mice without ECFC treatment (Zhang et 
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al., 2013).  ECFCs were observed at the site of brain injury after only 24 hr, and local 

microvessel density was improved in these areas (Zhang et al., 2013).  Similar results 

were observed using the same disease model but with intra-cerebroventricular 

injections of ECFCs, and this method of ECFC delivery was associated with even 

greater neurologic improvements (Huang et al., 2013).  ECFCs injected in mouse 

models of myocardial infarction improve global cardiac function, enhance capillary 

density at the infarction site, decrease myocardial fibrosis, and increase local production 

of angiogenic cytokines (Kim et al., 2016; Lee et al., 2014).  ECFCs also incorporate 

into neo-vessels and promote a decrease in infarct size in pig models of myocardial 

infarction (Dubois et al., 2010).  Even dermal wounds in mice treated with ECFCs show 

cell incorporation into blood vessels which promotes wound healing (Hendrickx et al., 

2010). 

 

Clinical Use of ECFCs in Humans – Limb Ischemia 

Therapeutic uses of EPCs and ECFCs have been studied in humans with 

naturally occurring diseases characterized by limb ischemia (Arici et al., 2015; 

Kawamoto et al., 2009; Kinoshita et al., 2012).  Peripheral artery disease has a 

prevalence of around 3 – 10% in the total human population, and the prevalence 

increases further with advancing age (Norgren et al., 2007).  The worst clinical outcome 

of peripheral artery disease is a condition known as critical limb ischemia (CLI), which 

often leads to gangrene and partial limb amputation (Arici et al., 2015; Norgren et al., 

2007).  In one study of 8 human patients with CLI, intramuscular injections of 

autologous EPCs (defined as CD133+ / CD34+ / VEGFR-2+ / CD45- cells isolated from 
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peripheral blood samples) improved resting pain scores significantly, which is thought to 

be a surrogate suggesting improved perfusion of the leg muscles (Arici et al., 2015; 

Norgren et al., 2007).  Seventy-five percent of these patients had complete healing of 

their wounds and improved mobility, whereas 2/8 patients did not have a favorable 

response and ultimately required major amputation (Arici et al., 2015).  Another study 

evaluated autologous EPCs (defined as CD34+ / CD45- cells isolated from peripheral 

blood samples with endothelial cell culture enrichment) as a treatment for CLI in 17 

human patients for a phase I/IIa clinical trial (Kawamoto et al., 2009). Twelve weeks 

after multiple, local, intramuscular injections in the affected limbs, all patients 

experienced a decrease in pain level, increase in pain-free walking distance, and a 

decrease in ischemic ulcer size (Kawamoto et al., 2009).  Long-term evaluation of these 

patients was also encouraging.  Only one patient required a minor amputation at week 

104 (Kinoshita et al., 2012).  The number of patients without clinical signs attributable to 

CLI was 88.2% at week 104, 92.3% at week 156, and 84.6% at week 208 (Kinoshita et 

al., 2012).  These results represent significant improvements in local blood flow in a 

disease process which has a major amputation rate of 50% at one year after diagnosis 

of CLI (Arici et al., 2015).  Another important aspect of CLI treatment involves 

recanalization of peripheral artery occlusions.  One study assessed the peripheral 

arterial blood flow characteristics of patients with CLI using computed tomography 

angiography (Mutirangura et al., 2009).  Six patients had autologous ECFCs (defined as 

CD34+ / CD133+ / VEGFR-2+ / Tie-2+ / CD144+ / CD31+ / vWF+ cells isolated from 

peripheral blood samples which had positive uptake of acetylated low density lipoprotein 

and formed in vitro tubules) injected intramuscularly in affected limbs, and then a repeat 
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computed tomography angiographic study was performed three months after the 

baseline study.  Five of the six patients had a significant increase in arterial blood flow, 

with three patients demonstrating recanalization of the previously occluded artery and 

two additional patients demonstrating enhanced collateral circulation to the affected limb 

(Mutirangura et al., 2009).   

  

Clinical Use of ECFCs in Humans – Vascular Damage Unrelated to Limb Ischemia 

Evaluation of naturally occurring diseases in humans characterized by vascular 

damage unrelated to limb ischemia is limited.  Early clinical trials utilizing EPCs or 

ECFCs focused on treating patients with acute myocardial infarction, however after 

multiple clinical trials there have been mixed results (Michler, 2018).  ECFCs were used 

in a clinical trial for end-stage liver cirrhosis in humans (D'Avola et al., 2017), a disease 

in part characterized by dysfunctional hepatic endothelial cells and perivascular fibrosis 

(Zhou et al., 2014).  In this clinical trial, patients had autologous ECFCs (defined as 

CD133+ / CD34+ / VEGFR-2+ / CXCR4+ / vWF+ cells isolated from peripheral blood 

that formed tubules in vitro and had acetylated low density lipoprotein uptake) delivered 

directly into the hepatic artery.  Ninety days after ECFC injection, liver function tests 

showed improvement with a slight decrease in severity of portal hypertension (D'Avola 

et al., 2017).  Endothelial damage and dysfunction are also prominent components of 

pulmonary arterial hypertension.  Autologous, intravenously injected ECFCs (defined as 

CD144+ / VEGFR-2+ / CD34+ / CD133+ cells isolated from the peripheral blood that 

had positive uptake of acetylated low density lipoprotein) caused significant 

improvements in clinical signs and pulmonary hemodynamic parameters in adult and 



15 
 

pediatric patient populations compared to traditional medical treatment alone (Yang et 

al., 2013).  These beneficial effects were thought to occur from reversal of pathologic 

vascular remodeling (Yang et al., 2013).  In addition to the CLI-related ulcer wounds 

described above, ECFCs have been shown to aid healing of traumatic bone injuries 

(Vasyliev et al., 2017).  Devitalized allogeneic bone scaffolds were combined with 

autologous ECFCs (defined as CD105+ / CD73+ / CD105+ / CD34+ / CD45- / HLA-DR- 

cells that formed in vitro tubules) prior to transplantation, and new bone growth with 

increased local bone integrity was observed in over 90% of the patients in that study 

(Vasyliev et al., 2017). 

 Although the methods to define cells as EPCs or ECFCs differ amongst these 

and other clinical trials for human patients, the results thus far are promising.  A more 

uniform characterization of cells used in clinical trials may be of benefit in the future 

(Keighron et al., 2018; Medina et al., 2017).  The utility of ECFC therapy for diseases 

with vascular damage and ischemia has been demonstrated, in both disease models 

and naturally occurring disease states classified as wounds (Hendrickx et al., 2010; 

Vasyliev et al., 2017).  Although not studied in humans due to its rarity in the human 

population, distal limb wounds with excessive granulation tissue occur commonly in 

horses and are fraught with complications.  Keloids are an analogous wound that occurs 

in human patients, and both keloids in humans and distal limb wounds in the horse are 

characterized by excessive fibroproliferation and poor wound healing.  The equine distal 

limb wound is a disease process which involves ischemia and vascular damage, and 

this condition may also benefit from ECFC therapy.  
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1.3 Pathophysiology of equine distal limb wounds 
 

Normal Wound Healing 

Wound healing of the skin is typically described in terms of four phases, each of 

which has a specific process yet is also inter-woven with the other phases (Portou et al., 

2015).  The four phases of wound healing are: coagulation, inflammation, proliferation, 

and remodeling.  After traumatic damage to the skin, the coagulation phase is 

characterized by hemostasis of the damaged area with local vasoconstriction, platelet 

aggregation, and subsequent formation of a fibrin clot (Guo and Dipietro, 2010; Portou 

et al., 2015).  This clot releases multiple pro-inflammatory cytokines and growth factors, 

such as platelet-derived growth factor, fibroblast growth factor, and transforming growth 

factor beta (Dipietro, 1995; Guo and Dipietro, 2010).  These cytokines help to facilitate 

the initiation of the inflammatory phase. 

The inflammatory phase is characterized by migration of neutrophils from the 

peripheral blood to the site of injury within minutes and the presence of chemokines / 

cytokines (Portou et al., 2015).  The early arrival of neutrophils is important for 

clearance of cellular debris and bacteria.  After this early part of the inflammatory phase, 

monocytes are recruited to the wound and differentiate to become mature 

macrophages.  Macrophages are the predominant inflammatory cell type in the wound 

by day three to five, and these cells perform clearance of apoptotic cells, tissue debris, 

and microbial invaders (Dipietro, 1995).  Macrophages also help with debridement of 

devitalized tissue by releasing proteases and metalloproteinase enzymes (Dipietro, 

1995).  As macrophages begin to clear apoptotic cells including early neutrophils, they 

experience a phenotypic change and begin stimulating fibroblast and keratinocyte 
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growth as well as angiogenesis via release of keratinocyte growth factor, TGF-b, and 

vascular endothelial growth factor (Guo and Dipietro, 2010; Portou et al., 2015).  

Infiltration of T-lymphocytes occurs next, and this marks the last part of the inflammatory 

phase and simultaneous initiation of the proliferation phase.  T-lymphocytes exert a 

regulatory effect on inflammation and formation of fibrosis (Jameson and Havran, 2007).  

Formation of granulation tissue occurs during the proliferation phase.  Migration 

and proliferation of dermal fibroblasts and their differentiation into myofibroblasts occur 

as inflammation subsides (Portou et al., 2015).  Fibroblasts produce extracellular matrix 

such as type III collagen, and endothelial cells migrate into this newly formed 

extracellular matrix to form new capillaries (Dipietro, 1995; Guo and Dipietro, 2010).  

Myofibroblasts, identified as staining positive for the protein alpha smooth muscle actin, 

contribute to wound contraction (Dipietro, 1995; Portou et al., 2015).  Bone marrow-

derived mesenchymal stem cells and EPCs are thought to migrate to the wound during 

this phase and contribute to wound healing (Guo and Dipietro, 2010).  Epidermal 

keratinocyte migration is initiated by local cytokines and production of proteases, and 

then proliferation and differentiation occur to cover the granulation tissue in a process 

called re-epithelialization (Guo and Dipietro, 2010; O'Toole, 2001; Portou et al., 2015).   

The fourth phase of wound healing is the remodeling phase, characterized by a 

reduction in wound inflammation and granulation (Portou et al., 2015).  The type III 

collagen produced by fibroblasts during the proliferation phase is replaced by type I 

collagen with the aid of collagenases and matrix-metalloproteinases (O'Toole, 2001; 

Portou et al., 2015).  This reorganization of the extracellular matrix occurs alongside 

regression of newly formed capillaries as the wound requirement for nutrients begins to 
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decrease (Dipietro, 1995; Portou et al., 2015).  Collagen becomes more organized, and 

the extracellular matrix begins to more closely resemble that of normal skin (Guo and 

Dipietro, 2010).  Differentiation of keratinocytes leads to keratin production as the 

epidermal barrier is restored (Portou et al., 2015; Usui et al., 2008).  This phase may 

take weeks to months. 

 

Wound Healing in Equine Distal Limbs 

Equine dermal wounds on the distal limb may have poor and incomplete healing.  

This is not observed in ponies, which have a stronger initial inflammatory response 

when compared to horses for distal limb wounds (Wilmink et al., 1999).  Despite an 

initial weaker inflammatory response compared to ponies, horses have a prolonged 

duration of inflammation which may contribute to a prolonged proliferation phase of 

wound healing (Wilmink et al., 1999).  Perhaps for these reasons, ponies are also much 

more likely to heal more rapidly or have successful primary closure of distal limb 

wounds compared to horses (Bertone et al., 1985; Wilmink et al., 2002).  When 

compared to dermal wounds on the body, equine distal limb wounds have significantly 

lower local oxygen saturation levels acutely which may also promote poor wound 

healing (Celeste et al., 2011).  Many other differences exist in wound healing 

characteristics between body wounds and distal limb wounds in the horse, but there is a 

stronger and shorter duration of inflammation in body wounds (Wilmink and van 

Weeren, 2005).  Ultimately, there are many contributing factors for the development of 

poor wound healing in the equine distal limb, and this often leads to formation of 

exuberant granulation tissue (EGT). 
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Granulation tissue is an important aspect to wound healing, but when 

fibroproliferative granulation tissue protrudes above the skin edges it is defined as 

exuberant and can cause delayed wound healing (Bertone, 1989).  EGT is very fibrous 

and can result in large masses (Maher and Kuebelbeck, 2018).  Further, EGT may 

require surgical resection, sometimes repeatedly, in order for wound contraction and 

epithelialization to occur (Theoret and Wilmink, 2013).  Myofibroblasts are a prominent 

presence in wounds with normal healing and in those with EGT, however a marked lack 

of myofibroblast organization is noted in wounds with EGT (Theoret and Wilmink, 2013; 

Wilmink et al., 1999).  This abnormal and disorganized orientation may suggest that a 

deficient contractile ability exists in wounds that develop EGT (Theoret and Wilmink, 

2013).  Persistent inflammation may also cause a deficient contractile ability in these 

wounds (Wilmink and van Weeren, 2005).  Epithelial hyperplasia exists at the wound 

edges, and yet there is slowed epithelial migration and lack of epithelialization of the 

wound (Theoret and Wilmink, 2013).  These findings characterize EGT in the horse.  

The characteristic predisposing factors leading to EGT in the horse include abnormal 

inflammation, local hypoxia and ischemia, lack of epithelialization, and abnormal 

vasculature (Maher and Kuebelbeck, 2018; Wilmink and van Weeren, 2005). 

The acute inflammation observed in distal limb wounds of horses is described as 

starting with a relatively weak infiltration of neutrophils, with a persistence of these 

neutrophils up to five weeks after wound creation (Wilmink et al., 1999).  The majority of 

neutrophils are found in the superficial dermis of wounds with EGT, but neutrophils 

could also be found in smaller numbers in the deep dermis layer (Theoret et al., 2013).  

Neutrophils remain the most prominent cell type, but other inflammatory cells present 
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include macrophages, eosinophils, mononuclear lymphocytes, and mast cells (Wilmink 

et al., 1999).  Eosinophils are prominently observed in the superficial dermis of wounds 

with EGT, and macrophages are mostly observed in perivascular locations (Theoret et 

al., 2013).  Activated neutrophils and macrophages release a variety of pro-

inflammatory cytokines and growth factors, many of which interact with cells in the 

wound and affect healing.  Some cytokines such as tumor necrosis factor alpha (TNF-α) 

and interleukin-1 (IL-1) promote fibroblast proliferation, collagen synthesis, and may 

also promote an activated state of local keratinocytes (Dipietro, 1995; Usui et al., 2008).  

Activated fibroblasts produce extracellular matrix and differentiate into myofibroblasts 

(Guo and Dipietro, 2010; Theoret and Wilmink, 2013).  In addition to the prolonged 

inflammation, distal limb wounds of the horse may have persistence of pro-fibrotic 

growth factors such as transforming growth factor beta 1 (TGF-β1) which promotes 

excessive fibroproliferation (Theoret and Wilmink, 2013).  An overexpression of a 

mutant p53 protein has been found in distal limb wounds of horses, which may indicate 

that a local dysregulation of cell apoptosis may contribute to the accumulation of 

extracellular matrix in wounds with EGT (Lepault et al., 2005).  Excessive production of 

fibrous tissue interferes with epithelial cell migration and prevents complete re-

epithelialization (Maher and Kuebelbeck, 2018; Theoret and Wilmink, 2013).  At the 

margins of wounds with EGT there is epithelial hyperplasia, and the keratinocytes which 

are activated from local growth factors and cytokines show poor wound migration and 

lack of differentiation into keratin-producing mature keratinocytes (Usui et al., 2008). 

In addition to protracted inflammation and excessive fibroproliferation, wound 

vascularization is also abnormal in distal limb wounds of horses.  Equine distal limb 
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wounds with EGT have prominent angiogenesis, as these wounds can be supplied by 

large blood vessels (Maher and Kuebelbeck, 2018).  Angiogenesis is promoted by many 

growth factors present during the inflammation and proliferation stages of wound 

healing (Portou et al., 2015).  However in distal limb wounds of the horse, there is 

excessive angiogenesis described as new capillary formation when compared to 

wounds on the equine body (Lepault et al., 2005).  These new microvessels that are 

formed have significant occlusion compared to microvessels on the equine body, and 

microvessels in an EGT model were found to be 3.37 times more likely to be occluded 

compared to those in thoracic wounds (Lepault et al., 2005).  Endothelial cell 

hypertrophy of these newly formed microvessels has been demonstrated in equine 

distal limb wounds, and this is thought to contribute to the observed occlusion (Dubuc et 

al., 2006).  The presence of endothelial cell hypertrophy and microvessel occlusion is 

likely clinically relevant, as the following have been observed in equine wounds that 

develop EGT: dysregulation of cell apoptotic signals which prevents adequate apoptosis 

and allows accumulation of extracellular matrix; lower cutaneous wound temperatures 

compared to thoracic wall wounds and compared to distal limb wounds without EGT; 

and relative hypoxia in wounds acutely that develop EGT compared to thoracic wall 

wounds (Celeste et al., 2011; Celeste et al., 2013; Lepault et al., 2005).  The in vitro 

effect of hypoxia on equine dermal fibroblasts has also been evaluated and found to 

induce extracellular matrix production via hypoxia-inducing factor signaling (Deschene 

et al., 2012). 

Cellular regenerative therapy using stem or progenitor cells in wounds with 

vascular damage or ischemia has demonstrated promising results.  Challenges that 
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exist with this approach include cell emigration away from the area of interest after 

injection and cell death near the time of injection.  In order to address these challenges, 

some researchers have combined cells with various biomaterials in order to optimize 

therapeutic success.  Given the overtly inflammatory environment of the equine distal 

limb wound, use of a biomaterial may provide support and protection for therapeutic 

cellular therapy for these wounds. 

 

1.4 Biomaterials for cell delivery  
 

Cell Therapy – Effect of Injection 

 Many different cell types including mesenchymal stem cells (MSCs) and EPCs 

have been used for cell transplantation intended for tissue regeneration, and early 

studies utilized direct injection for delivery (Aguado et al., 2012; Rafii and Lyden, 2003).  

Retention of viable cells at the site of injection has been reported as low as 1 – 32% 

post-transplantation (Zhang et al., 2001), and this survival post-injection seems to be 

cell type-independent (Aguado et al., 2012).  One study evaluated the effects of 

different mechanical forces on cells during in vitro injection through a needle at clinically 

relevant flow rates (Aguado et al., 2012).  Cell membrane disruption and subsequent 

cell death occurred prominently, and it was observed that the leading contributor to cell 

death during injection through a syringe and needle was mechanical disruption caused 

by extensional flow at the entrance of the needle (Aguado et al., 2012).  This is an 

important consideration for clinical applications of cellular regenerative therapy, as 
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several studies have shown that better clinical outcomes are associated with greater 

cell survival at the time of transplantation (Laflamme et al., 2007; Zhang et al., 2008). 

 

Cell Therapy – Retention and Survival 

 In addition to cell damage and death during injection, poor retention at the site of 

injection and poor survival post-injection limit efficacy of transplanted cells.  One study 

evaluated the retention of rat aortic smooth muscle cells after injection into normal and 

infarcted myocardium.  Only 50% of the smooth muscle cells remained at the site of 

injection in the myocardium one hour after transplantation, and this percentage 

progressively decreased over the course of the study (Yasuda et al., 2005). Roughly 8% 

of the cells transplanted into the myocardium were found in the lungs, and cells were 

also found in the kidneys (Yasuda et al., 2005).  A significantly greater number of live 

cells were observed in normal myocardium compared to infarcted myocardium, and this 

may be related to the cell microenvironment (Robey et al., 2008; Yasuda et al., 2005).  

Cells injected into diseased tissue may be negatively affected by local ischemia.  

Ischemia may occur in diseases characterized by compromised blood supply such as 

myocardial infarction or limb wounds, but this can also be related to clumping of the 

injected cells as they are forced into the interstitium (Robey et al., 2008).  Inflammatory 

microenvironments compromise the health of transplanted cells, as both neutrophils and 

macrophages produce oxygen-derived free radicals and inflammatory cytokines which 

can cause cell membrane damage or negatively impact cell function (Dipietro, 1995; 

Portou et al., 2015; Robey et al., 2008).  
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Hydrogel Biomaterials 

To overcome the limitations of cell transplantation via direct injection as 

described above, studies have been performed evaluating biomaterial scaffolds in 

combination with cells.  Synthetic scaffolds are commonly used in tissue engineering 

applications, in part because the mechanical properties and size of the material can be 

controlled (Almany and Seliktar, 2005).  Biological scaffolds such as de-cellularized 

ECM can provide biofunctional motifs to regulate cell proliferation, adhesion, and 

enzyme activity (Almany and Seliktar, 2005; Hubbell, 2003).  However, both types of 

scaffolds have inherent limitations which may be mitigated by their combination into a 

biomaterial.  Many biomaterials are partly composed of a hydrogel, which is a three-

dimensional scaffold of cross-linked hydrophilic polymer chains (Seliktar, 2012).  These 

hydrogels can be manipulated into almost any shape or size, can absorb water and 

have the ability to readily undergo dissolution by hydrolysis (Seliktar, 2012).  Hydrogels 

are compatible with cells, and the cross-linking reaction can be carried out in non-toxic 

conditions (Almany and Seliktar, 2005; Lutolf and Hubbell, 2003; Seeto et al., 2017).  

When combined with a cross-linked alginate hydrogel, human umbilical vein endothelial 

cells had a significant increase in cell survival percentage (58% without biomaterial, 

89% with biomaterial) during in vitro injection through a syringe and needle (Aguado et 

al., 2012). 
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Poly(ethylene glycol) Coupled with Fibrinogen 

Although many different synthetic and biological materials have been combined 

for biomedical research, a notable combination involves the use of a composite 

polymeric hydrogel made of poly(ethylene glycol) (PEG) combined with fibrinogen (Fb) 

fragments.  The process of combining the PEG with the ECM protein Fb does not alter 

the biological compatibility of Fb nor does it alter the physical properties of the hydrogel 

(Seliktar, 2012).  Hydrogels made of PEG are highly biocompatible and can be 

designed to have a wide range of physical characteristics (Almany and Seliktar, 2005; 

Temenoff et al., 2002).  The Fb fragments provide protease degradation substrate and 

cell-adhesion motifs (Herrick et al., 1999; Werb, 1997).  Fibrinogen fragment use within 

the hydrogel biomaterial provides additional degradability to the biomaterial in vivo, as 

cell-specific protease activity and adhesion sites are present on the Fb (Almany and 

Seliktar, 2005).  Cell signaling motifs promote cellular ingrowth into the biomaterial 

(Gobin and West, 2002; Lutolf and Hubbell, 2005).  These properties of PEG hydrogels 

combined with Fb (PEG-Fb) may allow for optimal cell function and biomaterial retention 

once injected into tissue. 

The biomaterial PEG-Fb has been used to encapsulate cells in order to facilitate 

cell delivery and to study cell microenvironments.  A three-dimensional tumor 

microsphere model has been studied to compare cell characteristics of multiple cancer 

cell lines using cell encapsulation by PEG-Fb.  This microsphere model was compared 

to the traditionally-described gold standard for in vitro cancer cell line research, the 

multi-cellular tumor spheroid model (Pradhan et al., 2017).  In contrast to cells within 

tumor spheroids, cancer cells within PEG-Fb microspheres displayed characteristics of 
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their native tumor microenvironment by demonstrating hallmarks of malignant 

transformation and tumorigenic progression (Pradhan et al., 2017).  Human embryonic 

kidney cells had high viability and enhanced function when supported in a PEG-Fb 

encapsulated microenvironment (Cohen et al., 2018).  Another in vitro evaluation of the 

interaction between cells and PEG-Fb revealed that mouse dorsal root ganglionic cell 

outgrowth and morphogenesis of neurites and glial cells were supported by this semi-

synthetic biomaterial (Berkovitch and Seliktar, 2017).  The characteristics of PEG within 

PEG-Fb hydrogels can be altered to promote ideal cell-to-hydrogel interactions that are 

specific to distinct cell types.  Dental pulp stem cells that were encapsulated in PEG-Fb 

hydrogels had good cell viability, cell morphology, odontogenic gene expression, and 

mineralization (Lu et al., 2015).  The degree of PEG-Fb hydrogel cross-linking was 

experimentally varied, and the cells encapsulated in PEG-Fb with the greatest degree of 

cross-linking had the greatest enhancement of odontogenic gene expression and 

degree of mineralization (Lu et al., 2015).   

 

PEG-Fb Hydrogels – Animal Use 

PEG-Fb hydrogels have been used in animal models of disease.  Segmental 

bone defects were created in mice tibias, and PEG-Fb hydrogels of varying degradation 

properties were implanted into the defects.  After five weeks, significant cellular ingrowth 

was observed within the PEG-Fb implants (Peled et al., 2007).  Radiographic and 

histologic evaluation revealed newly formed bone in these defects, which conferred 

healing characteristics significantly better than control animals (Peled et al., 2007).  

When the growth factors vascular endothelial growth factor and angiopoietin-1 were 
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encapsulated into an injectable PEG-Fb hydrogel and then injected into infarcted mice 

hearts, both growth factors were retained locally at the site of injection and released 

gradually over a 30-day period (Rufaihah et al., 2017).  Mice treated with these PEG-Fb 

hydrogels demonstrated the greatest improvement in cardiac function, cardiac muscle 

preservation, and angiogenesis (Rufaihah et al., 2017).  The benefit of PEG-Fb 

hydrogels for murine myocardial infarction was further demonstrated when PEG-Fb 

hydrogels were seeded with induced pluripotent stem cells (iPSCs) bioengineered to 

secrete placental growth factor and matrix metalloproteinase 9.  The hemodynamic 

parameters and degree of revascularization of infarcted cardiac muscle were 

significantly better than the cells or PEG-Fb (without cells) alone (Bearzi et al., 2014).  

Additionally, the host cardiac tissue and the injected cells were observed to be 

functionally integrated after 30 days (Bearzi et al., 2014).  Cell survival and engraftment 

of cells was enhanced when combined with PEG-Fb as an injectable hydrogel in mouse 

models of acute and chronic skeletal muscle degeneration (Fuoco et al., 2012).  The 

combination of mesoangioblasts and PEG-Fb were injected into areas of skeletal 

muscle damage, and enhanced differentiation of transplanted cells was observed with 

acute and chronic skeletal muscle damage (Fuoco et al., 2012).   Research performed 

with in vitro and in vivo models demonstrates that combining cells with a PEG-Fb 

hydrogel may provide protection from damage related to injection.  Combining PEG-Fb 

hydrogel with cells and other therapeutic agents may aid in local retention, resulting in 

prolonged interaction of host tissue and transplanted cells or therapeutic agents.  In 

order to accurately determine cell location and local retention, successful cell labeling 

techniques must be employed. 
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1.5 In vivo cell tracking 
 

 As cellular therapy is used with increasing frequency for diseases in clinical and 

disease model settings, questions regarding the exact nature of the cell’s contribution to 

healing arise.  Results from research in disease models suggest that stem or progenitor 

cells may not participate in wound healing by direct incorporation into newly formed 

tissue, but rather participate indirectly via paracrine mechanisms.  One report described 

that healing was significantly improved by treating decubitus ulcers in a septic neonatal 

foal with a combination of MSCs and platelet-rich plasma gel (Iacono et al., 2012).  

However, determining whether these cells participated directly in tissue regeneration or 

by a paracrine mechanism could not be performed as the cells were not labeled or 

tracked after transplantation (Iacono et al., 2012).  Knowing the location of transplanted 

cells and whether they demonstrate prominent migration is essential to understanding 

exactly how transplanted stem or progenitor cells contribute to wound healing (Bulte 

and Daldrup-Link, 2018; Chen et al., 2018; Lopez and Jarazo, 2015; Qadura et al., 

2018).  Many protocols for cell labeling have been employed, but commonly utilized 

types of cell labeling include transducing cells with viral vectors in order to produce a 

fluorescent protein, labeling cells with iron oxide particles detectable by either magnetic 

resonance imaging or histology, or labeling cells with fluorescent molecules (Burk et al., 

2016; Peterson GF, 2014; Slotkin et al., 2007; Yukawa et al., 2009). 
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Viral Transduction – Green Fluorescent Protein 

 Viral cellular transduction refers to the introduction of a foreign gene into a cell’s 

genome (called a transgene).  This newly introduced gene is translated into a protein 

product, and this product is typically used to identify the transduced cells.  Common 

viruses used for this purpose are the lentiviruses, which has been used over the past 

several decades for delivery of transgenes into a wide variety of cells (Chatterjee and 

De, 2014).  Lentiviruses are able to transduce cells that are either rapidly dividing or 

quiescent.  This results in stable integration into the host cell genome, which ultimately 

provides the cell with long-term expression of this transgene (Chatterjee and De, 2014; 

Petersen et al., 2014).  As a member of the Retroviridae family of viruses, lentiviruses 

have the potential to begin replication and disrupt host cell functions (Chatterjee and 

De, 2014).  To minimize this possibility in the lentiviruses used for viral transduction, 

self-inactivating vectors have been created that have a deletion of the viral replication 

promoter (Petersen et al., 2014).   

Cells from many species have been successfully transduced with viral vectors, 

and specific cell lines from the horse include equine adipose-derived stromal cells, 

equine adipose-derived MSCs, equine chondrocytes, equine synovial cells, and equine 

bone marrow-derived MSCs (Donofrio et al., 2010; Ishihara et al., 2006; Petersen et al., 

2014).  Although many genes can be inserted into cell genomes via viral vectors, a 

common gene product for cell tracking is green fluorescent protein (GFP).  When cells 

express GFP, the exact location of that transplanted cell can readily be obtained ex vivo 

or even in vivo for certain animals (Chatterjee and De, 2014).  The addition of GFP 

transgenes via transduction allows for the expression of GFP throughout the life of the 
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cell.  This provides dynamic and long-term imaging and tracking capabilities (Chatterjee 

and De, 2014).  However, the main side effect of the in vitro transduction process prior 

to transplantation is cytotoxicity with resultant diminished cell function (Ishihara et al., 

2006; Petersen et al., 2014).   

 

Iron Oxide Cell Labeling 

 Another method of cell labeling involves intracellular uptake of 

superparamagnetic iron oxide (SPIO) particles.  SPIO nanoparticles are one type of 

magnetic resonance imaging (MRI) contrast agent which are readily taken up into many 

different cell types by micropinocytosis or phagocytosis (Bourzac et al., 2014; Bulte and 

Daldrup-Link, 2018; Burk et al., 2016).  Cells labeled with SPIO can be detected and 

localized by multiple modalities.  They can be detected with MRI studies, as the SPIO 

nanoparticles cause magnetic field perturbations and are typically visualized as signal 

void susceptibility artifacts (Bulte and Daldrup-Link, 2018; Burk et al., 2016).  The SPIO 

nanoparticles are not degraded to any appreciable degree, and this allows relatively 

long-term tracking of transplanted cells.  Using low-field MRI, tracking of equine MSCs 

labeled with SPIO was successful over a period of 8 weeks in nine horses with acquired 

tendon disease (Berner et al., 2016).  Cells labeled with SPIO nanoparticles can also be 

tracked histologically.  Prussian Blue stain binds iron, and by using Prussian Blue stain 

on fixed tissues, cells previously labeled with SPIO can be identified histologically (Burk 

et al., 2016).  This has been described in an ovine model of tendon disease, where the 

Prussian blue-positive cells within tendons corresponded to the areas of signal void on 

MRI studies (Scharf et al., 2015).  Unfortunately, Prussian Blue staining may occur at 
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sites of injury regardless of SPIO labeling due to red blood cell degradation and 

hemosiderophages (Burk et al., 2016). 

The benefits of using SPIO labeling for multimodal cell tracking are clear.  

However, there are some studies that suggest cell function may be impaired after 

labeling with SPIO nanoparticles.  MSCs isolated from human patients had impaired 

chondrogenic differentiation after SPIO labeling (Bulte and Daldrup-Link, 2018; Kostura 

et al., 2004).  Cell viability and proliferation was not altered in these cells, but they were 

not able to form extracellular proteoglycan matrix as well as MSCs that were not labeled 

with SPIO (Bulte and Daldrup-Link, 2018; Kostura et al., 2004).  Altered cell function 

after SPIO nanoparticle labeling has also been observed in other cell types.  The 

migration ability of swine and rat EPCs were negatively affected after labeling with SPIO 

nanoparticles (Yang et al., 2010).   

 

Labeling Cells with Fluorescent Quantum Dot Nanocrystals 

 Cells of many different types can be labeled with intracellular fluorescent 

molecules, and one of the most commonly utilized is the fluorescent quantum dot (QD) 

nanocrystal label.  QD labeling particles are fluorescent over a wide range of emission 

frequencies and are internalized into cells via a mechanism believed to be independent 

of any specific enzymatic process (Tholouli et al., 2008).  Since QD are readily 

internalized by an enzyme-independent mechanism, they are able to be taken up by 

many different cells across different species (Matea et al., 2017; Zhao et al., 2018).  

Cells labeled with QD maintain some QD label and also pass QD label on to progeny 
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cells during proliferation.  Cell function is commonly unaffected by QD label (Molnar et 

al., 2010).  Since most cells do not metabolize the QD label, in vitro and in vivo 

detection can be achieved over a relatively long time frame (Li et al., 2016; Sugaya et 

al., 2016; Tholouli et al., 2008).   

 One study evaluated the QD label in human MSCs and found that a strong 

fluorescent QD signal was still observed after seven days of cell culture.  This same 

study observed that MSCs labeled with QD could be identified via fluorescent emission 

of the QD label three weeks after transplantation into the subcutaneous tissue of mice 

(Li et al., 2016).  Rabbit MSCs were also labeled with QD label in an osteonecrosis 

model, and the differentiation and location of transplanted MSCs could be observed as 

late as 24 weeks post-transplantation (Sugaya et al., 2016).  This was verified within 

osteoblasts in newly regenerated tissue by electron microscopy, thus proving that the 

regenerated tissue was derived from the transplanted QD-labeled MSCs (Sugaya et al., 

2016).  Cell function was unaffected by the QD label in these MSCs, a similar finding 

with rat EPCs labeled with QD (Molnar et al., 2010).  The use of QD labels with various 

alterations has been used in human medicine.  A specific cell type, such as neoplastic 

cells, may be detected in human tissue or blood using QD labels as biosensors.  Using 

a graphene QD label functionalized with an aptamer that binds to neoplastic cell 

receptors, circulating tumor cells could be detected in human blood samples with a 

sensitivity as high as ten tumor cells in a whole blood sample (Cui et al., 2019).  

Functionalized QD labels have also been used for detection of cancer cells in human 

tissue.  A QD label conjugated to a prostate stem cell antigen monoclonal antibody was 

able to detect the presence of human urothelial cancer cells in cell culture, and the 
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investigators of that study speculated that this QD-based detection probe could be used 

for early diagnosis of this cancer from surgical biopsies taken from patients (Yuan et al., 

2018). 

 Cell labeling with QD has also been performed in multiple disease models in the 

horse.  In one study, four horses had bilateral tendonitis lesions created by injecting 

collagenase into the superficial digital flexor tendons (Carvalho et al., 2014).  Adipose-

derived equine MSCs labeled with QD were implanted into one tendon lesion per horse, 

and QD-labeled MSCs were detected two weeks later in the tendons which received the 

MSC injections as well as within the circulating peripheral blood (Carvalho et al., 2014).  

However, no QD-labeled MSCs were observed in the contralateral tendonitis lesion.  

Another study evaluated QD-labeled MSCs combined with an alginate hydrogel as 

therapy for experimental equine carpal bone lesions (Santos et al., 2019).  QD-labeled 

MSCs were observed in the cartilage and common joint capsule for seven days and in 

the synovial fluid in very low numbers at 21 days post-injury (Santos et al., 2019).   

Further evaluation of QD label in equine ECFCs is warranted, because the 

effects of QD label on cell function differs between cell types and is unknown for equine 

ECFCs.  Regenerative therapy using MSCs has demonstrated benefit in the horse, but 

knowing if therapeutic cells can be safely and accurately tracked in vivo using a QD 

label is a crucial first step for the clinical use of MSCs or ECFCs in equine wounds. 
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1.6 Equine regenerative therapy 
 

 Regenerative cellular therapy with and without biomaterials has been 

investigated in equine medicine.  Although bone defects, ligament damage, and joint 

damage have been investigated, the majority of studies utilizing regenerative cellular 

therapy in the horse involve using MSCs for tendinopathies (Lopez and Jarazo, 2015; 

Ortved and Nixon, 2016).  Equine MSCs have been isolated from many different 

anatomic locations, but due to ease of sampling as well as osteogenic and 

chondrogenic capacity, bone marrow-derived MSCs are most commonly used (Ortved 

and Nixon, 2016; Toupadakis et al., 2010; Vidal et al., 2008).  These cellular 

populations are important for direct tissue regeneration in connective tissue disorders, 

however MSCs have also demonstrated the ability to promote wound healing by 

regulating local inflammation (Yamada et al., 2016).  The use of autologous, culture-

expanded MSCs has been associated with improved healing of connective tissue 

diseases in many animal models in addition to the horse (Fortier et al., 2010; He et al., 

2015; Lee et al., 2017; Romero et al., 2017). 

 Stem cell therapy has also demonstrated improved healing of naturally-occurring 

tendon injuries in the horse.  In one study of 12 horses with naturally-occurring injuries 

to their superficial digital flexor tendons, horses were administered either saline (control) 

or autologous bone marrow-derived MSCs injected into the damaged tendon (Smith et 

al., 2013).  Horses treated with autologous MSCs had significant improvements in the 

biomechanical, morphological, and composition characteristics of the tendons 

compared to the control group (Smith et al., 2013).  Another study evaluated the re-

injury rate of race horses treated with MSCs after overstrain injuries of their superficial 



35 
 

digital flexor tendons (Godwin et al., 2012).  This study found that horses given intra-

lesional injections of autologous MSCs had a significantly lower re-injury rate compared 

to published historical re-injury rates for the same tendon disease (Smith et al., 2013).  

Improved tendon healing has been observed with MSCs and with embryonic stem cells 

(ESCs).  One study found that horses with collagenase-induced tendinopathy treated 

with intra-lesional fetal-derived ESCs had a smaller tendon lesion size and improved 

tendon tissue architecture based on ultrasound and histology compared to control 

horses (Watts et al., 2011). 

 Research in the field of equine regenerative medicine has shown that equine 

MSCs and other cells can improve tissue healing in disease models and naturally-

occurring diseases.  However, challenges regarding cell delivery and local cell retention 

remain (Guest et al., 2010; Lopez and Jarazo, 2015; Ortved and Nixon, 2016).  Equine 

MSCs injected into tendon lesions are observed at the site of injection but are also 

observed circulating in the peripheral blood up to seven days after intra-lesional 

injection (Carvalho et al., 2014).  In some equine models of bilateral superficial digital 

flexor tendinopathy or metacarpal ostectomy, MSCs and ESCs have been observed to 

migrate from the local injection site to the lesion on the contralateral limb (Guest et al., 

2010; McDuffee et al., 2012).  As studies performed in vitro have documented, there is 

low cell survival when delivered through a syringe and needle (Aguado et al., 2012; 

Guest et al., 2010).  Equine MSCs that were injected into a superficial digital flexor 

tendon lesion demonstrated only a 5% survival at 10 days post-implantation (Guest et 

al., 2010).  To improve cell survival and local cell retention at site of implantation, some 

equine studies have combined cells and biomaterials.  An alginate hydrogel biomaterial 
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was used to encapsulate equine MSCs for injection into horses with experimentally 

induced osteoarthritis lesions (Santos et al., 2019).  These cells were observed to have 

good survival post-implantation; cell migration into the surrounding synovial fluid and 

peripheral blood was minimal (Santos et al., 2019).  Results of these studies are 

encouraging for the use of a combination of biomaterial and stem or progenitor cells in 

equine regenerative medicine.  However, the use of equine ECFCs has not been 

investigated. 

 

1.7 Justification for study 
 

 The use of MSCs is attractive for connective tissue diseases, as MSCs can 

undergo chondrogenic and osteogenic differentiation to regenerate ligaments, tendons, 

or bone.  The MSC may not be the ideal cell type to use for other wounds, such as 

those primarily characterized by vascular damage or dysfunction.  As described above, 

the equine distal limb wound may have poor healing due to protracted inflammation and 

vascular dysfunction.  Based on the observed success treating connective tissue 

disorders with a cell such as MSCs that can differentiate into connective tissue, treating 

a wound with significant vascular compromise such as equine distal limb wounds with 

ECFCs is promising.   

Equine distal limb wounds have microvessel occlusion, endothelial hypertrophy, 

and vascular damage, all of which contribute to local tissue hypoxia (Dubuc et al., 2006; 

Lepault et al., 2005).  Local tissue ischemia and hypoxia may provide a stimulus for 

inflammatory cell presence, as a persistent pro-inflammatory state is observed in these 
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wounds (Theoret et al., 2013; Wilmink et al., 1999).  Restoration of adequate tissue 

blood supply with functional microvessels should be achieved with local endothelial cell 

repair and de novo blood vessel formation, known attributes of the ECFC (Asahara et 

al., 1997; Minami et al., 2015).  Our research group has optimized the isolation of 

equine ECFCs (Salter et al., 2015; Sharpe et al., 2016) and does so routinely with 

peripheral blood sampling.  Equine ECFCs form prominent tubules in vitro, and ECFCs 

have been described as directly incorporating into newly formed blood vessels in 

wounds and ischemic conditions.  Therefore, equine distal limb wounds may benefit 

from local implantation of equine ECFCs.   

Certain challenges exist for the clinical use of equine ECFCs, and these should 

first be addressed using in vivo wound models.  Determining how injected ECFCs 

contribute to wound healing in the horse will be accomplished by being able to track the 

location and migration of cells over the course of a study.  Many different cell types 

readily take up QD label with no ill affects on cell growth or function (Matea et al., 2017; 

Zhao et al., 2018), but this should be evaluated in equine ECFCs prior to in vivo use.  

Injected cells may experience cell death or emigrate away from the site of injection 

(Aguado et al., 2012; Zhang et al., 2001).  Combining injected cells with a hydrogel 

biomaterial has proven protective effects for these cells during the injection (Aguado et 

al., 2012), and both improved cell survival and local retention has been documented for 

equine MSCs combined with a hydrogel biomaterial (Santos et al., 2019). 

The combination of equine ECFCs with the biomaterial PEG-Fb has been 

investigated by our group.  ECFCs have the ability to differentiate into mature 

endothelial cells and assist in vascular repair, both characteristics which should be 
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beneficial to the equine distal limb wound.  This benefit should be optimized with the 

improved cell viability and local retention of injected ECFCs by use of the biomaterial 

PEG-Fb.  Tracking the injected cells’ location and understanding the effect of local 

inflammation on injected ECFCs will also help define the utility of using ECFCs in 

equine distal limb wounds. 
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Chapter 2: Study aims and hypotheses 
 

Specific aims  

1) Equine ECFCs have characteristics which make them an attractive therapeutic 

option for distal limb wounds in the horse.  In order to more completely 

understand the role that ECFCs play once implanted in distal limb wounds, a 

method for tracking the cells’ location and migration must be identified.  

Techniques for labeling equine ECFCs should be evaluated to identify a cell label 

which will assist cell tracking but not interfere with cell function in vivo.  The aim 

of the first part of this study was to evaluate the feasibility of labeling ECFCs with 

semiconductor quantum nanodots (QD) and subsequently analyze ECFC growth 

and function post-labeling in vitro. 

2) Equine distal limb wounds have been characterized by vascular damage and 

dysfunction, which suggest that therapy with ECFCs may be of benefit.  The aim 

of the second part of the study was to utilize equine ECFCs, alone and in 

combination with an injectable format of the biomaterial PEG-Fb, in a distal limb 

wound model in the horse.  Additional aims were to track the location of injected 

cells and understand the role that ECFCs encapsulated in PEG-Fb had on 

wound healing. 

3) Distal limb wounds in the horse have protracted inflammation locally, which is 

thought to negatively affect wound healing.  Various stem and progenitor cells 

have been evaluated in environments containing inflammatory cytokines, and the 

function of these cells can be negatively impacted during this exposure.  The aim 
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of the third part of this study was to study the effects of tumor necrosis factor 

alpha exposure on equine ECFC function.   

 

Hypotheses 

1) Equine ECFCs can be effectively labeled with semiconductor quantum dots. 

2) Once labeled with QD, equine ECFCs will not have a decline in cell growth or 

function. 

3) Tracking QD-labeled ECFCs, both with and without PEG-Fb encapsulation, 

post-injection into an equine distal limb wound model will be feasible, and 

injected ECFCs will incorporate into and form new blood vessels in vivo. 

4) ECFCs injected into an equine distal limb wound model will increase wound 

vascularization, decrease wound inflammation, and decrease granulation tissue 

compared to control injections, effects enhanced when ECFCs are combined 

with PEG-Fb. 

5) Equine ECFCs will demonstrate a decline in cell growth rate, migration rate, 

and ability to form in vitro tubules and uptake LDL with exposure to tumor 

necrosis factor alpha. 
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Chapter 3: Growth and function of equine endothelial progenitor cells labeled 
with semiconductor quantum dots  

 

3.1 Introduction    
 

Quantum dot (QD) nanocrystals are fluorescent cell labeling particles composed 

of semiconductor nanocrystals typically consisting of a heavy metal core such as CdSe 

coated with a high band-gap semiconductor such as ZnS (Tholouli et al., 2008).  QD 

nanocrystals are internalized into the cytoplasm of cells with an enzyme-independent 

mechanism; therefore, they are used to label a variety of cell types in vitro (Pi et al., 

2010).  QD nanocrystals have a high fluorescent efficiency and minimal tendency to 

photobleach making them desirable for cell labeling with in vitro and in vivo applications 

(Pi et al., 2010; Tholouli et al., 2008). The use of QD labeling also has the advantage of 

multiple color spectra for labeling different cell types and longevity of the label for in vivo 

cell tracking. Both short-term tracking of QD-labeled cells over 7-10 days, as well as 

longer term tracking of QD-labeled cells up to 24 weeks have been demonstrated in 

multiple different cell types (Lee et al., 2015; Mannucci et al., 2017; Rosen et al., 2007; 

Sugaya et al., 2016). In addition to the imaging advantages, QD labeled cells do not 

transfer their QD label to surrounding cells with cell death (Molnar et al., 2010; Pi et al., 

2010; Tholouli et al., 2008; Wu et al., 2003). Although the mechanism of QD label loss 

differs between cell types and must be tested for each new cell type, typically cells do 

not metabolize the QD label, meaning that labeled cells retain the QD and also pass the 

QD on to subsequent progeny cells during cytoplasmic partition with cell division 

(Molnar et al., 2010; Pi et al., 2010).  
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Tracking of stem and progenitor cells is essential to determine engraftment after 

administration. Multiple types of cell labeling strategies have been employed for in vitro 

and in vivo tracking including cell transduction with subsequent green fluorescent 

protein expression, superparamagnetic iron oxide (SPIO) nanoparticles, and QD 

nanocrystals (Burk et al., 2016; Hardman, 2006; Peterson GF, 2014). Important criteria 

when assessing the potential of a cell labeling strategy for use include ease of use, 

efficacy of label, and ability to maintain cellular phenotype after label. Outcomes 

frequently differ between cell types and between species. Therefore, detailed in vitro 

investigation is critical prior to use with in vivo cell tracking experiments. Concerns exist 

over the possibility of replication-competent lentivirus with transduction, and 

identification of SPIO containing cells ex vivo using Prussian blue stain has specificity 

problems (Burk et al., 2016; Peterson GF, 2014). In recent years, QD labeling has 

gained prevalence for use and has been used in many different cell types (including 

human endothelial progenitor cells) and species (Lee et al., 2015; Mannucci et al., 

2017; Molnar et al., 2010; Pi et al., 2010). Different mechanisms of label loss exist 

among the cell types studied (Molnar et al., 2010; Pi et al., 2010). In the mouse, one 

study showed that embryonic fibroblasts lost QD label from cell proliferation, but 

embryonic stem cells lost QD label at least in part from label degradation and excretion 

(Pi et al., 2010). In another study of mouse embryonic stem cells labeled with QD, a 

loss of QD label was suggested to occur from either cell division or leaking of the label 

from the cell (Burk et al., 2016; Lin et al., 2007). A study using human endothelial 

progenitor cells suggested that QD label loss occurred primarily from cell division 

(Molnar et al., 2010).   
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The recent isolation and in vitro work with equine endothelial progenitor cells 

(EPCs) and their subset endothelial colony forming cells (ECFCs) is promising for the in 

vivo, regenerative use of ECFCs as therapeutic agents (Hardman, 2006; Peterson GF, 

2014; Salter et al., 2015; Sharpe et al., 2016).  Although QD labeling has been used for 

cell tracking of equine mesenchymal stem cells (Carvalho et al., 2014; Falomo et al., 

2015), there are no studies evaluating the effects of this label on function of equine 

ECFCs or mechanism of label loss. Prior to in vivo vascularization studies using these 

QD-labeled ECFCs, it is important to know how ECFCs function after QD label, the 

duration of ECFC label retention and how these cells lose their label. Thus, the 

objectives of this study were to evaluate cell growth and cell function in equine ECFCs 

in vitro after QD-label. Additionally, the mechanism of QD label loss in equine ECFCs 

was investigated.    

 

3.2 Methods 
 

3.2.1 Isolation, storage, and classification of ECFCs 
 

Whole blood was collected from three, healthy, university-owned adult horses 

aged 15-26 from either the cephalic vein or the jugular vein for ECFC isolation using 

either a whole blood isolation or density gradient centrifugation isolation method as 

previously described (Salter et al., 2015; Sharpe et al., 2016). The ECFCs were 

cryopreserved at a concentration of 100,000 cells / mL in a freezing medium containing 

95% equine serum and 5% dimethyl sulfoxide and then stored in liquid nitrogen as 

passage 2 cells. ECFCs were thawed and used for all experiments at passage 3 – 5. 
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ECFCs were cultured in either 25 cm2 or 75 cm2 tissue culture polystyrene flasks in 

endothelial cell growth medium with manufacturer-supplied growth factors and anti-

microbials (EGM-2 with Bullet Kit, Lonza, Visp, Switzerland) with equine serum at a final 

concentration of 10% (HyClone Laboratories Inc, Logan, UT, USA) at standard cell 

culture conditions (37° C, 5% CO2, 95% humidity). ECFCs were defined as late-

outgrowth EPCs based on characteristic cobblestone morphology (Figure 3) and rapid 

in vitro cell division (Salter et al., 2015). The ECFCs used in this study expressed CD34, 

CD105, VEGFR-2, vWF, and CD14, formed vascular tubules on basement membrane 

(Figure 4) and also had receptor-mediated uptake of fluorescently-labeled acetylated 

low-density lipoprotein (DiO-Ac-LDL) (Biomedical Technologies Inc, Stoughton, MA, 

USA), consistent with our group’s previous work (Salter et al., 2015). 

 

3.2.2 Cell labeling 
 

Preliminary work was performed to assess the signal intensity of QD 

fluorescence in ECFCs.  ECFCs were labeled with fluorescent quantum dots (QD) with 

an emission maximum at 655 nm (Qtracker® 655 Cell Labeling Kit, Invitrogen, CA, 

USA) based on manufacturer instructions for labeling adherent cells. Briefly, the 

Qtracker® nanocrystals were added to the Qtracker® carrier of phosphate buffered 

saline (PBS) and incubated at room temperature for 5 min.  Fresh complete growth 

medium was then added, and this was vortexed for 30 sec.  Cell culture medium was 

removed from adherent cells in a 25 cm2 cell culture flask, the cells were washed with 

PBS, and then the QD containing mixture was added to the cell culture flask.  The cells   
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Figure 3. ECFC monolayer in culture. Photomicrograph of endothelial colony forming 
cells adherent to a cell culture flask demonstrating the characteristic “cobblestone” 
morphology. Scale bar is 100 µm. 
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Figure 4. In vitro ECFC functional assays.  A) Photomicrograph of ECFCs forming 
tubules in vitro throughout the entire field of view. B) Fluorescent photomicrograph 
demonstrating uptake of acetylated low density lipoprotein (red color) by ECFCs in vitro. 
Nuclei are stained blue with DAPI. Scale bars are 100 µm. 

  

A B 
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were then incubated at standard cell culture conditions. In a preliminary study, 

concentrations of QD ranging from 2 – 20 nM were used with QD label contact time of 

12 hr and 24 hr used for each concentration.  Fluorescent intensity was subjectively 

assessed with fluorescent microscopy. Cells were labeled with 5 nM and 20 nM with a 

label contact time of 24 hr for this study. 

 

3.2.3 Measurement of cell growth after QD labeling 
 

For cell growth experiments, ECFC lines from 3 horses (N=3) were tested 

individually. ECFCs from passage (P)3 were seeded into collagen-coated (50 µg/mL) 25 

cm2 cell culture flasks with 75,000 cells (3,000 cells/cm2) for each QD-labeled and 

control condition. Once the cells were ~50% confluent, they were labeled with 20 nM 

QD or left unlabeled for 24 hr. After reaching 80% confluency, cells were subcultured by 

adding trypsin-EDTA at 0.25 mg/mL (Lonza, Visp, Switzerland) and incubating at 37° C 

for 1 min. Trypsin was neutralized with an equal volume of fresh ECFC culture medium, 

followed by centrifugation at 200 x g for 5 min. Cells were then reseeded onto collagen-

coated 75 cm2 cell culture flasks with 225,000 cells per flask (3,000 cells/cm2). Cell 

seeding density after each subculture, cell number at the time of subculture, and time 

(hours) between subcultures were recorded and used to determine the number of cell 

doublings (NCD) in each 24 hr period as well as the population doubling time (PDT) in 

hours. Additionally, the cumulative population doubling level (CPDL) was determined 

from the cell count. Cell counts were performed using standard cell culture protocol 

where 4 fields were counted on the hemocytometer and then averaged before applying 
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the dilution multiplier to obtain the final cell counts. This was performed in triplicate at all 

subcultures. NCD was calculated as: NCD = [
 log2 CHCS

Number of days
], where CH was the number 

of cells at the time of subculture and CS was the number of cells seeded. PDT was 

calculated as: PDT =  Total number of hours
NCD

. The CPDL was calculated as: PDL =

log10(CH)−log10(CS)
log10(2)

 . The calculated PDL for each subculture was then added to the 

previous subculture PDL to determine CPDL. Cells were subcultured at 80% confluency 

to ensure that the cells remained in log growth. Cells were subcultured until P10.  

 

3.2.4 Quantification of QD label 
 

To quantify the amount of QD label over multiple cell passages using flow 

cytometry, each of the ECFC cell lines at P3 from three horses were subjected to the 

same labeling procedures as described above and the following conditions: unlabeled 

cells, 5 nM, and 20 nM QD. Subculture procedures were as described above. After 

labeled cells reached 80% confluency, cells were reseeded onto collagen-coated 25 

cm2 cell culture flasks at a 1:4 ratio. Cells were subcultured in this manner out to P10.  

At each passage, cells that were not used to seed the cell culture flasks were 

washed with 10 mL of calcium-free, magnesium-free PBS solution and then centrifuged 

at 200 x g for 5 min. The PBS solution was removed, 1 mL of 4% paraformaldehyde 

solution was added, and the cells were incubated at room temperature (25° C) for 20 

min. Cells were then centrifuged at 200 x g for 5 min, washed with PBS solution, 

resuspended in 1% Bovine serum albumin (BSA) solution (OmniPur, Gibbstown, NJ, 
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USA), and kept at 4° C. Immediately prior to flow cytometry analysis, the fixed cells 

were filtered through a 35 µm mesh. Using a 675-25-H flow cytometry filter, a total of 

15,000 events were collected for each sample, with forward scatter versus side scatter 

plots used for imaging (BD Accuri C6 flow cytometer, BD Biosciences, Brea, CA, USA). 

Gates were set to select for live cultured cells, with elimination of doubled cells, dead 

cells, and debris (BD Accuri C6 software, BD Biosciences, Brea, CA, USA).   

 

3.2.5 Assessment of cell function after QD label 
 

ECFCs from P3 from each horse cell line (N=3) were seeded at 75,000 cells per 

flask into two 25 cm2 cell culture flasks, cultured until 50% confluent, and then left 

unlabeled or labeled with 20 nM QD. Once cells were ~80% confluent, they were 

subcultured using trypsin-EDTA as described above and used in either tubule formation 

assays or DiO-Ac-LDL uptake assays. A 96-well cell culture disk was prepared with 75 

µL/well of solubilized basement membrane (BD Matrigel Basement Membrane Matrix, 

BD Biosciences, Bedford, MA, USA), which was incubated for 30 min at 37° C prior to 

cell seeding. Each well was seeded with 10,000 cells and then incubated at 37° C. 

Vascular tubule formation was assessed at 24 h post seeding. Three replicates of 

duplicate assays were performed for each horse cell line. The presence or absence of 

tubule formation was noted using light microscopy. Tubule quality score was 

subjectively scored as previously described (Salter et al., 2015) (1 = no tubule 

formation, 2 = tubules projecting from cells but no connections between cells, 3 = 

vascular tubule formation with connecting tubules in < 50% of the field, and 4 = vascular 
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tubule formation with connecting tubules in > 50% of the field). Tubule quality scores 

were assessed by one investigator (RLW) who was blinded to cell labeling conditions.   

ECFCs labeled with 20 nM QD and unlabeled ECFCs were seeded in duplicate 

at a density of 50,000 cells / well into 12-well cell culture plates that had been previously 

coated with collagen. Once cells were ~50-80% confluent, DiO-Ac-LDL, diluted in pre-

warmed supplemented medium, was added to a final concentration of 50 µg/mL. Cells 

were incubated with DiO-Ac-LDL for 4 hr at standard cell culture conditions. After 

incubation, the cells were washed three times with fresh cell culture medium. Cells were 

then harvested with a trypsin-EDTA solution and centrifuged at 200 x g for 5 min. Cells 

were washed with PBS solution and fixed with 4% paraformaldehyde as described 

above. Cells were then washed with PBS, resuspended in 1% BSA solution, and filtered 

through a 35 µm mesh immediately prior to flow cytometric analysis. DiO-Ac-LDL has 

an emission peak at 507 nm, so a FLH-1 flow cytometry gate was used for analysis. A 

total of 15,000 events were collected for each duplicate sample, with forward scatter 

versus side scatter plots used for imaging. Gates were set to select for live cultured 

cells, with elimination of doubled cells, dead cells, and debris.  

 

3.2.6 Determining mechanism of QD label loss 
 

ECFCs from each horse cell line (N=3) were seeded as P4 in a 25 cm2 cell 

culture flask and labeled with 20 nM of QD or left unlabeled as described above. Once 

these cells were ~80% confluent, they were subcultured at 150,000 cells/well (40,000 

cells/cm2) into 12-well cell culture plates previously coated with collagen. Four wells 
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were seeded for each test condition which included: unlabeled cells with and without a 

growth inhibitor and 20 nM QD labeled cells with and without a growth inhibitor, 

mitomycin C (MMC) (Sigma-Aldrich, MO, USA). At initial seeding of the wells, the 

growth-inhibited wells contained supplemented cell culture medium with 20 µg/ml MMC 

(Appendix A). After 24 hr in standard cell culture conditions, the cell culture media was 

removed and replaced with either standard cell culture medium or MMC-containing 

supplemented cell culture medium as appropriate. Cells were harvested from two wells 

per condition after 24 hr using trypsin-EDTA. These cells were prepared for flow 

cytometry and analyzed for QD quantification as described above. After an additional 24 

hr in standard cell culture conditions, the remaining cells were harvested and analyzed 

with flow cytometry.   

 

3.2.7 Statistical analysis 
 

All statistical analyses were performed with commercially available statistical 

software (JMP®, Version 13.0.0 SAS Institute Inc., Cary, NC, USA).  Data were 

assessed for normality using a Shapiro-Wilk test. Cell growth data with a normal 

distribution were expressed as mean +/- SD and compared using either a Student’s t-

test or ANOVA. The decline in QD fluorescence data and CPDL with a nonparametric 

distribution were expressed as median (range) and compared using a Wilcoxon rank 

sums or Kruskal Wallis test. Tubule formation categorical data were analyzed by a 

Fischer’s exact t-test. Significance was assessed as a P value <0.05.  
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3.3 Results 
 

3.3.1 Preliminary assessment of QD labeling 
 

ECFCs were readily labeled with QD at concentrations as low as 2 nM (Figure 5), 

with an increase in fluorescent emission intensity as label concentrations increased to 

20 nM.  Label concentrations of 2 nM, 5 nM, 10 nM, and 20 nM were evaluated in 

duplicate, with each label concentration having one condition with a 12 hr contact time 

and another condition with a 24 hr contact time.  For each label concentration, the 24 hr 

label contact time had a subjectively brighter fluorescent emission intensity than the 12 

hr label contact time condition (Figure 5).  ECFCs labeled with 5 nM QD were imaged 

while adherent immediately before fixation and immediately after fixation (Figure 6), and 

4% paraformaldehyde did not diminish the fluorescent emission intensity of QD within 

the ECFCs.  Additionally, after fixation, these QD labeled ECFCs were exposed to light 

for 24 hr and then imaged again.  After 24 hr of exposure to light, the fluorescent 

emission intensity was not diminished, but rather was brighter (Figure 6).   

Flow cytometric analysis of QD labeled ECFCs was successful, and a strong 

positive signal in the 675-25-H filter immediately after fixation was observed (Figure 7).  

To evaluate the QD fluorescent emission over time, these same QD labeled ECFCs 

were evaluated again by flow cytometric analysis two weeks later with no decline in 

fluorescent emission intensity (Figure 7). 
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Figure 5. ECFCs labeled with quantum dots in vitro.  ECFCs labeled with concentrations 
of QD of 2 nM, 5 nM, 10 nM, and 20 nM, with 12 hr label contact time (top row) and 24 
hr label contact time (bottom row). Scale bars are 50 µm. 
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Figure 6. Effect of paraformaldehyde fixation and light exposure on QD fluorescence.  
Fluorescent photomicrographs of ECFCs labeled with 5 nM QD, A) pre-fixation;           
B) immediately after fixation; and C) after 24 hr of light exposure after fixation. These 
images demonstrate that fluorescent emission of QD does not decline with fixation or 
with light exposure. Scale bars are 100 µm. 
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Figure 7. Flow cytometric analysis of the effects of paraformaldehyde fixation and light 
exposure on QD fluorescence.  Flow cytometric data demonstrating fluorescent intensity 
in a 675-25-H filter of non-labeled ECFCs (A), ECFCs labeled with 5 nM QD 
immediately after fixation (B), and ECFCs labeled with 5nM QD 2 weeks after fixation 
(C).  This demonstrates there is no decline in fluorescent emission intensity over a 2 
week period. 
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3.3.2 QD effects on cell growth 
 

Cell growth parameters were not different between QD labeled and unlabeled 

cells at any passage. NCD, PDT, and CPDL data were assessed in QD labeled P4 – 

P10 ECFCs for all horse cell lines (N=3). NCD for unlabeled ECFCs were not 

significantly different compared to QD-labeled ECFCs (P=0.95), indicating that QD label 

did not affect the NCD. PDT for unlabeled ECFCs was not significantly different 

compared to QD-labeled ECFCs (P=0.91), indicating that QD label did not affect the 

PDT. The maximum CPDL at P10 for unlabeled ECFCs (27.9, 26.14 – 28.48 cell 

doublings) was not different compared to QD-labeled ECFCs (28.27, 25.97 – 28.3 cell 

doublings, P=0.83). NCD and PDT in both labeled and unlabeled cells by passage 

number are shown in Figure 8.  

 

3.3.3 Quantification of QD over cell passages 
 

ECFCs labeled with 20 nM QD had a greater fluorescent signal intensity at 

multiple time points compared to ECFCs labeled with 5 nM QD, but the percent of 

ECFCs still labeled declined at a similar rate in each label concentration.  Flow 

cytometry was used to determine the percentage of QD labeled ECFCs by passage and 

the mean fluorescent signal intensity from P3-P10 (Figure 9). ECFCs labeled with 5 nM 

had a similar decline in the percentage of labeled cells as ECFCs labeled with 20 nM 

(Figure 9) with 100% labeled at P3 and almost 0% labeled at P10. Although there were 

no differences in the percentage of cells labeled between 5 nM and 20 nM QD, the 20  
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Figure 8.  Influence of QD labeling on cell growth.  (A) Population doubling time in hours 
and (B) number of cell doublings per day by passage for unlabeled ECFCs and ECFCs 
labeled with 20 nM QD.  Each time point is the mean ± SD of data from 3 horses. 
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Figure 9. Decrease in percent fluorescent cells and fluorescent intensity over 
consecutive passages.  A) Percentage of fluorescent labeled ECFCs (n=3) over time for 
5 nM and 20 nM QD label concentrations. B) Decrease in mean fluorescent intensity in 
ECFCs (n=3) over time for 5 nM and 20 nM QD label concentrations. Data is displayed 
as mean +/- SD. * indicates significant differences (P<0.05). 
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nM QD labeled ECFCs had a significantly greater mean fluorescent signal at P3 (flow 

cytometric analysis performed immediately after the 24 hr label contact period at the 

initial labeling), P6, P7, and P9 (P=0.035, P=0.031, P=0.003, P=0.27, respectively) 

compared to the 5 nM QD labeled ECFCs (Figure 9).  A representative flow cytometric 

analysis for one horse in Figure 10 shows the percentage of cells labeled by each 

individual passage for both 5 nM and 20 nM label concentrations (Figure 10).  

Regardless of initial label concentration, the decline in percentage of labeled cells over 

consecutive passages is similar (Figure 10). 

 

3.3.4 Cell function after label 
 

The ability of ECFCs to uptake LDL and form tubules in vitro was not affected by 

the QD label. Flow cytometry was used to assess the percentage of unlabeled ECFCs 

and of 20 nM QD-labeled ECFCs that had DiO-Ac-LDL uptake in all horse cell lines 

(N=3) at P4. The percentage of ECFCs with DiO-Ac-LDL uptake was 99.17% +/- 0.45% 

for unlabeled cells and 98.93% +/- 0.68% for QD labeled cells, with no significant 

differences between these two groups (P=0.33). A representative photomicrograph of 

the uptake of DiO-Ac-LDL by unlabeled ECFCs and QD-labeled ECFCs is shown in 

Figure 11, and the cytoplasmic localization of QD label is also evident in this figure.  

ECFCs, both unlabeled and QD-labeled, were seeded onto basement membrane 

matrix as described above, and photomicrographs were used to score tubule quality in 

all horse cell lines (N=3). Three replicates of duplicate assays were performed for each 

horse cell line. The range of tubule scores in both groups was 3 - 4, and there was no  
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Figure 10. Decline in percentage of fluorescently labeled cells over consecutive 
passages.  A) Flow cytometric analysis of unlabeled ECFCs of passage 3 and 
representative flow cytometric analysis showing decline in fluorescence over continued 
cell passage in ECFCs with (B) 5 nM QD and (C) 20 nM QD label concentrations. 
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Figure 11. Influence of QD label on DiO-Ac-LDL uptake.  A) Equine ECFCs labeled with 
quantum dots but not exposed to DiO-Ac-LDL. Representative photomicrographs 
(merged images) showing cellular uptake of DiO-Ac-LDL (green) in (B, C) equine 
ECFCs previously labeled with (B) and without (C) semiconductor quantum dots (red).  
Equine ECFCs labeled with quantum dots but not exposed to DiO-Ac-LDL are shown on 
the left.  Nuclei are stained with DAPI (blue).  An enlarged image of one cell is in the 
upper right corner of A. Scale bars are 50 μm. 
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significant difference in tubule quality score between unlabeled and QD-labeled ECFCs 

(P=0.524), indicating that the presence of QD label does not inhibit tubule formation 

(Figure 12).  

 

3.3.5 Mechanism of label loss 
 

ECFCs seeded with a growth inhibitor maintained QD label longer than 

uninhibited cells showing that cell proliferation is the primary cause of QD label loss in 

ECFCs. Treatment with the cell division inhibitor MMC caused a significantly lower cell 

count in both unlabeled (P=0.0005) and QD labeled (P=<0.0001) cells versus untreated 

cells.  

There was no difference in cell counts on day 2 between unlabeled ECFCs and 

QD labeled ECFCs with (P=0.99) or without (P=0.252) MMC. The quantity of QD label 

was significantly higher (P=0.007) in MMC treated cells versus untreated QD labeled 

cells (Figure 13). The flow cytometry data shows the decline in the QD label in cells 

undergoing cell division versus those that are not (Figure 14.)   

 

3.4 Discussion 
 

Using labeled cells for cell tracking studies for in vitro or in vivo disease models is 

essential for cell localization and evaluation (Lopez and Jarazo, 2015; Ortved and 

Nixon, 2016; Sorice et al., 2016; Zubin et al., 2015).  The engraftment and differentiation 

of an injected / implanted stem cell can then be specifically determined rather than just 

speculated (Iacono et al., 2012; Smith et al., 2013).  This in vitro study of equine ECFCs  
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Figure 12.  Influence of QD label on in vitro tubule formation.  Representative photo 
micrographs of in vitro tubule formation in QD-labeled ECFCs (red). Panels A and D are 
light photo micrographs. Panels B and E are fluorescent photo micrographs. Panels C 
and F are merged images. Scale bars are 500 µm. 
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Figure 13. Inhibition of cell proliferation and QD label loss with mitomycin C.  A) Cell 
counts for control cells and QD-labeled cells with and without mitomycin C (MMC) 
added. B) Decline in percentage of QD-labeled cells in groups with and without MMC.   
* indicates a significant difference between groups (P<0.05). 
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Figure 14. Quantification of QD label loss during inhibition of cell proliferation.  Flow 
cytometric analysis of QD-labeled cells with and without mitomycin C. QD-labeled cells 
without mitomycin C (top row) have a decline in the % labeled cells over two days of cell 
division compared to cells not undergoing cell division (bottom row). 

  



66 
 

labeled with QD revealed that there are no adverse consequences of the label on cell 

growth or function.  Using QD label on cells intended for injection into an animal should 

be considered a reliable way to monitor the location and activity of the ECFCs 

(Mannucci et al., 2017; Rosen et al., 2007; Sugaya et al., 2016).  As cellular therapy 

and regenerative medicine continues to advance, understanding the activity and 

location of injected cells is paramount to understanding the true effectiveness of these 

cells (Burk et al., 2016).  Good study design which includes appropriate control groups 

will assist in this assessment, but the value of being able to objectively identify the 

location of a previously injected cell, either in vivo or ex vivo, cannot be understated. 

Based on the strong fluorescent signal emitted at many time points subsequent to the 

labeling process, using a QD label in equine ECFCs should be considered a reasonable 

option to investigators.   

 A range of concentrations of QD label can be used according to the QD manual, 

from 1 nM to greater than 20 nM.  ECFCs isolated from humans have had function 

evaluated after a QD label concentration of 8 nM with a 24 hr contact time (Molnar et 

al., 2010).  No adverse effects on the ECFCs ability to form in vitro tubules and no 

adverse effect on cell morphology up to three generations after label were observed 

(Molnar et al., 2010).  We subjectively assessed the label procedure of using 2 nM, 5 

nM, 10 nM, and 20 nM concentration with a 12 hr and 24 hr label contact time (Figure 5) 

in order to find label procedure ideal for use in equine ECFCs.  For each concentration, 

the 24 hr label contact time resulted in subjectively brighter fluorescence than the 12 hr 

label contact time.  Based on this preliminary investigation, the 20 nM concentration 

with a 24 hr label contact time had the brightest fluorescent signal.  In the present study, 
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the 20 nM QD labeled cells had a significantly higher mean fluorescent signal than the 5 

nM label at the time of label and also at three, four, and six passages after the time of 

label.  This may be an important consideration for in vivo studies in which identification 

of the injected cells post injection is planned.  Although a brighter fluorescent signal 

would be expected with label concentrations of greater than 20 nM, based on this study 

we could only assure adequate function of the labeled ECFCs up to 20 nM.    

In regenerative cellular therapy investigations, QD labels are used extensively in 

animal models for human and veterinary medicine (Lin et al., 2007; Mannucci et al., 

2017; Slotkin et al., 2007; Sugaya et al., 2016).  Other methods of cell labeling have 

been used in equine disease models such as transduction with lentivirus to induce 

green fluorescent protein production or in vitro labeling with SPIO (Burk et al., 2016; 

Hardman, 2006; Peterson GF, 2014). QD labels are easy to apply, have been shown to 

be safe in multiple cell lines, and are readily identifiable in cells long after the label is 

applied. Some studies suggest that the outer coating used in QD formation as well as 

the concentration used may affect how toxic QD is to cells (Hardman, 2006; Pelley et 

al., 2009). Lower concentrations of QD label are generally thought to be less toxic, 

which is why some studies use relatively lower concentrations of QD label (Hardman, 

2006; Molnar et al., 2010). The coating for the QD nanocrystals used in this study is a 

CdSe coating, similar to many other commercially-available QD labels. We assessed 

cell function immediately after the 24 hr incubation with the QD label in equine ECFCs, 

which would be the time point at which the QD label concentration was greatest.  No 

adverse effects on cell function, cell growth, or cell morphology up to P10 were 

observed in QD labeled cells in this study. Therefore, using a QD label concentration of 
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up to 20 nM in equine ECFCs would allow these cells to be tracked without adversely 

affecting cell behavior. The concentrations of QD used in this study were chosen based 

on preliminary work in the authors’ lab subjectively evaluating intensity of fluorescence 

of QD label concentrations. The QD concentrations of 5 nM and 20 nM were chosen 

based on the ability to subjectively differentiate the fluorescence intensity of these 

concentrations, which was considered useful for in vivo applications of tracking cells in 

tissues, and using concentrations over 20 nM was unlikely for in vivo applications. 

However, comparison of proliferative capacity and cell function at multiple other doses 

was not performed in the current study.   

In order to monitor the loss of QD label over multiple cell divisions, we chose to 

passage at a 1:4 ratio.  This allowed fewer cell divisions to occur at each passage 

compared to standard cell culture conditions.  Under standard cell culture conditions for 

ECFCs, during each passage the new cell culture flask would be seeded with 3,000 

cells / cm2 (Burk et al., 2016; Kovacic et al., 2008).  This would cause the QD label to 

decrease progressively over time, as the QD label is partitioned to daughter cells with 

division (Molnar et al., 2010; Pi et al., 2010). Using a QD label of 8 nM on human 

ECFCs at standard cell culture seeding and cell division conditions, less than 20% of 

the QD label remained after three passages (Molnar et al., 2010). In our study using a 

20 nM QD label concentration on equine ECFCs, we observed that 27.5% +/- 14% label 

remained after three passages. These cultured cells have an optimal environment for 

cell division. Quantification of the differences between in vitro and in vivo cell growth 

conditions is not straightforward, and there are many microenvironments that may not 

be optimized for ECFC division. For instance, in vivo cells experience reduced nutrients 
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and space compared to in vitro standard cell culture environments (Carvalho et al., 

2014; Falomo et al., 2015; Ortved and Nixon, 2016; Sharpe et al., 2016). This may be 

particularly true for pro-inflammatory in vivo environments where tissue oxygen and 

metabolite levels are decreased (Carvalho et al., 2014; Falomo et al., 2015; Ortved and 

Nixon, 2016). Cell function has been shown to be compromised for EPCs and other 

cells within inflammatory conditions (Carvalho et al., 2014; Falomo et al., 2015). 

Therefore, ECFCs would divide less over a given amount of time compared to that 

same time in vitro cell culture conditions.  For this reason, we chose to passage QD 

labeled ECFCs at a 1:4 ratio, to somewhat emulate the number of divisions these cells 

may have if injected in vivo.  Thus, the percentage of cells that remain labeled at each 

passage may provide relevance for understanding the QD label of ECFCs injected in 

vivo. 

Some studies using a QD label report a variable labeling efficiency in different 

cell lines, but this study shows that equine ECFCs from multiple lines are all labeled 

efficiently with QD. For studies investigating autologous cells for regenerative therapies, 

consistency of QD labeling between lines is critical to obtaining meaningful results. The 

mechanism of label loss varies by cell type. One study demonstrated that QD label was 

rapidly degraded by murine embryonic stem cells, with 15.8% +/- 2.9% of embryonic 

stem cells maintaining QD label only 48 hr after label (Pi et al., 2010).  This is in 

contrast with murine embryonic fibroblasts which maintained high levels of QD-labeled 

cells 48 hr after label, with almost 95% of embryonic fibroblasts maintaining QD label 

after 72 hr when MMC was added to cell culture media (Pi et al., 2010).  Mouse 

embryonic stem cells were also found to excrete QD label into the surrounding cell 
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culture media (Pi et al., 2010).  Human EPCs may lose QD label from cell division, and 

mouse embryonic stem cells lose QD label by cell division or leaking of the QD label 

(Lin et al., 2007; Molnar et al., 2010). In our study, we investigated the mechanism of 

label loss by blocking cell division through the addition of MMC. If QD label leakage or 

metabolism was the major mechanism of label loss in equine ECFCs, then the 

percentage of cells labeled with QD or the fluorescent intensity would have decreased 

over time in cells with and without MMC added. However, a substantial label loss was 

not observed when MMC was present. Therefore, our study shows that equine ECFCs 

have substantial loss of QD label over time due to cell division.  

 

3.5 Conclusion 
 

This study demonstrated that equine ECFCs were labeled effectively with QD 

nanocrystals, but label loss occurred as the label was partitioned to daughter cells 

during division. Equine ECFCs do not have their growth or functional characteristics 

altered with QD label, thus making this in vitro labeling procedure favorable for in vivo 

cell tracking of this cell type in horses.  
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Chapter 4: Evaluation of cell engraftment, vascularization, and inflammation after 
treatment with endothelial colony forming cells encapsulated within hydrogel 

microspheres in an equine distal limb wound model  
 

4.1 Introduction 
 

Wounds, especially of the distal limb, are costly and complicated problems for 

equine veterinary medicine (Theoret and Wilmink, 2013). In the 2015 Needs 

Assessment Survey conducted by the National Animal Health Monitoring System for 

Equine health, one of the top priorities for further focus was leg / hoof problems leading 

to lameness (NAHMS, 2014).  Approximately 7% of all injuries leading to retirement of a 

racehorse are the result of a limb wound (Perkins et al., 2005).  A common 

consideration of wound healing in the horse is that primary closure of limb wounds is 

often unsuccessful. In a retrospective study evaluating more than 500 ponies and 

horses, primary closure of limb wounds was successful in only 26% of the horses in 

which it was attempted (Wilmink et al., 2002). Without healing by primary closure, 

healing with second intention repair by granulation tissue formation is the only option.   

Poor or delayed healing of equine distal limb wounds is one of the most common 

problems faced by equine practitioners and horse owners. Distal limb wounds in the 

horse may have physical disruption of blood supply, excessive inflammation, and local 

ischemia and hypoxia, all of which contribute to the formation of exuberant granulation 

tissue (EGT) and slow wound healing times (Bertone, 1989; Celeste et al., 2011; 

Lepault et al., 2005; Theoret and Wilmink, 2013). Distal limb wounds have protracted 

inflammation and slower epithelialization compared to body wounds, in part due to poor 

wound oxygenation (Bertone, 1989; Celeste et al., 2011; Lepault et al., 2005; Theoret 



72 
 

and Wilmink, 2013).  Wounds with EGT have an abundant vascular supply, with new 

blood vessels sprouting within the EGT for rapid granulation tissue volume growth 

(Celeste et al., 2011; Theoret and Wilmink, 2013); however, these vessels may be 

dysfunctional and occluded, thus promoting fibroproliferation (Lepault et al., 2005). 

Based on their ability to heal damaged blood vessels and form new vessels in vivo, 

ECFCs may be an attractive option for promoting wound healing in distal limb wounds 

of the horse.  

   Although promising for use as an injectable treatment, there are important 

barriers to consider for ECFCs and other cellular therapies for tissue regeneration and 

repair. Direct injection of ECFCs or other cells into the wound or wound periphery is the 

most straightforward way to deliver these cells. However, the mechanical shear stress 

that these cells encounter during the injection through the needle is often enough to 

damage or kill many of the injected cells (Aguado et al., 2012). When human umbilical 

vein endothelial cells were injected through a syringe and needle in vitro, only 58.7% 

survived the injection (Aguado et al., 2012). Additionally, there are other challenges for 

cell survival once the cells are injected into tissue in vivo. Cells that are injected into or 

around damaged areas such as inflamed wounds or infarcted areas experience a harsh 

environment with reactive oxygen species or damaging inflammatory cytokines (Robey 

et al., 2008). The low retention rate of injected cells of ~5-9% in animal models of 

disease may be caused by cell death associated with either the injection or the harsh 

environment into which they are injected (Freyman et al., 2006; Yasuda et al., 2005). 

   One possible remedy to the problem of low cell retention and cell death during 

injection involves the use of a biomaterial for cell delivery, specifically a material readily 



73 
 

broken down by the body and unlikely to elicit an inflammatory reaction once injected. 

Hydrogels are 3-dimensional scaffolds composed of hydrophilic polymer chains and can 

be cross-linked into any desired shape (Seliktar, 2012). These hydrogels can also be 

coupled with oligopeptides or proteins to more strongly mimic extracellular matrix (Lutolf 

and Hubbell, 2003; Seliktar, 2012). Cells that are encapsulated in biomimetic hydrogels 

experience a microenvironment similar to the native extracellular environment (Lutolf 

and Hubbell, 2005). This may in part explain why stem or progenitor cells that are 

encapsulated into hydrogels demonstrate proliferation and long-term survival (Rafii and 

Lyden, 2003). One hydrogel biomaterial that has been investigated with cell therapy is 

poly(ethylene) glycol coupled with fibrinogen (PEG-Fb). Injecting cells that are 

surrounded by PEG or other hydrogels has been shown to enhance immediate survival 

of injected cells (Aguado et al., 2012; Zhang et al., 2008). Our group can consistently 

create cell laden PEG-Fb microspheres (MS) for injection (Seeto et al., 2017). The 

equine ECFC viability post-encapsulation was 97%, and cell marker expression and 

function was normal (Seeto et al., 2017). Encapsulated cells survived after injection 

through 18 – 23 gauge needles, and were detected in equine skin 1 week after injection 

(Seeto et al., 2017).  

   Given the potential beneficial effects of using ECFCs on wounds with vascular 

damage and the potential benefits of coupling ECFCs with the biomaterial PEG-Fb, we 

hypothesized that: 1) ECFCs injected into an equine distal limb wound model would 

participate in vascularization of the wound and form de novo blood vessels; and           

2) wound healing and vascularization would be enhanced in wounds where ECFCs are 

injected and this effect would be augmented with PEG-Fb biomaterial encapsulation. 
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We aimed to evaluate these hypotheses by non-invasive wound assessment, 

immunohistochemical (IHC) evaluation of vascularization and inflammation, and in vivo 

tracking of ECFCs that were labeled in vitro prior to injection in an equine distal wound 

model. The overall aim of this study was to evaluate the influence of ECFCs with and 

without PEG-Fb encapsulation on healing time, vascularization and inflammation of 

distal limb wounds in the horse. 

 

4.2 Methods 
 

4.2.1 Horses 
 

All procedures involving animals were approved by the Auburn University 

Institutional Animal Care and Use Committee (# 2014-2637). Six, healthy university-

owned, adult horses (ages 9 – 26 years) were utilized for autologous ECFC isolation 

and to create the distal limb wound model. Five were geldings and one was a mare. 

Breeds included warmblood (N=2), quarter horse (N=1), Tennessee walking horse 

(N=1), thoroughbred (N=1), and a thoroughbred cross (N=1). They underwent general 

physical examinations before recruitment into the study. Horses were kept free in 

individual box stalls in an environmentally-controlled building for the duration of the 

study (4 weeks) and allowed ad libitum access to grass hay and water. Horses were 

examined daily for signs of discomfort, lameness, and systemic illness. At the 

termination of the study, the animals were monitored until all wounds were completely 

healed, and then returned to their herds.  
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4.2.2 Autologous ECFC isolation and labeling 
 

    Whole blood was collected from either the cephalic vein or the jugular vein for 

autologous ECFC isolation using either a whole blood isolation or density gradient 

centrifugation isolation method as previously described (Salter et al., 2015; Sharpe et 

al., 2016). ECFCs were characterized based on cell surface markers (positive staining 

for von Willebrand factor, vascular endothelial growth factor receptor-2, CD34, CD105, 

and CD14) and in vitro formation of tubules on basement membrane and uptake of low 

density lipoprotein (Salter et al., 2015; Sharpe et al., 2016). ECFCs were cryopreserved 

in freezing medium (5% DMSO, 95% FBS), and then thawed for use as passage 3 – 5. 

ECFCs were cultured in 75 cm2 cell culture flasks with 12 mL endothelial cell growth 

medium at standard cell culture conditions (37° C, 5% CO2, 95% humidity) with 

manufacturer-supplied growth factors and anti-microbials (Lonza, Visp, Switzerland) 

and 10% equine serum (HyClone Laboratories Inc, Logan, UT). Adherent ECFCs of 

passage 3-5 were labeled with 4 nM QD, where the QD label remained in contact with 

the cells for 1 hour (Winter et al., 2018). ECFCs were then rinsed three times and fresh 

endothelial cell growth medium was added. 

 

4.2.3 Encapsulation of ECFCs  
 

PEG-fibrinogen was synthesized using a previously published method (Almany 

and Seliktar, 2005). Fibrinogen was dissolved in 8 M urea (Sigma-Aldrich, St. Louis, 

MO, USA) in PBS (Lonza) solution to obtain a final concentration of 7 mg/mL and a pH 

of 7.4. Tris (2-carboxyethyl) phosphine (Acros Organics, Geel, Belgium) was then 
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added to the solution, and it was reacted at a pH of 8. PEGDA was dissolved in urea-

PBS to obtain a final concentration of 280 mg/mL.  The fibrinogen solution was then 

slowly added to react for 3 hr in the dark at room temperature. After this reaction, 

PEGylated fibrinogen was extracted with acetone, which was followed by centrifugation 

in order to remove the acetone, and then this was dissolved in urea-PBS again for the 

purpose of dialysis. This product was then dialyzed in sterile PBS over 24 hr in the dark 

at a temperature of 4° C and then stored at -80° C. The protein content was determined 

to be 12.5 mg/mL using a Pierce BCA protein assay kit (Thermo Fisher, Dublin, OH, 

USA). The PEGylation yield was calculated as 98.1%. 

Cell encapsulation in PEG-fibrinogen hydrogel was achieved using a custom 

microfluidic polydimethylsiloxane (PDMS) system (Seeto et al., 2017). The PDMS mold 

was created using a  Sylgard 184 silicone elastomer kit (Dow Corning, Midland, MI, 

USA) by mixing the base and cure component into a polystyrene dish which contained 

the pre-assembled microfluidic channel mold. This mixture was degassed and heat-

cured at 60° C for 2 hr. The microfluidic channel mold was disassembled after curing. 

The microfluidic PDMS mold was then sonicated in 70% ethanol for purposes of 

cleaning and sterilization before and after each use. 

Before cell encapsulation, polymer precursor solution was prepared by mixing 

PEG-fibrinogen with 0.1 w/v% of Pluronic P68 (Sigma-Aldrich, St. Louis, MO, USA) 

solution, 0.1 mM of EosinY photoinitiator (Fisher Scientific, Pittsburgh, PA, USA) 

solution, 1.5 v/v% triethanolamine (Acros Organics, Geel, Belgium), and 0.39 v/v% of N-

vinylpyrrolidone (Sigma-Aldrich, St. Louis, MO, USA). ECFCs were detached from the 



77 
 

tissue culture flask, centrifuged, and then resuspended in the crosslinking precursor 

solution to a cell density of 10 million cells/mL. 

 A biosafety cabinet was used for cell encapsulation and hydrogel photo-

crosslinking to maintain sterility. The PDMS custom device had two inlets and one outlet 

where cells and polymer precursor mixtures flowed from the top inlet, and the mineral oil 

flowed from the bottom inlet using syringe pumps (Figure 15). When the streams met at 

the junction, MS were formed by emulsification. The cell-encapsulated MS were cross-

linked by a 2.7 W full spectrum visible light (Prior Scientific, Rockland, MA, USA). A 

mirror was placed behind the microfluidic device near the outlet in order to aid the 

crosslinking process by reflecting light that passed through the device. The MS were 

washed from the outlet using pre-warmed Dulbecco’s Modified Eagle Medium (DMEM) 

aided by a third syringe pump (set at 22 mL/hr). The resulting cell-laden PEG-Fb MS 

(ECFC/MS) were then washed twice with Dulbecco’s Modified Eagle Medium (DMEM) 

by centrifugation (200 g for 3 min) to remove residual mineral oil, and MS were cultured 

in endothelial cell growth medium at 37° C and 5% CO2. Preliminary studies assessed 

the impact of encapsulation on ECFC survival, cell surface marker expression, growth, 

and ability to form tubules in tissue after being injected (Seeto et al., 2017).  Cell viability 

after encapsulation was tracked in subset of ECFC/MS used in this study by utilizing an 

XTT cell viability assay (Biotium, Fremont, CA, USA) and microplate reader (BioTek, 

Winooski, VT, USA). 
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Figure 15. Formation of microspheres containing ECFCs.  Schematic of how the PDMS 
mold was used to encapsulate ECFCs into microspheres. The polymer precursor with 
ECFCs was mixed with mineral oil, which formed microspheres due to emulsification. 
The microspheres were then cross-linked with a 2.7 W full spectrum light.              
DMEM = Dulbecco’s Modified Eagle Medium. 
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4.2.4 Creation of distal limb wounds 
 

   On day 0, horses were restrained in stocks and sedated with detomidine 

hydrochloride (0.01 mg/kg; IV) and butorphanol tartrate (0.04 mg/kg; IV). Hair was 

clipped from the dorsolateral surfaces of both metacarpi and metatarsi. Perineural  

anesthesia of the median cutaneous antebrachial nerve, deep and superficial peroneal 

nerves and ring blocks was performed using 2% mepivacaine hydrochloride. The 

surgical sites were aseptically prepared, and 2 full-thickness wounds of 2.5 cm X 2.5 cm 

(6.25 cm2) area were created on each metacarpus and metatarsus using a sterile 

wound template and a #15 scalpel blade (Figure 16); this skin was kept as the baseline 

sample for immunohistochemistry. Each horse had 2 wounds created per limb (fore and 

hind) for a total of 8 wounds per horse (Figure 17). The wounds were bandaged for  

approximately 24 hr for hemostasis and then left to heal by second intention for the 

duration of the 4-week study. Bandaging consisted of a non-adherent gauze dressing, 

covered with a cotton wool roll held in place with a tertiary adhesive layer. Horses were 

examined daily for signs of discomfort, lameness, and systemic illness. Wounds were 

monitored until healed.  

 

4.2.5 Experimental phases 
 

Wounds were injected with 4 different treatments with two phases of the study 

(Figure 17). Treatments included equine serum, ECFCs suspended in serum, acellular 

PEG-Fb MS suspended in serum, and ECFCs-laden PEG-Fb MS (ECFC/MS) 

suspended in serum. Each wound was randomly assigned to one of the 4 treatments  
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Figure 16. Creation of distal limb wound.  A sterile template was used to create two 6.25 
cm2 full-thickness skin wounds on each equine distal limb. 
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Figure 17. Schematic of study design. Two wounds were created on each 
metacarpi/metatarsi. Tissues from biopsies were formalin fixed and paraffin embedded 
for immunohistochemistry or frozen in optimum cutting temperature media and imaged 
with confocal microscopy for cell tracking. 
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Horse Limb Wound location on limb Right limb 
Treatment 

Left limb 
treatment 

1 Forelimb Proximal ECFC MS-bx 
Distal Serum-bx ECFC/MS-bx 

Hind limb Proximal Serum ECFC-bx 
Distal ECFC/MS MS 

2 Forelimb Proximal ECFC Serum-bx 
Distal ECFC/MS-bx MS 

Hind limb Proximal MS-bx Serum 
Distal ECFC/MS ECFC-bx 

3 Forelimb Proximal MS-bx ECFC/MS 
Distal ECFC-bx Serum 

Hind limb Proximal Serum-bx ECFC/MS-bx 
Distal ECFC MS 

4* Forelimb Proximal MS-bx Serum 
Distal Serum-bx MS 

Hind limb Proximal ECFC-bx ECFC 
Distal ECFC/MS-bx ECFC/MS 

5* Forelimb Proximal ECFC MS 
Distal ECFC/MS ECFC-bx 

Hind limb Proximal MS-bx ECFC/MS-bx 
Distal Serum-bx Serum 

6* Forelimb Proximal Serum ECFC-bx 
Distal ECFC/MS-bx ECFC/MS 

Hind limb Proximal MS ECFC 
Distal Serum-bx MS-bx 

Table 1. Treatment assignments for all 6 horses. All wounds were biopsied at the 
completion of the study, and some wounds had biopsies also taken prior to the 
completion of the study (indicated with “-bx”). *Indicates horse was injected twice. 
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using a random number generator, resulting in 2 wounds per treatment per horse. All 

investigators involved in wound assessment or daily care of the horses were blinded to 

the treatment assignments.  Treatment and biopsy designation were randomly assigned 

(Table 1).   

In Phase 1, three horses had treatments injected around the wound periphery at 

a single time point (24 hr after wound creation, day 1). ECFC and ECFC/MS treated 

wounds were injected at the mid-point of each wound edge with 2 million cells for a total 

of 8 million cells/wound. For the 2 wounds with the same treatment, one wound was 

biopsied weekly, and the other wound was only biopsied at the end of the study. Phase 

1 horses had the following biopsy schedule: 4 wounds (1 from each treatment) had 

biopsies collected at the medial leading edge and at the center of the wound at 4 

weeks. The other 4 wounds (one from each treatment) had biopsies collected from one  

wound leading edge each week (order of biopsy location was: medial, lateral, ventral, 

then dorsal) for 4 consecutive weeks and from the center of the wound at week 4. 

 In Phase 2, three horses had treatments injected into 4 wounds at a single time 

point (24 hr after wound creation, the same as described in phase 1) and into 4 wounds 

at 2 time points (24 hr and 1 week post wound creation). Four wounds (1 per treatment) 

were injected once with 8 million cells/wound (LOW) for ECFC and ECFC/MS groups 

(day 1), and the medial leading edge and the center of the wound were biopsied at 4 

weeks. The other 4 wounds (one per treatment) were injected twice with a higher 

dosage of cells: once at 24 hr with 16 million cells/wound (4 injections on 4 edges with 4 

million cells/injection), and then again at week 1 with an additional 12 million 

cells/wound (3 injections on 3 edges with 4 million cells/injection, 1 biopsy on 1 edge) 



84 
 

(HIGH). Syringes were numbered, and only the investigators that prepared the syringes 

knew what they contained. Everyone doing procedures with or evaluating the horses 

was blinded to the treatment that the horse received, but could not be blinded to the 

number of injections (once versus twice). For the 4 wounds with 2 treatment injections, 

biopsies were collected from the medial leading edge of the wound at week 1 (before 

the second injection) and then from the lateral leading edge and the wound center at 4 

weeks.    

Wounds were analyzed non-invasively each week of the study, and biopsies 

were analyzed by IHC for vascular formation and inflammation and by indirect 

immunofluorescence (IF) for cell tracking. 

 

4.2.6 Treatments 
 

   To perform injections of treatments for each wound, horses were sedated and 

perineural anesthesia was administered as described above. The treatments were 

injected subcutaneously at the mid-point of each edge of the wound. The different 

treatments were loaded into 1 mL syringes at a volume of 600 (LOW) – 1000 (HIGH) 

µL. These syringes were kept on ice for 0.5 – 2 hr prior to injection. Syringes with 

ECFCs in suspension and ECFC/MS had either 2 million cells (LOW) or 4 million cells 

(HIGH) total per syringe. There were approximately 2800 ECFCs per MS. Wounds with 

LOW treatments were injected with approximately 750 MS, whereas wounds with HIGH 

treatments were injected with approximately 1500 MS. Injections were performed using 

an 18 gauge x 1” needle on a 1 mL syringe.    
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4.2.7 Wound biopsies 
 

Surgical biopsies were obtained using a 6 or 8 mm punch biopsy instrument. For 

the surgical biopsy procedure, horses were sedated and local anesthesia administered 

as previously described. Wounds were cleaned with water and sterile 0.9 % NaCl. 

Debris was removed from the wound periphery and center with gentle, manual 

extraction. Biopsies were obtained at the leading edge of the wound with the punch 

instrument overlapping the visual epithelization and the granulation bed, or biopsies 

were obtained at the center of the wound, depending on the time point (Figure 18). Two 

biopsies were taken from each location. One biopsy sample was fixed in 10% neutral 

buffered formalin for 24-48 hr prior to processing and paraffin embedding (FFPE) for 

IHC, and the other sample was embedded in optimal cutting temperature (OCT) 

compound within a 15 mm X 15 mm X 5 mm disposable vinyl specimen mold (Sakura 

Finetek, Torrance, CA, USA). The cryomold was submerged in liquid nitrogen-cooled 

isopentane (2-methyl butane) to achieve a temperature of -176° C, and molds were 

stored at -80° C until sectioning and analysis. 

 

4.2.8 Non-invasive Wound Assessment 
 

  The wound surface area (WSA) was measured weekly with digital photography. 

Each wound was photographed at a 40 cm distance with a metric ruler immediately 

adjacent to the wound for scale (Figure 19), and the area of the unhealed wound 

(Figure 20) at each time point was calculated using Image J software 

(imagej.nih.gov/ij/). WSA was calculated as percentage of the original wound size on  
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Figure 18. Location of biopsies.  A) Photograph showing the process of obtaining punch 
biopsies. B) Photograph illustrating the representative locations of biopsy positions for 
the leading edge of wound healing (yellow circles) and the wound center (green circles). 
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Figure 19. Wound assessment with digital photography.  Representative image 
demonstrating the digital photography technique for wound size measurement.  The 
ruler was placed at the same location next to the wound for every image. 
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Figure 20. Measurement of wound surface area.  Representative image demonstrating 
the use of Image J to trace the margins of the non-healed wound in order to calculate a 
wound surface area for each wound. 
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day 0 for non-biopsied wounds.  Granulation tissue formation was scored weekly by two 

investigators (AAW, FJC) blinded to treatment assignment and experienced in equine 

distal limb wound assessment. Each observer scored all wounds independently based 

on 3 clinically-relevant parameters: protrusion of granulation tissue (0 = none; 1 = mild; 

2 = marked); character of granulation tissue (0 = smooth; 1 = rough); and color of 

granulation tissue (0 = pink; 1 = yellow or dark red) (Ducharme-Desjarlais et al., 2005). 

Each category was weighted, with protuberance weighted 50% and quality and color of 

the granulation tissue weighted 25%. The average score of these was recorded, with 

the total weighted granulation score (GS) maximum being 1.5 for each wound. 

 Prior to the study, 24 hr after wound creation, and each week for the duration of 

the study, thermographic images were obtained with a hand-held infrared imaging 

radiometer placed at a distance of 45 cm from the distal limb, perpendicular to the 

wound surface. Infrared imaging emissivity was set at 0.98. Thermographic images 

were obtained for all horses prior to the initiation of the study to ensure no vascular or 

blood flow abnormalities existed in these horses’ distal limbs. During the study, horses 

were moved into a temperature controlled, indoor treatment area and allowed to 

acclimate to the temperature for at least 15 min prior to digital thermography. Digital 

thermal images were collected for each wound at each time point, and the operator was  

blinded to the treatment assignments. Specific temperature readings were obtained 

from each edge of the wound (medial, lateral, proximal, distal), the wound center, and 1 

cm above and 1 cm below the wound (FLIR B360, Optics Planet, Northbrook, IL, USA). 

For edge measurements (medial, lateral, proximal, distal), three distinct values were 

measured and then averaged for analysis as one value (Figure 21). All other anatomic  
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Figure 21. Assessment of wound temperature with thermography.  Representative 
image showing thermographic imaging and the points at which discrete temperature 
measurements were taken (white circles).  Note that the 3 measurements for each edge 
of the wound were averaged to give one value.  These are the forelimbs of a horse as 
viewed in a cranial to caudal direction. 
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areas were measured once. Mean temperature for each specified anatomic area was 

calculated using the recorded ambient temperature and humidity to ensure accurate 

measurements. Temperature at all time points was compared to wound temperature at 

baseline (24 hr after initial surgery) and a percent change (% change) value calculated. 

The timing of this study was chosen to be performed during summer months, as this 

would best ensure that no cold temperature-related distal limb vasoconstriction would 

occur. 

 

4.2.9 Tissue staining and Immunohistochemistry 
 

The FFPE samples were cut to a thickness of 4 microns for all staining and 

immunohistochemistry. Initial review and assessment of adequate tissue quantity, 

quality, and orientation was performed using standard light microscopy on hematoxylin 

and eosin stained sections. Tissue sections were stained with Masson’s trichrome 

(Polysciences, Warrington, PA, USA) to quantify collagen formation. The IHC staining 

was performed on FFPE tissue with the following: elastase to quantify activated 

neutrophil density (de la Rebiere de Pouyade et al., 2010; Munoz Caro et al., 2014); 

ionized calcium-binding adapter molecule 1 (IBA1) to quantify macrophage density 

(Kohler, 2007); von Willebrand factor (vWF) to quantify vascularization (Dejana et al., 

1989); CD3 to quantify T-cell density (Murphy and Weaver, 2017); and paired box 5 

(Pax5) to quantify B-cell density (Fuxa and Busslinger, 2007). Immunohistochemistry 

was performed at room temperature with primary antibodies diluted in 3% PBS as 

follows: polyclonal rabbit anti-human neutrophil elastase antibody diluted at 1:1000 for 

30 min (Abcam 68672, Cambridge, MA, USA); polyclonal rabbit anti-mouse IBA1 diluted 
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1:750 for 30 min (CP290, Biocare Medical, Pacheco, CA, USA); polyclonal rabbit anti-

human vWF manufacturer-diluted for 15 min (A0082, Dako, Santa Clara, CA, USA); 

polyclonal rabbit anti-human CD3 manufacturer-diluted for 15 min (GA503, Dako, Santa 

Clara, CA, USA); and monoclonal mouse anti-human Pax5 manufacturer-diluted for 20 

min (M7307, Dako, Santa Clara, CA, USA). Immunodetection was achieved with a 

horse radish peroxidase (HRP) enzyme labeled polymer (Dako, Santa Clara, CA, USA) 

followed by conjugated rabbit secondary antibody applied for 30 min. This was followed 

by a 5 min PBS wash and visualization of antibody binding by reacting with 3,3’-

diaminobenzidine solution for 3 min. Counterstaining of tissue sections was performed 

using hematoxylin for 4 min, followed by progressive alcoholic dehydration and cover-

slipping.  A representative image of the vWF immunohistochemical staining from one 

biopsy is presented in Figure 22. 

Stained slides were digitally scanned (Appendix B) at a high resolution (Aperio, 

Leica Biosystems, Buffalo Grove, IL, USA). Each stain was quantified using custom-

designed algorithms in a commercially available software program designed for 

histologic image analysis (Visiopharm®, Horsholm, Denmark).  Within each tissue 

section, specific regions were designated “Inner Wound” (non-healed wound within 

advancing line of epithelialization), “Wound Periphery” (skin with epithelial cell cover, 

just on the periphery of the advancing line of epithelialization), and “Wound Center” 

(area at the center of the non-healed wound); the staining in these regions was 

quantified separately (Appendix C). Inner Wound and Wound Periphery regions were 

found in biopsies from the leading edge (analyzed at weeks 1 and 4), and the Wound  
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Figure 22.  Immunohistochemical staining of blood vessels.  Representative 
photomicrograph of von Willebrand factor immunohistochemical staining from a biopsy 
taken from the Wound Center at Week 4.  Blood vessels are observed as a brown color.  
Scale bar is 2 mm. 
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Center region was from the biopsy taken from the center of the wound only at week 4. 

Within each tissue section, specific regions of interest (ROI) were analyzed as 

appropriate (Figures 23 and 24), and the software program quantified positively staining 

pixels / area and expressed as density: positive stain quantity / (positive stain quantity + 

non-stained quantity). Density values were then normalized to the individual baseline 

values for that wound as: [(density value – baseline density value) / baseline density 

value] x 100. 

 

4.2.10 Indirect immunofluorescent staining and confocal microscopy 
 

Samples frozen in OCT were kept at -30° C during sectioning, and all samples 

were sectioned at 20 micron thickness. There were 10 slides created per wound, with 2 

tissue sections per slide for all wounds. Tissue sections were fixed in 4% 

paraformaldehyde in PBS for 20 min, rinsed twice in PBS, and then blocked with 3% 

fetal bovine serum (FBS) in PBS for 30 min at room temperature. In order to detect the 

intracellular protein vWF, tissues were permeabilized with 0.3% Triton in PBS for 10 min 

and rinsed with PBS 3 times. A polyclonal rabbit anti-human vWF antibody (A0082, 

Dako, Santa Clara, CA, USA) was added at a 1:200 dilution with 3% FBS and incubated 

overnight at 4° C. The tissue sections were washed with PBS and incubated with goat 

anti-rabbit Alexa Fluor 488 (A11008, Life Technologies, Grand Island, NY, USA) at a 

dilution of 1:400 in dark conditions for 60 min. Tissue sections were incubated with 4’, 6-

diamidino-2-phenylindole (DAPI) solution and then mounted with Fluoromount (Sigma-

Aldrich, St. Louis, MO, USA). Glass slides were stored in the dark at -4° C and imaged 

within ~2 weeks. 
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Figure 23. Quantification of IHC stain.  Representative color-coded image 
demonstrating the ability of the Visiopharm® software program to identify different 
aspects of an immunohistochemical stain.  A) Scanned image of a von Willebrand factor 
(vWF) stained skin biopsy (vWF positive blood vessels were brown).  B) The 
Visiopharm® program has color coded all structures it recognizes as vWF positive in a 
blue color. 
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Figure 24. Regions of interest for analysis within a biopsy.  The pink region of interest 
(ROI) indicates the Inner Wound and the yellow ROI indicates the Wound Periphery.  
Hair follicles encircled with a black ROI and excluded from analysis. 
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Endothelial cells stained with vWF and presence of QD-labeled ECFCs in 

cryosections were imaged using fluorescent and confocal microscopy. vWF staining 

was detected using the FITC filter (488 nm emission) at 20X magnification. Tissue 

sections from wounds treated with ECFC suspension or ECFC/MS were evaluated for 

the presence of red QD fluorescence. Confocal microscopy (2 µm slice thickness) was 

then used to co-localize QD positive cells, the DAPI stained nuclei, and the vWF 

positive blood vessels. The number of QD-labeled ECFCs in each image was counted 

and totaled for each cryosection.  Preliminary studies were performed prior to the study 

to assess the impacts of tissue fixation and freezing in OCT had on detection of QD-

labeled ECFCs, differentiation of QD fluorescence from tissue auto-fluorescent artifacts, 

and detection of vWF+ blood vessels within tissue sections (Figures 25, 26, 27).  

 

4.2.11 Statistical analysis 
 

      Data were analyzed using commercially available software (JMP Pro 13.0 

and SAS 9.4). Descriptive data were analyzed for normality using a Shapiro Wilk test or 

Q-Q plot and expressed as mean +/- SD or median (range) as appropriate. 

Thermographic data, WSA, granulation tissue scoring, and IHC stain quantification were 

assessed with a General Linear Model or a mixed model with repeated measures to 

assess the effect of individual horse as a random factor, and treatment groups, time 

point, wound location (forelimb vs hind limb), and effect of biopsy as fixed factors. 

Analysis of WSA was performed using a mixed model with repeated measures on 

wounds that were only biopsied at 4 weeks, so the statistical model for this variable 
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Figure 25. Influence of tissue fixation on blood vessel immunostaining. Tissue biopsies 
were fixed in formalin and then embedded in paraffin prior to sectioning for analysis.  
Representative photomicrographs of one field of a tissue section prior to 
immunostaining (A), after incubation with the anti-rabbit Alexa Fluor 488 secondary 
antibody (B), and after incubation with the polyclonal rabbit anti-human vWF primary 
antibody goat  and the anti-rabbit Alexa Fluor 488 secondary antibody (C). Note the 
appearance of positively stained blood vessels in (C).  Scale bars are 50 µm. 
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Figure 26. Observation of QD-labeled ECFC fluorescence after fixation. Representative 
photomicrography of ECFCs labeled with QD (red) and nuclei labeled with DAPI (blue) 
after 4% paraformaldehyde (A) or formalin (B).  C) Representative photomicrograph of 
QD-labeled ECFCs (red) after injection into a skin biopsy just prior to embedding in OCT 
and freezing in liquid nitrogen.  Scale bars are 100 µm. 
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Figure 27. Equine skin auto-fluorescent tissue artifacts. A) Representative 
photomicrograph demonstrating the auto-fluorescence observed in one tissue section.  
B & C) Representative photomicrographs demonstrating auto-fluorescence of keratin as 
viewed with phase contrast imaging (B) and fluorescent microscopy (C).  Scale bars are 
100 µm.  



101 
 

assessed the effects of time point, wound location, and treatment. Analyses for 

thermographic data and granulation tissue scoring utilized a generalized linear model 

that included data from all wounds on all horses, so the effects of the time point, wound 

location, biopsy, and treatment (including ECFC injection dose and frequency) were 

included in the statistical model. Quantification of IHC stains was only performed on 

wounds biopsied once at either week 1 or week 4, so the statistical model for IHC stain 

quantification was a generalized linear model that included treatment and wound 

location and not time point since the same wound was not biopsied at each time point. 

Cell tracking descriptive data was obtained by week, and the number of QD-labeled 

cells was analyzed for influence of presence or absence of PEG-Fb MS encapsulation 

and dose of ECFCs injected. Tukey-Kramer tests were used to analyze differences 

between levels. Pearson correlation coefficients were used for associations between 

continuous variables.  Associations between categorical variables were analyzed with a 

Fischer’s exact test. P<0.05 was considered significant.  

 

4.3 Results 
 

4.3.1 ECFC function after encapsulation 
 

Encapsulation of ECFCs produced highly uniform microspheres, and this uniform 

shape persisted after injection (Figure 28), and the cells that were encapsulated in the 

hydrogel microspheres had a viability of 96.8% +/- 1.4% as quantified using Live/Dead 

staining (Figure 29) (Seeto et al., 2017).  ECFCs encapsulated into PEG-Fb 

microspheres not only survived but proliferated and migrated out from the  
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Figure 28. Injected microspheres maintain their shape and location after injection.        
A) Microspheres created with PEGDA and stained with trypan blue maintain their 
uniform spherical shape and wound location after subcutaneous injection in the distal 
limb of a cadaver horse. B) Enlarged portion of image (A).  
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Figure 29. High microsphere uniformity and cell viability post-encapsulation.                
(A-D) ECFC viability was 96.8% immediately post-encapsulation (Day 0) as quantified 
using Live (green)/Dead (red) staining (n=3 separate encapsulations) (Seeto et al., 
2017).  Scale bars are 200 µm. 
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microspheres (Figure 30) (Seeto et al., 2017). Cell surface marker expression of ECFCs 

was unaffected by encapsulation and consisted of high levels (all above 95%) of vWF, 

CD105, and CD14 expression (Figure 31) (Seeto et al., 2017).  Functional assays of 

ECFC function also revealed that encapsulation had no adverse effect on ECFCs’ ability 

for DiI-Ac-LDL uptake and tubule formation (Figure 31) (Seeto et al., 2017). 

 

4.3.2 Clinical findings 
 

The surgical wound model and treatments were generally well tolerated. One 

horse developed a fever after the surgery and initial treatments, but this was responsive 

to a single dose of flunixin meglumine (1 mg/kg IV). The same horse became febrile and 

developed swelling and stiffness in all 4 limbs after the first biopsy and was treated with 

one dose of flunixin meglumine (1 mg/kg IV) and a 10-day course of Trimethoprim/Sulfa 

(24 mg/kg PO). The swelling was not specific to any wound or treatment and completely 

resolved.  Wound healing was significantly affected by individual horse (Appendices D - 

F) and whether the wound was on a forelimb or a hind limb. These sources of variation 

were accounted for in subsequent analyses, so that any significant differences found 

due to treatment group occurred despite these sources of variation. 

 

4.3.3 Changes in wound size over time 
 

 Comparisons in WSA between treatments was only performed for wounds that 

were injected at 1 time point (LOW) and only biopsied at 4 weeks (24 wounds from 6 

horses, 6 wounds per treatment). Treatment group did not significantly impact WSA  
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Figure 30. Phase contrast images showing ECFC migration and proliferation 
phenotypes were maintained post-encapsulation. A) ECFCs encapsulated in PEG-Fb 
microspheres; B) Proliferation and outgrowth from the PEG-Fb microspheres 2 days 
after encapsulation; C) After transfer of PEG-Fb microspheres to a new cell culture 
flask, continued proliferation and outgrowth is observed; D) Characteristic cell 
morphology and high proliferation observed in cells originating from PEG-Fb (Seeto et 
al., 2017).  Scale bars are 200 µm. 
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Figure 31. ECFCs maintained an endothelial phenotype after encapsulation and culture. 
ECFCs from microspheres showed similar endothelial phenotypes compared to non-
encapsulated ECFCs in terms of DiI-Ac-LDL uptake, vWF expression (A-F), and tubule 
formation (G and H). I) No difference was found in cell surface marker expression (vWF, 
CD105, and CD14) between the outgrowth ECFCs from microspheres and non-
encapsulated ECFCs by flow cytometry (n=3 separate encapsulations) (Seeto et al., 
2017). 
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change over time (Figure 32). The WSA initially increased and then decreased over the 

course of the study in all wounds, and all horses were observed until all wounds were 

completely epithelialized (approximately 8 weeks). Wounds treated with ECFCs and 

ECFC/MS had the smallest WSA at week 3 (Figure 32), but this was not significant 

(P=0.767).  All wounds decreased in WSA by 4 weeks, and the effect of time point was 

significant (P≤0.001). 

 

4.3.4 Granulation tissue assessment 
 

Comparisons in GS between treatments were performed for all wounds over time 

points of weeks 1, 2, 3 and 4 (48 wounds from 6 horses, 12 per treatment). The effects 

of ECFC dose (HIGH vs LOW cell numbers) and injection frequency (1 time vs 2 times 

during the study) were not significant, and therefore only treatment group was included 

in the analysis. There was no effect of treatment on GS at any time point (P=0.31). The 

GS were highest at week 3 (0.875, range 0.125 – 1.5) and lowest at week 1 (0.25, 0.0 – 

1.0, P≤0.001). Hind limbs had higher GS than forelimbs (P≤0.001) (Figure 33), a finding 

most prominent at week 4 (Figure 34).  Hind limbs had an OR of 3.61 (95% CI 1.87 – 

7.00) of having a weighted GS greater than 0.75 (Figure 35). Wounds which were 

biopsied weekly also had higher scores than wounds biopsied only at week 4 (P=0.023), 

with weekly biopsied wounds having an OR of 2.11 (95% CI 1.12 – 3.96) of having a 

weighted GS greater than 0.75 (Figure 35).  
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Figure 32. Change in wound size by treatment. (A) Wound surface area (WSA) 
displayed as median and range for percent change from baseline wound for all 
treatment groups by week. (B) Photographs from 2 horses of wounds at baseline       
(24 hours after wound creation) and at 4 weeks for all treatment groups. The variation 
between horses and different responses to treatments are apparent.  ECFC and 
ECFC/MS treatment groups had 8 mil cells/wound injected at baseline. Scale bars are  
1 cm. 
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Figure 33. Influence of limb and biopsy on granulation scores and wound temperature. 
(A) Weighted granulation score for all wounds by whether the wound was on a forelimb 
or hind limb and whether the wound was biopsied. Data are presented as box-and-
whisker plots, with median values represented by the horizontal lines and the 
interquartile range represented by the box.  Black dots are values that are 1.5 times the 
box length above the 75th percentile.  The ends of the whiskers represent the smallest 
and largest values not classified as outliers. (B) Wound temperature in °C for all wounds 
by whether the wound was on a forelimb or hind limb and whether the wound was 
biopsied. * signifies a significant difference in wound temperature and weighted 
granulation score between forelimbs and hind limbs (P<0.05). † signifies a significant 
difference in weighted granulation score based on whether the wound was biopsied 
(P<0.05). Note that wounds on hind limbs had higher temperatures and more 
granulation tissue compared to wounds on forelimb wounds, but taking biopsies only 
affected the severity of granulation tissue. 
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Figure 34. Influence of limb and biopsy on granulation scores at week 4. Weighted 
granulation score for all wounds at week 4 by whether the wound was on a forelimb or 
hind limb and whether the wound was biopsied. Data are presented as box-and-whisker 
plots, with median values represented by the horizontal lines and the interquartile range 
represented by the box.  Grey dots are values that are 1.5 times the box length above 
the 75th percentile.  The ends of the whiskers represent the smallest and largest values 
not classified as outliers. * signifies a significant difference in weighted granulation score 
between forelimbs and hind limbs (P<0.05). † signifies a significant difference in 
weighted granulation score based on whether the wound was biopsied (P<0.05). 
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Figure 35.  Relative frequency of wounds with weighted granulation scores above 0.75. 
A) Mosaic plot showing relative frequency of wounds with weighted granulation scores 
(GS) above 0.75 separated by forelimb versus hind limb (A) or whether or not wounds 
were biopsied (B).  The area in blue represents wounds with GS above 0.75, and the 
area in red represents wounds with GS below or equal to 0.75. Note that a significantly 
higher proportion of wounds that are on the hind limb or have been biopsied have GS 
above 0.75.  
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4.3.4 Thermographic assessment of wounds 
 

Comparisons of thermography data between treatments were performed for all 

wounds over time points of weeks 1, 2, 3 and 4 (48 wounds from 6 horses, 12 per 

treatment). The effects of ECFC dose (HIGH vs LOW cell numbers) and injection 

frequency (1 time vs 2 times during the study) were not significant. There was no effect 

on the %change in temperature due to treatment. Wound temperature %change at 

week 1 was greatest for ECFC (+2.4%, -7.19 to +47.29%) and ECFC/MS (+3.23%,        

-19.2 to +12.03%) compared to MS alone (+2.14%, -12.25 to +15.11%) and serum       

(-2.11%, -9.76 to +13.64%), but the effect of treatment group was not significant 

(P=0.416). The effect of treatment group on wound temperature %change at week 4 

was also not significant (P=0.061). Factors that significantly affected wound temperature 

were time post injection (greatest temperature at week 1 and lowest at week 4, 

P≤0.001), location of measurement (measurements either 1 cm above or 1 cm  

below the wound were lower in temperature; P≤0.001 and P=0.004, respectfully) (Figure 

36), and limb (forelimbs were lower than hind limb wound temperatures, P=0.01). 

Wounds that were biopsied did not have differences in wound temperature compared to 

wounds that were not biopsied (P=0.368) (Fig 33). 

     

4.3.5 Evaluation of collagen density 
 

Comparisons of collagen density (quantified by Masson’s trichrome staining of 

wound biopsies) between treatments for individual regions (Inner Wound, Wound 

Periphery, Wound Center) were performed on all wounds biopsied at week 1 and week  
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Figure 36. Temperature change by location of infrared thermographic measurement 
location.  Change in wound temperature (° C) by infrared thermographic measurement 
location, presented as a percent change in wound temperature compared to baseline 
values, at week 4.  Locations of thermographic measurement were: 1 cm above the 
wound (CM above), 1 cm below the wound (CM below), the distal edge of the wound 
(Dist Edge), the lateral edge of the wound (Lat Edge), the medial edge of the wound 
(Med Edge), the proximal edge of the wound (Prox Edge), and the center of the wound 
(Wound). Data are presented as mean and SD.  All locations noted with an ‘a’ had a 
significantly (P<0.05) greater decrease in wound temperature compared to locations 
noted with a ‘b’. 
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4 (48 wounds from 6 horses, 12 per treatment) with different wound regions analyzed 

separately. Wounds injected with serum had a significantly higher collagen density (i.e. 

closer to baseline skin collagen density) in the Inner Wound at week 1 (P=0.026); 

whereas wounds injected with MS alone had a significantly lower collagen density in the 

Wound Periphery at week 1 (P=0.037) (Figure 37). At week 4, there were no differences 

in collagen density in the Wound Center (P=0.20), Wound Periphery (P=0.146), or Inner 

Wound (P=0.623) regions due to treatment.  

 

4.3.6 Assessment of vascularization 
 

Comparisons of blood vessel density (quantified by vWF staining of wound 

biopsies) between treatments were performed on all wounds biopsied at week 1 and 

week 4 (48 wounds from 6 horses, 12 wounds per treatment), and each region of the 

biopsy (Inner Wound, Wound Periphery, or Wound Center) was analyzed separately. 

Blood vessel density was greatest at week 1 (Figure 38) in wounds treated with ECFCs 

and ECFC/MS. The Inner Wound region at week 1 had the greatest density of blood 

vessels in wounds treated with ECFC and ECFC/MS, but was not significant (P=0.173). 

The Wound Periphery regions at week 1 had overall differences in vascularization 

(P=0.009); wounds treated with ECFCs and ECFC/MS also had the greatest density of 

blood vessels in the Wound Periphery, with wounds treated with ECFCs having a 

significantly greater density of blood vessels compared to wounds treated with MS 

alone (P<0.001) (Figure 38). No significant differences in vascularization were observed 

in Wound Center regions (P=0.157) or in the Inner Wound regions (P=0.157)  
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Figure 37. Changes in collagen density by treatment and wound region.                      
(A) Representative image of collagen density (blue) as identified by Masson’s trichrome 
staining of baseline tissue removed during the wound creation.  (B) Representative 
image of collagen density at week 4 in a biopsy from the center of the wound.              
(C) Representative image of collagen density at week 4 in a biopsy from the leading 
edge of the wound. Note the demarcation between the Inner Wound and Wound 
Periphery regions.  (D) Collagen density normalized to baseline values at weeks 1 and 
4 by treatment group in the Inner Wound, Wound Periphery, and Wound Center regions.  
Data are presented as mean and standard deviation.  The Wound Center was only 
biopsied at week 4. Note that at week 1 in the Inner Wound region, wounds treated with 
serum had a collagen density closest to baseline values and significantly greater than 
the other treatments, and at the week 1 Wound Periphery region, wounds treated with 
microspheres (MS) had collagen densities least like the baseline collagen density and 
significantly lower than other treatments. * indicates a significant difference between the 
Serum treatment group and the rest of the treatments at week 1 in the Inner Wound and 
between the MS treatment group and the rest of the treatments at week 1 in the Wound 
Periphery region. (P<0.05). Scale bars are 2 mm. 
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Figure 38. Blood vessel quantified with von Willebrand factor immunohistochemistry.  
(A) Density of von Willebrand factor (vWF) staining (vascularization) normalized to 
baseline values at weeks 1 and 4 by treatment group in the Inner Wound, Wound 
Periphery, and Wound Center regions. Data are presented as means and standard 
deviation.  The Wound Center region was only biopsied at week 4. (B) Representative 
photomicrograph of blood vessel density (brown stain) in the serum treatment group at 
the Inner Wound region at week 1. (C) Representative photomicrograph of blood vessel 
density in the ECFC treatment group at the Inner Wound region at week 1. Note the 
relative increase in blood vessel density in the ECFC treatment group compared to the 
Serum treatment group in (B) and (C). * indicates a significant difference in 
vascularization in the Wound Periphery region at week 1, with wounds treated with 
ECFC having greater blood vessel density compared to wounds treated with MS alone 
(P=<0.05). † indicates a significant difference in vascularization in the Wound Periphery 
region at week 4, with wounds treated with MS alone having greater blood vessel 
density compared to all other treatment groups (P<0.05).  Scale bars are 100 µm. 
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at week 4. In the Wound Periphery regions at week 4, there were significant differences 

in vascularization due to treatment group (P=0.042), with the MS-alone group having 

the greatest density of blood vessels. 

 

4.3.7 Assessment of inflammation 
 

Comparisons of the inflammatory response between treatments were performed 

on all wounds biopsied at week 1 and week 4 (n=48 wounds from 6 horses, 12 wounds 

per treatment), and each region of the biopsy (Inner Wound, Wound Periphery, or 

Wound Center) was analyzed separately. Overall, the acute inflammatory response 

assessed at week 1 was not different between treatments, but macrophagic and 

neutrophilic inflammation were decreased in week 4 in ECFC and ECFC/MS treated 

wounds suggesting ECFCs had some effects on chronic inflammation.  The Wound 

Periphery region in wounds treated with ECFCs and ECFC/MS had significantly less 

macrophagic (quantified by IBA1 staining) inflammation at week 4 (Figure 39), with 

wounds treated with ECFC/MS having significantly less macrophagic inflammation 

compared to wounds treated with MS alone (P=0.008) There were no differences in 

macrophage density in the Wound Center and Inner Wound regions (P=0.078 and 

P=0.064, respectively) at week 4. The effect of treatment group was not significant in 

the Inner Wound and Wound Periphery regions at week 1 (P=0.232 and P=0.363, 

respectively).  

Activated neutrophil density, as assessed by elastase positive staining, was not 

different at week 1 but was at week 4 based on treatment group. In the Wound Center 

regions of wounds at week 4, there were significant differences in neutrophil densities  
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Figure 39. Influence of treatment on wound inflammation. (A) Density of IBA1 staining 
(macrophages) normalized to baseline values at weeks 1 and 4 by treatment group in 
the Inner Wound, Wound Periphery, and Wound Center regions. Data are presented as 
median and range. (B) Representative photomicrograph of macrophages in tissue at 
week 4 in the Wound Periphery region of wounds treated with ECFC/MS.                    
(C) Representative photomicrograph of macrophages in tissue at week 4 in the Wound 
Periphery region of wounds treated with MS. (D) Density of elastase staining (activated 
neutrophils) normalized to baseline values at weeks 1 and 4 by treatment group in the 
Inner Wound, Wound Periphery, and Wound Center regions. (E) Representative 
photomicrograph of neutrophils in tissue at week 4 in the Wound Center region of 
wounds treated with ECFC (F) Representative photomicrograph of neutrophils in tissue 
at week 4 in the Wound Center region of wounds treated with MS. Note that there is a 
subjectively greater density of macrophages in the Wound Periphery region of wounds 
at week 4 treated with MS (C) compared to wounds treated with ECFC/MS (B); there is 
also a subjectively greater density of neutrophils in the Wound Center region of wounds 
at week 4 treated with MS (F) compared to wounds treated with ECFCs (E). * indicates 
a significant difference between treatment groups, with MS alone wounds having the 
highest density of macrophages and neutrophils at week 4 (P<0.05).  Scale bars are 
100 µm. 
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between wounds (P<0.001) (Figure 39); the lowest neutrophil densities were found in 

wounds treated with ECFCs and ECFC/MS. Wounds treated with ECFCs had 

significantly less neutrophil density as compared to wounds treated with MS alone 

(P<0.001). The Wound Periphery regions of wounds at week 4 had no difference in 

neutrophil density between wounds (P=0.114).  

There was not a significant influence of treatment, horse, limb, or week on 

density of T-cells, as assessed by CD3 positive staining, or B-cells, as assessed by 

Pax5 positive staining, in this wound model. Densities of T-cells and B-cells were 

measured and compared to baseline densities. No increase in T-cell or B-cell density 

was observed compared to baseline for week 1 and week 4 wounds (Figure 40).  

 

4.3.8 Tracking labeled ECFCs 
 

Labeled ECFCs were found up to 3 weeks after injection near blood vessels and 

also incorporated into blood vessels. In biopsies from horses in Phase 1 with a LOW 

number of ECFCs and weekly biopsies, labeled ECFCs were found up to three weeks 

after injection in wounds treated with just ECFCs and up to two weeks in wounds 

treated with ECFC/MS (Figures 41 and 42). For Phase 2 horses with HIGH number of 

ECFCs injected that were biopsied at week 1 and week 4, labeled cells were found in 

wounds treated with both ECFCs and ECFC/MS at week 1 (Figure 43). At week 4, no 

labeled ECFCs were observed in any tissue sample for either dosage (LOW vs. HIGH), 

treatment type (ECFCs vs. ECFC/MS), or injection frequency (Figure 44). Overall, 

labeled ECFCs were found at week 1 in 6/6 horses with wounds that were treated with  
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Figure 40. B-cell and T-cell density in horses at baseline and at weeks 1 and 4. Density 
of B-cells and T-cells assessed by Pax5 and CD3 immunohistochemical staining, 
respectively, in baseline tissue and in wounds at weeks one and four.  CD3 (A) and 
Pax5 (C) densities of wounds biopsied at week 1, at the time of wound creation 
(Baseline) and at the first biopsy (Week 1).  CD3 (B) and Pax5 (D) densities of wounds 
biopsied only at week 4, at the time of wound creation (Baseline) and at the time of 
biopsy (Week 4). 
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Figure 41. Identification of cell nuclei, blood vessels, and QD-labeled ECFCs within one 
biopsy.  A) Representative fluorescent micrograph demonstrating the cellularity and 
distribution of blood vessels within one entire biopsy. Scale bar is 500 µm. B) Magnified 
field of view from the image in (A) showing QD-labeled ECFCs in close association to 
blood vessels.  Scale bar is 100 µm.  The area outlined with a white square in (A) is the 
area represented in (B).  Cell nuclei are stained with DAPI (blue), and blood vessels are 
stained with vWF (green). 
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Figure 42. Co-localization of blood vessels and ECFCs in Phase I horses. 
Representative fluorescent photomicrographs of weekly biopsies from wounds treated 
with ECFCs (A-D) and with ECFC/MS (E-H) from Phase I horses. The yellow arrow 
points to QD labeled ECFCs. In (E), PEG-Fb is identified as dark green color with few 
nuclei. vWF labeled blood vessels are light green. DAPI labeled nuclei are blue.  QD are 
red. Scale bars are 50 µm. 
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Figure 43. Co-localization of blood vessels and ECFCs at week 1 in Phase 1 and Phase 
2 horses. Representative fluorescent photomicrographs of week 1 biopsies from 
wounds treated with (A) 8 million ECFCs per wound (LOW); (B) 16 million ECFCs per 
wound (HIGH); (C) Higher magnification of the image in A; (D) LOW ECFC/MS and     
(E) HIGH ECFC/MS. Note that QD labeled ECFCs are present in all images, and the 
yellow arrow in (A) and (C) indicates a QD labeled ECFC incorporated into a blood 
vessel based on its location within the blood vessel wall. vWF labeled blood vessels are 
light green. DAPI labeled nuclei are blue.  QD are red. Scale bars are 25 µm (C) or      
50 µm (A, B, D, E). 
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Figure 44. Photomicrographs of biopsy samples at week 4.  Representative 
photomicrographs of biopsies obtained at week 4 showing an absence of labeled 
ECFCs. A) Biopsy taken from a wound injected one time with ECFCs (Phase 1);          
B) Biopsy taken from a wound injected two times with ECFCs (Phase 2); C) Biopsy 
taken from a wound injected one time with ECFC/MS (Phase 1); Biopsy taken from a 
wound injected two times with ECFC/MS (Phase 2). Cell nuclei are stained with DAPI 
(blue), and blood vessels are stained with vWF (green). Scale bars are 50 µm.  
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ECFC/MS and in 3/6 horses with wounds treated with just ECFCs, but the Fisher’s 

exact test was not significant (p=0.27). The number of labeled ECFCs identified in week 

1 biopsies was greatest in ECFC/MS treated wounds with a LOW dose (P=0.02), but 

was not different with the HIGH dose (P=0.38, Table 2). Labeled ECFCs were 

commonly found near blood vessels, regardless of whether the wounds were treated 

with ECFC or ECFC/MS. Rarely, labeled ECFCs could be observed to be incorporated 

into a newly formed blood vessel (Figure 43). In wounds treated with ECFC/MS, the 

PEG-Fb biomaterial was observed in some samples 1 week after injection (Figure 42). 

Labeled ECFCs were observed within the PEG-Fb biomaterial in these samples (Figure 

42). The PEG-Fb biomaterial was not observed in any samples after week 1. 

 

4.4 Discussion 
 

Our group has demonstrated a safe and effective method of cell delivery using 

injectable, cell-laden hydrogel microspheres, and we have shown increased 

vascularization and reduced inflammation in a research model of equine distal limb 

wounds treated with ECFCs. Statistical analysis showed sources of variation to be the  

individual horse, the location of the wound (fore versus hind limb), and whether or not 

the wound was biopsied, but even given the variability, PEG-Fb MS encapsulated 

ECFC and non-encapsulated ECFC treated wounds had increased vascularization at 

week 1 in some regions and a decreased inflammatory response in cell-treated wounds 

at week 4. The effects were modest, but autologous cells from 6 non-athletic horses of 

various ages and breed were used for this study, and variability of the source cells is an 

important issue when evaluating clinical efficacy in stem and progenitor cell therapy. 
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  ECFC ECFC/MS P value 

Horses with labeled cells at 
week 1 

3/6 6/6 0.27 

Labeled cells per cryosection 

ALL (Median [IQR]) 

11 [3-24] 21 [9-42] 0.14 

Labeled cells per cryosection 

LOW (Median [IQR]) 

5.5 [3-20.25] 27 [11.75-44.5] 0.02 

Labeled cells per cryosection 

HIGH (Median [IQR]) 

19 [15.75-35.75] 10 [1-21] 0.38 

 

Table 2. Quantifying QD-labeled ECFCs found in week 1 biopsies. Comparison of 
number of horses and tissue sections in which QD labeled ECFCs were found at week 
1. 10 slides with 2 sections per slide per biopsy were used for cell count analysis. Data 
are presented as median and IQR. ALL = all cell-treated wounds from week 1 biopsies 
from both Phases of study. LOW= wounds from Phase 1 of the study where 8 mil 
cells/wound were injected and a week 1 biopsy was performed. HIGH = wounds from 
Phase 2 of the study where 12-16 mil cells/wound were injected and a week 1 biopsy 
was performed.  

  



127 
 

 Studies involving EPCs/ECFCs in horses are few (Salter et al., 2015; Seeto et 

al., 2017; Sharpe et al., 2016; Winter et al., 2018), and this is the first study looking at 

any clinical effects of ECFCs in the horse.  Wound healing on distal limb wounds in the 

horse is notoriously problematic, and tissue hypoxia from vascular disruption and 

formation of abnormal vessels and inflammation are primary reasons for delayed 

healing (Bertone, 1989). Formation of EGT is common, and this is caused in part by 

excessive and prolonged inflammation, local hypoxia and excessive apoptotic signals 

(Bertone, 1989; Celeste et al., 2011; Lepault et al., 2005; Theoret and Wilmink, 2013). 

Protracted inflammation and poor wound oxygenation promote persistence of fibroblasts 

and fibroproliferative cytokines, and these persistent fibroblasts continually synthesize 

extracellular matrix which ultimately lead to production of EGT (Bertone, 1989; Theoret 

and Wilmink, 2013).   

Wounds with EGT are extremely vascular, but microvessels formed within these 

wounds can be occluded, thus maintaining low wound oxygenation and promoting 

angiogenesis and fibroproliferation (Lepault et al., 2005). ECFCs have been studied in 

small animal models extensively for repair of ischemic tissue. Their vasculogenic effects 

can be due to direct incorporation of injected ECFCs into damaged blood vessels, 

formation of de novo blood vessels, or paracrine support (Asahara et al., 1997; 

Garbuzova-Davis et al., 2017). Incorporation of human bone marrow-derived ECFCs 

into brain capillaries proved beneficial for vascular damage repair in rats with ischemic 

stroke, and similar benefits after vascular incorporation of injected ECFCs have also 

been demonstrated in people with intracerebral hemorrhage, acute kidney injuries and 

myocardial infarctions (Garbuzova-Davis et al., 2017; Kim et al., 2016; Patschan et al., 
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2016; Pias-Peleteiro et al., 2017). In a mouse model of hind limb ischemia after femoral 

artery ligation, labeled ECFCs injected into the tail vein were observed integrated within 

capillary vessel walls of the ischemic leg by histologic examination 1 to 6 weeks after 

ligation, and labeled cells were arranged into de novo capillaries within muscle at 6 

weeks (Asahara et al., 1997). ECFCs were also observed in a perivascular location 

within infarcted myocardium after direct injection, and mRNA analysis revealed that 

these injected ECFCs upregulated angiogenic and cardiac protective factors (Kim et al., 

2016). We hypothesized that treatment of wounds with ECFCs would enhance 

vascularization and reduce inflammation resulting in more rapid wound healing and less 

EGT formation. Significant effects on inflammation and vascularization were observed 

despite the large amount of variability in the model; however wound temperature and 

EGT formation were not different with treatment. The infrared imaging technique utilized 

in this study can detect inflammatory responses and changes in circulatory flow.  

However, the scabs of some wounds present during healing may have interfered with 

the emittance of radiant heat, and this may have been a limitation to this imaging 

modality in this model. Wound size was smaller at week 4 in wounds treated with 

ECFCs, but these effects were not significant.  

Based on the relative frequency of ECFCs found near newly formed blood 

vessels and relative rarity of ECFCs found within the vessel wall, it is possible that 

ECFCs function in a more paracrine role in neovascularization. The reduced 

macrophagic and neutrophilic inflammation we observed in cell treated wounds at week 

4 could also support a paracrine effect. However further work is required to make this 

distinction. It is important to note that some vascular tumors such as infantile 
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hemangiomas in humans have been speculated to possibly be caused by endothelial 

progenitor cells (Greenberger and Bischoff, 2013). Although the blood vessel density 

was greater at week 1 in wounds treated with ECFC or ECFC/MS, this effect was not 

present at the end of the study, and no excessive vascularization or vascular masses 

were observed. 

Cell therapy is very common in equine practice, but using biomaterials to deliver 

cells in equine cell therapy is still in its infancy. The use of PEG-Fb in horses has only 

been reported by our group (Seeto et al., 2017), and this is the first study looking at a 

clinical effect of a PEG-Fb hydrogel in a horse. This is also the first study evaluating a 

cellular therapy for wound healing that utilizes PEG-Fb microspheres, a biomaterial cell-

delivery vehicle designed as an injectable format. We chose to inject 2 – 4 million 

ECFCs per injection (8 – 16 million per wound) based on several factors.  Reports of 

therapeutic MSC injections used in equine tendon injuries describe around 10 million 

cells used per lesion (Ortved and Nixon, 2016).  Additionally, each microsphere could 

safely contain a finite number of cells, and the number of microspheres injected 

determined what volume of liquid was introduced into the subcutaneous tissue around 

these wounds.  Biomaterial support of cells during delivery is very attractive in order to 

protect cells during or after injection and increase cell retention after injection (Rufaihah 

et al., 2017; Sandker et al., 2017; Seliktar, 2012). Combining mesenchymal stem cells 

(MSCs) with an alginate scaffold biomaterial helped to successfully regenerate articular 

cartilage in a rabbit model (Mata et al., 2017). Enhanced early chondrogenesis has 

been observed when equine MSCs were injected within a fibrin gel biomaterial into an 

equine model of cartilage defect (Wilke et al., 2007). Using the PEG-Fb biomaterial to 
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carry therapeutic agents including cells has been investigated in other species and 

models (Rufaihah et al., 2017; Seeto et al., 2017). Sustained local release of vascular 

endothelial growth factor and angiopoietin-1 after injection within PEG-Fb microspheres 

has been demonstrated in a rat myocardial infarction model with intramyocardial 

injection (Rufaihah et al., 2017). We showed that we can consistently create uniform, 

cell-laden microspheres for in vivo injection, the equine ECFCs survive encapsulation 

and injection, and PEG-Fb MS encapsulated labeled ECFCs were detected in tissues 

up to 3 weeks after injection. The PEG-Fb material was observed only up to 1 week 

after injection, and this is consistent with the ease of hydrogel breakdown in vivo 

(Rufaihah et al., 2017; Sandker et al., 2017). The fibrinogen backbone of the PEG-Fb 

biomaterial provides cell adhesion / integrin binding sites found naturally in extracellular 

matrix proteins, which may have aided cell retention at the point of injection (Almany 

and Seliktar, 2005; Rufaihah et al., 2017). When we were able to directly visualize the 

PEG-Fb within tissue sections, we observed no abnormal pattern of vascularization or 

inflammation associated with this biomaterial. Although the healing rate, vascularization, 

and number of labeled cells were not different between ECFC treatment and MS-

encapsulated ECFC treatment, we were able to detect labeled cells in some biopsies 

from every horse if they were delivered in microspheres; that was not the case for non-

encapsulated ECFCs. No clinically significant adverse effects related specifically to cell 

therapy or microsphere injection were detected in the 6 treated horses. Other than a 

single fever and mild generalized limb swelling in one horse, no complications from the 

injections were encountered, and all wounds were completely epithelialized by 2 

months. 
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Equine wound models are frequently used to study wound healing (Celeste et al., 

2011; Jorgensen et al., 2017; Lepault et al., 2005; Tracey et al., 2014; Tsang et al., 

2017). Important differences in wound healing based on anatomic location have been 

noted in some equine wound model studies. When equine wound healing is evaluated 

using full thickness dermal wounds on both forelimbs and the horse body, wounds on 

the body have better healing (Celeste et al., 2011; Lepault et al., 2005). Wounds on the 

forelimbs have lower oxygen saturation, protracted inflammation, slowed 

epithelialization, and a greater quantity of microvascular occlusion compared to body 

wounds (Celeste et al., 2011; Lepault et al., 2005). One study that evaluated the effects 

of topical oxygen therapy on equine distal limb wounds found that forelimbs had 

significantly greater wound contraction over the course of the study compared to hind 

limbs (Tracey et al., 2014). Another study evaluating the healing of surgically induced 

core lesions in the superficial digital flexor tendon of horses found that lesions in the 

forelimbs had significantly greater vascularization scores than hind limbs (Estrada et al., 

2014). In order to parse out cell effects versus biomaterial effects, multiple control 

conditions were used in the same horse for our study, and autologous cells were utilized 

leading to variation in the model due to biopsies, different limbs, and function of the 

autologous cells. We did not choose smaller or more numerous wounds just on the 

forelimbs for this study because of the concern of treatments on one wound affecting 

another wound that was in close proximity. Future studies may not require as many 

control conditions.  

In this study, we utilized a histomorphometric software program (Visiopharm, 

Horsholm, Denmark) to quantitatively evaluate immunohistochemical stain densities in a 
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semi-automated, unbiased manner (Fiehn et al., 2016; Zhang et al., 2016). The 

combination of whole slide imaging (Aperio, Leica Biosystems Buffalo Grove, IL) and 

the histomorphometric software program provided a comprehensive color recognition 

that allowed an analysis algorithm for the relevant elements specific to each 

immunohistochemical stain (Fiehn et al., 2016; Zhang et al., 2016). This approach has 

been used to evaluate collagen density, cancer diagnosis, and inflammatory cell 

quantification in humans (Fiehn et al., 2016; Roxanis et al., 2018; Sideras et al., 2018). 

This histomorphometric algorithm-based analysis has also been used to quantify degree 

of angiogenesis in equine large airways (Herteman et al., 2016), however a common 

approach for wound healing assessment in the equine involves a semi-subjective 

scoring system (Jorgensen et al., 2017; Lepault et al., 2005; Tracey et al., 2014). One 

study of human patients diagnosed with breast cancer found that the histomorphometric 

software program outperformed traditional pathologist-based analysis of prognostic 

histologic biomarkers (Stalhammar et al., 2016). An automated, algorithm-based 

approach for immunohistochemical stain analysis is advantageous for quantitative, non-

biased results. 

Cell labeling and subsequent tracking of injected cells was performed with QD in 

this study to identify the location of ECFCs at different time points. We have performed 

in vitro studies with QD in equine ECFCs demonstrating that QD concentrations up to 

20 nM do not negatively affect ECFC growth, proliferation, or function (Winter et al., 

2018) . Adding QD label to ECFCs is also very easy, as QD nanocrystals are 

internalized into the cell cytoplasm via an enzyme-independent mechanism (Pi et al., 

2010), explaining why QD readily label equine MSCs and ECFCs (Carvalho et al., 2014; 



133 
 

Falomo et al., 2015; Winter et al., 2018). There is also some concern over the possibility 

of replication-competent lentivirus with transduction and with ex vivo identification of iron 

oxide containing cells (Burk et al., 2016; Peterson GF, 2014). ECFCs labeled with QD 

were observed up to 3 weeks after injection, and this was independent of whether a low 

or high number of ECFCs were injected or the number of injections. It is possible that 

the QD label diminished to an undetectable level with in vivo replication, and this may 

be due to the relatively low concentration of 4 nM QD label used. It is also possible that 

the QD labeled ECFCs were near and in the wound, but they were not in the specific 

slices of tissue analyzed.  

 

4.5 Conclusions 
 

This study highlights that equine ECFCs with or without encapsulation in PEG-Fb 

microspheres can be administered locally to distal limb wounds without adverse effect. 

This is the first report of clinical effects of ECFCs and of PEG-Fb hydrogel microspheres 

in the horse. Wounds that were treated with ECFCs with or without PEG-Fb 

encapsulation had increased vascularization acutely and decreased neutrophilic and 

macrophagic inflammation chronically, which may be an advantageous to wound 

healing. No clinically relevant changes were observed in GS or wound size due to 

treatment, but the observations and cell tracking pave the way for future studies using 

ECFCs or other cell types combined with the injectable PEG-Fb microspheres.  
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Chapter 5: Influence of the inflammatory cytokine TNF-α on ECFC function 
 

5.1 Introduction 
 

 Endothelial colony forming cells (ECFCs) are a subset of the endothelial 

progenitor cell (EPC).  EPCs have been described as having an ability to heal ischemic 

tissue by directly incorporating into damaged blood vessels and forming de novo blood 

vessels in ischemic tissue, and indirectly by decreasing perivascular inflammation in 

wounded tissue.  The ECFC is typically thought to play a more prominent role in these 

actions than the early-outgrowth EPC subset.  Therefore, using ECFCs as a therapeutic 

intervention in ischemic wounds to heal damaged blood vessels or form new blood 

vessels has been evaluated in multiple species.  In a mouse model of traumatic brain 

injury characterized by direct vascular injury and secondary ischemic damage, groups 

with ECFCs injected at the site of injury had improved microvessel density and clinical 

outcomes compared to control groups (Zhang et al., 2013).  In humans with diabetic 

foot wounds, ECFCs have been found to migrate to sites of vascular injury (Seo et al., 

2013) and also contribute to improved local blood flow and healing times (Dubsky et al., 

2013).  In a distal limb wound model in the horse, ECFCs have been shown to 

associate near newly formed blood vessels in wounds as well as incorporate into new 

blood vessels (Chapter 4).  Additionally, equine ECFCs decrease inflammation within 

wounded tissue in this model (Chapter 4). 

 Distal limb wounds in the horse are well studied.  Common findings in this wound 

location are exaggerated and prolonged inflammatory responses, which delay wound 

healing and in some cases leads to an excessive and detrimental formation of 
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granulation tissue, called exuberant granulation tissue (EGT).  Acute changes in the 

dermis include moderate to severe neutrophilic and eosinophilic infiltration, with 

neutrophilic and macrophagic inflammation dominating over time (Theoret et al., 2013; 

Wilmink et al., 1999).  Activated neutrophils and macrophages have been found to 

persist in these wounds over a period of at least 5 weeks (Wilmink et al., 1999).  The 

persistence of inflammatory cells in equine distal limb wounds may be driven by local 

hypoxia, local pro-inflammatory cytokine inflammation, or both (Deschene et al., 2011; 

Wilmink et al., 1999).  One consequence of the prolonged presence of activated 

inflammatory cells is the constitutive expression of pro-inflammatory cytokines such as 

interleukin (IL) 1 beta, IL-6, and TNF-α.  These and other pro-inflammatory cytokines 

are elevated in as early as 1.5 hr after the initiation of an inflammatory stimulus (Loftus 

et al., 2007).  Macrophages are present in equine limb wounds starting several days 

after the wound initiation (Theoret et al., 2002) and persist chronically in wounds with 

EGT, and these cells are a known source of local TNF-α production (Carswell et al., 

1975). 

 Human ECFCs are negatively affected by TNF-α in vitro, and this is observed as 

a reduction in proliferation, tubule formation on basement membrane matrix, and 

migration (Mena et al., 2018).  Human ECFCs also demonstrate significant apoptosis in 

the presence of TNF-α, and this effect is dependent on both the TNF-α dose and the 

time of contact with ECFCs (Bian et al., 2017).  Exposure to TNF-α compromises the in 

vitro and in vivo function of ECFCs.  After exposure to TNF-α in vitro, human ECFCs 

had a significant reduction in their ability to incorporate into vascular structures (Hong et 

al., 2015).  Additionally, ECFCs have a reduced ability to incorporate into vascular 
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structures after isolation from human patients with systemic vasculitis (Hong et al., 

2015), a condition known to have elevated levels of TNF-α in the circulation (Edwards et 

al., 1993).  The number of circulating EPCs is also decreased in human patients with 

systemic lupus erythematosus, a condition associated with elevated levels of TNF-α in 

the circulation as well as elevated expression of TNF-α mRNA in the bone marrow 

(Moonen et al., 2007).  Despite the wealth of knowledge on the effects of TNF-α on 

human ECFCs, the effect on equine ECFCs is unknown. 

 Equine ECFCs have been evaluated in a distal limb wound model and may be 

considered a therapeutic option for clinical patients with distal limb wounds in the future.  

As has been well-established, distal limb wounds in the horse have pro-inflammatory 

microenvironments.  However, the effect of pro-inflammatory cytokines such as TNF-α 

on the equine ECFC has not been evaluated.  The hypothesis of this preliminary study 

was that TNF-α would have negative effects on equine ECFC function in vitro.  The 

aims of this study were to: 1) determine the ideal concentration and time of contact for 

TNF-α to use with equine ECFCs; 2) to evaluate cell viability, cell migration, cell 

adherence, and cell function via low density lipoprotein uptake and tubule formation 

assays with and without TNF-α exposure in vitro.  

 

5.2 Methods 
 

5.2.1 Isolation, storage, and classification of ECFCs 
 

All protocols that involved animals were approved by the Auburn University 

Animal Care and Use Committee. Whole blood was collected from a healthy, adult 
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horse aged 15 from either the cephalic vein or the jugular vein for ECFC isolation using 

either a whole blood isolation or density gradient centrifugation isolation method as 

previously described (Salter et al., 2015; Sharpe et al., 2016). The ECFCs were 

cryopreserved at a concentration of 300,000 cells / mL in a freezing medium containing 

95% equine serum and 5% dimethyl sulfoxide and then stored in liquid nitrogen as P3 

cells. ECFCs were thawed and used for all experiments at P4 or P5. ECFCs were 

cultured in either 25 cm2 or 75 cm2 tissue culture polystyrene flasks in endothelial cell 

growth medium with manufacturer-supplied growth factors and anti-microbials (EGM-2 

with Bullet Kit, Lonza, Visp, Switzerland) with equine serum at a final concentration of 

10% (HyClone Laboratories Inc, Logan, UT, USA) at standard cell culture conditions 

(37° C, 5% CO2, 95% humidity). ECFCs were defined as late-outgrowth EPCs based on 

characteristic cobblestone morphology and rapid in vitro cell division (Salter et al., 

2015). The ECFCs used in this study expressed CD34, CD105, VEGFR-2, vWF, and 

CD14, formed vascular tubules on basement membrane and also had receptor-

mediated uptake of fluorescently-labeled acetylated low-density lipoprotein (DiO-Ac-

LDL) (Biomedical Technologies Inc, Stoughton, MA, USA), consistent with our group’s 

previous work (Salter et al., 2015).  

 

5.2.2 Exposure of equine ECFCs to TNF-α - data to determine dose and contact time 
 

 The effects of TNF-α exposure to human EPCs has been studied, and 

researchers have utilized protocols with varying concentrations and contact time of 

TNF-α with the cells.  Concentrations that elicited responses in vitro range widely from 1 

ng/mL to 50 ng/mL, with the TNF-α exposure time also varying from 1 – 48 hr.  Since 
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there are no published reports of the contact times and concentrations of TNF-α needed 

to elicit a response in vitro in equine ECFCs, a pilot study was performed using P5 

equine ECFCs. 

 Recombinant equine TNF-α was obtained as a 25 µg powder (Kingfisher Biotech 

Inc, Saint Paul, MN, USA).  Based on manufacturer’s recommendations, this was 

diluted in 500 µL of 0.4% BSA.  The 0.4% BSA solution was filtered through a 0.22 

micron sterile membrane filter prior to addition to the TNF-α powder to ensure sterility.  

After adequate mixing by vortex, the 500 µL stock solution was partitioned into 25 

aliquots of 20 µL.  This working solution had a concentration of 50 ng / µL and was then 

frozen at -20° C.  All aliquots used for the study underwent only one freeze – thaw cycle 

prior to use. 

 Equine ECFCs were assessed for cell viability, cell adherence, and cell migration 

under the following conditions: 

 1) 0 ng/mL TNF-α (control group) 

 2) 10 ng/mL TNF-α, with 6 hr contact time 

 3) 10 ng/mL TNF-α, with 24hr contact time 

 4) 25 ng/mL TNF-α, with 6 hr contact time 

 5) 25 ng/mL TNF-α, with 24 hr contact time 

 6) 50 ng/mL TNF-α, with 6 hr contact time 

 7) 50 ng/mL TNF-α, with 24 hr contact time 
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A dose-dependent decline in cell function was observed with exposure to TNF-α, with 

exposure to 50 ng/mL TNF-α showing the greatest decline in cell function (further 

detailed below).  No significant differences were observed in cell function between 6 hr 

and 24 hr exposure times to TNF-α for any given concentration (further detailed below). 

Based on these data, a TNF-α concentration of 50 ng/mL was used for the remainder of 

the study with a contact time of 6 hr with the cells which is described in detail below. 

 

5.2.3 Assessment of TNF-α effect on ECFC viability  
 

 Equine ECFCs of P4 were seeded into a collagen-coated (50 µg/mL) 75 cm2 cell 

culture flask with 225,000 cells (3,000 cells/cm2) in standard cell culture conditions (37° 

C, 5% CO2, 95% humidity).  When cells reached ~80% confluency, cells were 

subcultured by adding trypsin-EDTA at 0.25 mg/mL (Lonza, Visp, Switzerland) and 

incubating at 37° C for 1 min.  Trypsin was neutralized with an equal volume of fresh 

ECFC culture medium, followed by centrifugation at 200 x g for 5 min.  These cells were 

then reseeded onto collagen-coated wells of 12-well plates at 50,000 cells / well.  Cells 

were cultured in triplicate (3 wells used per condition) until ~50% confluent.  A marker 

was used on the outside bottom of each well to mark a specific field of view.  The 

purpose of the marked field of view was to allow serial photomicrographs to be obtained 

for the same region in the wells over time. 

 Photomicrographs were obtained for each well immediately prior to addition of 

TNF-α.  All culture medium was removed from the wells, and these wells were then 

rinsed once with PBS.  New culture medium was then added to each well, with either 0 
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ng/mL or 50 ng/mL of TNF-α added to the medium.  The 12-well flasks were incubated 

in standard cell culture conditions for 6 hr.  Photomicrographs were then obtained for 

each well at the previously specified marked field of view (i.e. the same field of view as 

the previous photomicrograph obtained prior to the addition of TNF-α).  The subjective 

appearance of the adherent cells and the number of dead cells floating in the medium 

was quantified before and after exposure to TNF-α. 

 

5.2.4 Assessment of TNF-α effect on ECFC adherence  
 

 Equine ECFCs of P3 were seeded into a collagen-coated (50 µg/mL) 75 cm2 cell 

culture flask with 225,000 cells (3,000 cells/cm2) in standard cell culture conditions.  

When cells reached ~80% confluency, they were subcultured by adding trypsin-EDTA at 

0.25 mg/mL (Lonza, Visp, Switzerland) and incubating at 37° C for 1 min.  Trypsin was 

neutralized with an equal volume of fresh ECFC culture medium, followed by 

centrifugation at 200 x g for 5 min.  These cells were then reseeded onto collagen-

coated 25 cm2 cell culture flasks with 75,000 cells (3,000 cells/cm2) and cultured in 

standard cell culture conditions.  Once cells were ~66% confluent, cell culture medium 

was removed from each flask.  Each cell culture flask was then rinsed once with PBS, 

and fresh cell culture medium was added which contained either 0 ng/mL or 50 ng/mL 

of TNF-α.  

 After 6 hr of incubation in standard cell culture conditions, cell culture medium 

was removed from each cell culture flask.  Each of these flasks was then rinsed once 

with PBS.  Cells were subcultured by adding trypsin-EDTA at 0.25 mg/mL (Lonza, Visp, 
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Switzerland) and incubating at 37° C for 1 min.  Trypsin was neutralized with an equal 

volume of fresh ECFC culture medium, followed by centrifugation at 200 x g for 5 min.  

These cells were then reseeded onto collagen-coated wells of a 12-well plate with 

30,000 cells per well.  Each TNF-α concentration (0 ng/mL and 50 ng/mL) was 

represented in triplicate (3 wells per concentration).  After 60 min incubation at standard 

cell culture conditions, photomicrographs were obtained of each well.  

Photomicrographs of 5 random fields of view were obtained at 20X magnification for 

each well.  A total cell count was obtained, which included all cells that were completely 

within the field of view.  Distinction was made between cells which were not adhered 

and floating in the medium, and those cells which were adhered to the surface of the 

well.  The number of cells adhered to the bottom of the well was averaged over the 5 

random fields of view within one well, so that one value for cells adhered / high powered 

field was used for statistical analysis. 

  

5.2.5 Assessment of TNF-α effect on ECFC migration 
 

 Equine ECFCs of P4 were seeded into a collagen-coated (50 µg/mL) 75 cm2 cell 

culture flask with 225,000 cells (3,000 cells/cm2) in standard cell culture conditions.  

When cells reached ~80% confluency, they were subcultured by adding trypsin-EDTA at 

0.25 mg/mL (Lonza, Visp, Switzerland) and incubating at 37° C for 1 min.  Trypsin was 

neutralized with an equal volume of fresh ECFC culture medium, followed by 

centrifugation at 200 x g for 5 min.  These cells were then reseeded onto collagen-

coated wells of 12-well plates at 50,000 cells / well.  Each condition was represented in 

triplicate (3 wells for each condition).  Cells were cultured until ~80% confluent.  A 
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marker was used on the outside bottom of each well to mark a specific field of view.  

The purpose of the marked field of view was to allow repeat photomicrographs to be 

obtained for the same region in the wells over time.  Each well had cell culture medium 

removed, was then rinsed once with PBS, and then had fresh cell culture medium 

added which contained either 0 ng/mL or 50 ng/mL of TNF-α.  

 After 6 hr of incubation at standard cell culture conditions, a sterile 200 µm 

micropipette tip was used to create a wound defect in the ECFC monolayer in each well.  

Working in a sterile environment, the narrow end of this micropipette tip was firmly 

dragged across the cell monolayer surface in proximity to the marked portion of the well.  

Detached cells were removed by gently removing cell culture medium.  All wells were 

then rinsed once with PBS, before the addition of fresh cell culture medium with or 

without TNF-α.  The 12-well plates were then cultured in standard cell culture 

conditions.  Photomicrographs were taken immediately after addition of fresh cell culture 

medium, at 3 hr, and at 6 hr after addition of fresh culture medium.  The marked area on 

the outside of the well bottom was used to image the same field of view at each time.  

Migration rate (µm / hr) was then calculated for all wells using Image J software 

(imagej.nih.gov/ij).  Migration distance at 3 hr post-wounding and 6 hr post-wounding 

was used to calculate a migration rate for each well. 

 

5.2.6 Assessment of TNF-α effect on ECFC in vitro tubule formation 
 

Equine ECFCs of P3 were seeded at 75,000 cells per flask into a collagen-

coated 25 cm2 cell culture flask, and cultured until ~80% confluent.  When cells reached 
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~80% confluency, they were subcultured by adding trypsin-EDTA at 0.25 mg/mL 

(Lonza, Visp, Switzerland) and incubating at 37° C for 1 min.  Trypsin was neutralized 

with an equal volume of fresh ECFC culture medium, followed by centrifugation at 200 x 

g for 5 min.  These cells were then reseeded into 25 cm2 cell culture flasks (1 per 

condition) with 75,000 cells (3,000 cells/cm2).  Once ~66% confluent, cell culture media 

was removed from each flask.  Flasks were rinsed once with PBS, and fresh cell culture 

medium with either 0 ng/mL or 50 ng/mL TNF-α was added.  After 6 hr incubation at 

standard cell culture conditions, cells were subcultured as described above.  These 

cells were then reseeded into wells of a 96-well cell culture disk which were prepared 

with 75 µL/well of solubilized basement membrane (BD Matrigel Basement Membrane 

Matrix, BD Biosciences, Bedford, MA, USA) and incubated for 30 min at 37° C prior to 

cell seeding. Each well was seeded with 12,000 cells and then incubated at 37° C. 

Vascular tubule formation was assessed at 24 hr post seeding. The presence or 

absence of tubule formation was noted using light microscopy. Tubule quality score was 

subjectively scored as previously described (Salter et al., 2015) (1 = no tubule 

formation, 2 = tubules projecting from cells but no connections between cells,                

3 = vascular tubule formation with connecting tubules in < 50% of the field, and             

4 = vascular tubule formation with connecting tubules in > 50% of the field).   

 

5.2.7 Assessment of TNF-α effect on uptake of low density lipoprotein 
 

 Equine ECFCs of P3 were seeded at 75,000 cells per flask into a collagen-

coated 25 cm2 cell culture flask, and cultured until ~80% confluent.  When cells reached 

~80% confluency, they were subcultured by adding trypsin-EDTA at 0.25 mg/mL 



144 
 

(Lonza, Visp, Switzerland) and incubating at 37° C for 1 min.  Trypsin was neutralized 

with an equal volume of fresh ECFC culture medium, followed by centrifugation at 200 x 

g for 5 min.  These cells were then reseeded into collagen-coated wells of a 12-well 

plate (3 wells per condition) with cell culture media and 50,000 cells per well in standard 

cell culture conditions.  Once cells were ~50% confluent, cell culture medium was 

removed from all wells.  Wells were rinsed with PBS once, and fresh cell culture 

medium with either 0 ng/mL or 50 ng/mL TNF-α was added.   

After 6 hr of incubation in standard cell culture conditions, cell culture medium 

was removed from all wells.  Wells were rinsed once with PBS, and DiO-Ac-LDL diluted 

in pre-warmed supplemented medium (50 µg/mL concentration) was added to all wells.  

Cells were incubated with DiO-Ac-LDL for 4 hr at standard cell culture conditions.  After 

incubation, ECFCs were then washed with fresh cell culture medium 3 times.  Cells 

were harvested by adding trypsin-EDTA at 0.25 mg/mL (Lonza, Visp, Switzerland) and 

incubated at 37° C for 1 min.  Trypsin was neutralized with an equal volume of fresh 

ECFC culture medium, followed by centrifugation at 200 x g for 5 min.  Cells were 

washed with PBS solution, and then 1 mL of 4% paraformaldehyde solution was added.  

Cells were then incubated at room temperature (25° C) for 20 min, after which they 

were centrifuged at 200 x g for 5 min and then washed with PBS solution twice.  Cells 

were then re-suspended in 1% bovine serum albumin solution (OmniPur, Gibbstown, 

NJ, USA), covered to protect from light, and kept at 4° C. 

Cells were filtered through a 35 µm mesh filter and then immediately underwent 

flow cytometric analysis (BD Accuri C6 software, BD Biosciences, Brea, CA, USA).  

Using a FLH-1 flow cytometry gate, analysis was performed to quantify the percentage 
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of ECFCs that had DiO-Ac-LDL uptake.  A total of 15,000 events were collected for 

each duplicate sample, and forward scatter versus side scatter plots were used for 

imaging. Gates were set in order to both select for live cultured cells and eliminate 

doubled cells, dead cells, and debris.  

 

5.2.8 Statistical analysis 
 

 Statistical analyses were performed with commercially available statistical 

software (JMP®, Version 13.0.0 SAS Institute Inc., Cary, NC, USA).  Normality of data 

was assessed using a Shapiro-Wilk test and expressed as mean +/- SD or median 

(range) as appropriate. Data with a normal distribution were compared using either a 

Student’s t-test or ANOVA. Data with a nonparametric distribution were expressed as 

median (interquartile range) and compared using a Wilcoxon rank sums or Kruskal 

Wallis test. Significance was assessed as a P value <0.05.  

 

5.3 Results 
 

5.3.1 Dose-dependent effect of TNF-α on ECFC function – results of pilot study 
 

 Cell viability was not adversely affected by either 6 hr or 24 hr of contact with 

TNF-α at doses of 10 ng/mL, 25 ng/mL, or 50 ng/mL.  Photomicrographs of equine 

ECFCs from 1 horse cell line immediately prior to addition of TNF-α and after 6 hr or 24 

hr of contact with TNF-α were obtained (Figures 45 and 46).  Subjective comparisons of 

cell morphology revealed no changes with the addition of TNF-α.  In the 24 hr contact  
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Figure 45. ECFC viability after 6 hr contact with TNF-α. Photomicrographs of equine 
ECFCs taken immediately prior to and after 6 hr of contact with TNF-α at concentrations 
of 0 ng/mL (Control), 10 ng/mL, 25 ng/mL, and 50 ng/mL. The marks on the outside of 
the well bottoms are evident as thick, black lines. Scale bars are 250 µm. 
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Figure 46. ECFC viability after 24 hr contact with TNF-α. Photomicrographs of equine 
ECFCs taken immediately prior to and after 24 hr of contact with TNF-α at 
concentrations of 0 ng/mL (Control), 10 ng/mL, 25 ng/mL, and 50 ng/mL. The marks on 
the outside of the well bottoms are evident as thick, black lines. Scale bars are 250 µm. 
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groups, cells became smaller and more crowded (Figure 46).  However this was noted 

in the control group (0 ng/mL TNF-α added) and the groups that had TNF-α added to 

the cell culture medium and was therefore attributed to normal cell proliferation over 24 

hr.  There was no evidence of an increase in the number of cells floating in the cell 

culture medium (subjective evidence of cell death) with the addition of TNF-α.   

Adherence of equine ECFCs from 1 horse cell line to collagen-coated wells of 

cell culture plates was negatively affected by the addition of TNF-α.  The number of 

cells adhered to wells of a 12-well plate was significantly decreased compared to control 

cells (0 ng/mL TNF-α), but there was not an obvious dose-dependent change (Figure 

47).  Control cells which did not contact TNF-α had a significantly greater number of 

cells adhered to the collagen-coated well bottom at 60 min after addition of cells 

compared to all concentrations of TNF-α after 6 hr contact (P=0.035).  This effect was 

observed with the TNF-α 6 hr contact groups and also with the 24 hr contact groups.  

However, there was not a significant difference in cell adherence after contact with TNF-

α between the 6 hr contact and 24 hr contact groups (P = 0.626) (Figure 48). 

Migration rates of equine ECFCs from 1 horse cell line were negatively affected 

by addition of TNF-α.  The migration rate (µm / hr) of equine ECFCs after wounding, 

based on measurements obtained at 3 hr post-wounding and 6 hr post-wounding, had a 

dose-dependent response to TNF-α concentrations (Figure 49).  Cells exposed to 50 

ng/mL TNF-α had the slowest migration rate (Figure 50).  A similar trend was observed 

in migration rate for cells exposed to TNF-α for 24 hr.  There was not a significant  
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Figure 47. ECFC adherence to collagen-coated cell culture wells after exposure to TNF-
α.  A) Representative photomicrographs 60 min after seeding of equine ECFCs exposed 
to varying concentrations of TNF-α (Control = 0 ng/mL) for 6 hr.  Scale bars are 250 µm. 
B) Number of cells adhered per high powered microscopy field (HPF) 60 min after 
seeding of equine ECFCs with 6 hr contact with various TNF-α concentrations (Control 
= 0 ng/mL). Data are represented as median and range. * denotes that control cells 
have significantly greater adherence than all other groups (P<0.05). 
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Figure 48. ECFC adherence with 6 hr and 24 hr contact with TNF-α. Number of equine 
ECFCs adhered to collagen-coated cell culture flasks 60 min after seeding in cells 
exposed to various TNF-α concentrations for either 6 hr or 24 hr. Data is presented as 
median and range. 
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Figure 49. Migration of ECFCs after wounding. Representative photomicrographs 
immediately after wounding (top row) and 6 hr later (bottom row) for Control cells         
(0 ng/mL TNF-α) and cells exposed to TNF-α for 6 hr.  Scale bars are 250 µm. 
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Figure 50. Migration rates for ECFCs exposed to varying concentrations of TNF-α. 
Migration rate (µm/hr) after cell monolayer wounding for Control cells (0 ng/mL) and 
varying concentrations of TNF-α with a 6 hr exposure are presented as mean and SD.   
* indicates that control cells had a significantly higher migration rate (µm/hr) than all 
other groups (P<0.05). † indicates that cells exposed to 10 ng/mL TNF-α for 6 hr had a 
significantly greater migration rate (µm/hr) than cells exposed to 50 ng/mL TNF-α for     
6 hr (P<0.05). 
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difference in migration rate of cells exposed to TNF-α for 6 hr contact compared to 24 hr 

contact for all concentrations (P = 0.73) (Figure 51). 

 

5.3.2 Tubule formation in cells exposed to TNF-α 
 

 Equine ECFCs maintained their ability to form in vitro tubules after exposure to 

TNF-α.  In vitro tubule formation of equine ECFCs from 1 horse cell line seeded onto 

basement membrane matrix as described above was assessed in cells exposed to 

either 0 ng/mL TNF-α (control cells) or 50 ng/mL TNF-α for 6 hr.  Three replicates of 

each condition were performed, and representative photomicrographs were analyzed 24 

hr after seeding.  Both control cells and cells exposed to 50 ng/mL TNF-α for 6 hr had 

tubule scores of 4, demonstrating no notable difference in the ability of ECFCs to form 

tubules after exposure to TNF-α (Figure 52). 

 

5.3.3 Cell uptake of DiO-Ac-LDL after exposure to TNF-α 
 

 The ability of equine ECFCs from 1 horse cell line to uptake DiO-Ac-LDL was 

negatively affected by exposure to TNF-α.  Flow cytometry was used to assess the 

percentage of the ECFCs that did and did not uptake DiO-Ac-LDL based on 15,000 

events.  This was performed for cells exposed to 0 ng/mL TNF-α (Control cells) and 

those exposed to 50 ng/mL TNF-α for 6 hr.  Control cells had 93.63% uptake 
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Figure 51. Migration rate of equine ECFCs exposed to TNF-α for 6 hr or 24 hr.  
Migration rates (µm/hr) after cell monolayer wounding of equine ECFCs exposed to 10 
ng/mL, 25 ng/mL, and 50 ng/mL TNF-α for either 6 hr or 24 hr.  Data are represented as 
mean and SD. 
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Figure 52. In vitro tubule formation of ECFCs exposed to TNF-α. Representative 
photomicrographs of in vitro tubule formation after 24 hr on basement membrane matrix 
in control cells (0 ng/mL TNF-α) (A) and in cells exposed to 50 ng/mL TNF-α for 6 hr 
prior to seeding (B).  Scale bars are 250 µm. 
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DiO-Ac-LDL, whereas only 66.70% of cells exposed to TNF-α had uptake of DiO-Ac-

LDL (Figure 53). 

 

5.4 Discussion 
 

 Results of this study demonstrate that the pro-inflammatory cytokine TNF-α 

negatively affects equine ECFC function.  ECFC function was decreased in multiple in 

vitro assays after TNF-α exposure such as adherence to cell culture wells and also 

decreased migration rate which may affect vasculogenesis in vivo.  Cell migration and 

cellular uptake of DiO-Ac-LDL were decreased after exposure to TNF-α, and this may 

indicate that other cell functions may be impacted by exposure to TNF-α.  The ability to 

form in vitro tubules on basement membrane matrix was not affected by 50 ng/mL TNF-

α after a 6 hr cell contact time, and this warrants further investigation.   

 The cytokine TNF-α was chosen to study, because it is commonly present in 

many different types of inflammatory conditions.  EPCs and their subset ECFCs have 

been administered as a therapy both in experimental and clinical diseases, many of 

which have local or systemic inflammation.  As such, TNF-α is present in many of these 

diseases.  Human EPCs demonstrate a reduced expression of VEGFR-1 and stromal 

cell-derived factor-1 mRNA in response to TNF-α exposure, both of which are critical for 

angiogenesis and cell homing with subsequent differentiation (Chen et al., 2011).  

Equine ECFCs have been found to remain within and near newly formed blood vessels 

in a wound model, which was observed up to 3 weeks after ECFC injection (Chapter 4).  

Since the injection of the ECFCs occurred at the periphery of the wounds, and wound 

size decreased over that 3-week time period, this may indicate a preserved homing 
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Figure 53. Uptake of DiO-Ac-LDL after exposure to TNF-α. Equine ECFCs were 
exposed to DiO-Ac-LDL and then analyzed for percentage of cells with uptake.             
A) Control cells (0 ng/mL) have 93% cells positive for DiO-Ac-LDL, indicating cellular 
uptake.  B) Cells exposed to 50 ng/mL TNF-α for 6 hr had 66% cells positive for       
DiO-Ac-LDL, indicating cellular uptake.  The red line marks the demarcation between 
cells that have (right of line) and have not (left of line) had cellular uptake of DiO-Ac-LDL 
based on fluorescent signal. 
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capability for equine ECFCs in an overtly inflammatory wound environment.  

Concentrations of TNF-α were not measured in that study, but macrophagic 

inflammation was a prominent component of the wound which suggests the local 

presence of TNF-α (Carswell et al., 1975; Loftus et al., 2007) (Chapter 4).  The 

presence of TNF-α in a variety of wounds that have prominent macrophagic 

inflammation has been demonstrated in multiple species (Ahn et al., 2016; Dong et al., 

2013; Green et al., 2006).  Human ECFCs develop apoptosis in response to TNF-α 

exposure in vitro, and this is observed in both a concentration-dependent and time-

dependent manner (Bian et al., 2017).  Equine ECFCs did not experience obvious 

decline in viability with the addition of TNF-α, but this was only subjectively assessed.  

Apoptosis needs to be assessed in equine ECFCs in response to TNF-α.  There is 

some evidence that certain populations of ECFCs may be inherently resistant to 

apoptosis in response to TNF-α exposure.  Apoptosis assessed by caspase 3 activity 

was significantly higher in ECFCs isolated from healthy human subjects and those with 

benign breast cancer compared with those isolated from humans with malignant breast 

cancer (Chou et al., 2016).  Since some but not all ECFC populations are negatively 

affected with exposure to TNF-α, it will be important to assess the response of each 

specific ECFC population in response to TNF-α prior to the therapeutic use of ECFCs in 

inflammatory environments. 

The effect of TNF-α on cell viability and cell function is an important consideration 

for the use of cell therapy in wounds and inflammatory diseases.  Human ECFCs show 

a decreased ability to incorporate into existing vascular structures in vitro when exposed 
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to TNF-α (Hong et al., 2015).  It is possible that this lack of vascular incorporation may 

be due to impaired migration, as decreased migration rates after exposure to TNF-α 

have been observed in human ECFCs (Chen et al., 2011) and also in equine ECFCs.   

A significant decrease in the number of cells migrating towards VEGF was observed in 

human EPCs with a 6 hr TNF-α exposure at a concentration of 50 ng/mL (Chen et al., 

2011; Wang et al., 2015).  In the equine ECFCs of this study, a significant decrease in 

migration rate was observed with as little as 10 ng/mL TNF-α with a 6 hr contact time, 

but this was concentration-dependent with the slowest migration rate observed in the 

group of ECFCs that received 50 ng/mL TNF-α.  An impaired ability to uptake acetylated 

LDL has been observed in human ECFCs after TNF-α exposure (Chen et al., 2011; 

Chou et al., 2016), and this was observed as a significant decrease in DiI-Ac-LDL 

uptake in human ECFCs exposed to just 1 pg/mL of TNF-α compared to control ECFCs.  

A decrease in DiO-Ac-LDL was also observed in the equine ECFCs of this study after 

TNF-α exposure.  Both exposure to TNF-α and cellular senescence has been shown to 

negatively influence ECFC function.   In one study of equine ECFCs, cell function was 

significantly better with the first 4 passages compared to passages 5 through 10 (Salter 

et al., 2015).  Exposure to TNF-α has been shown to cause premature senescence in 

human ECFCs via the p38 mitogen-activated protein kinase pathway (Zhang et al., 

2009), and it is possible that premature senescence is in part responsible for the 

decrease in function of equine ECFCs after exposure to TNF-α.   

The ability to form tubules on basement membrane matrix medium is reduced in 

human ECFCs after exposure to TNF-α (Chen et al., 2011; Wang et al., 2015).  Dose-

dependent decrease in tubule formation was observed in human ECFCs in vitro after 
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TNF-α exposure starting at 10 ng/mL (Chen et al., 2011).  Another study demonstrated 

a significant decrease of in vitro tubule length in ECFCs exposed to TNF-α compared to 

control ECFCs (Wang et al., 2015).  However, obvious effects on tubule formation in 

vitro were not observed in equine ECFCs exposed to TNF-α in this study where both the 

control group and the group exposed to 50 ng/mL TNF-α had a tubule formation score 

of 4/4.  There is some evidence that certain populations of ECFCs are inherently 

resistant to the negative effects of TNF-α on cell function.  This finding was observed in 

human ECFCs, where those isolated from humans with malignant breast cancer did not 

have a decreased ability to uptake DiI-Ac-LDL in response to TNF-α exposure as was 

found with ECFCs isolated from healthy humans or humans with benign breast cancer 

(Chou et al., 2016).  It is possible that exposure to TNF-α may not affect the ability of 

equine ECFCs to form tubules in vitro, which may indicate some degree of resistance to 

the detrimental effects TNF-α has on ECFC function in the horse.  This warrants further 

study prior to use of ECFCs as a therapy in equine wounds. 

 

5.5 Suggested further investigation 
 

 The results from this study demonstrate a detrimental effect of TNF-α exposure 

on equine ECFC in vitro function.  However, the results from the pilot study portion were 

obtained from ECFCs isolated from one horse.  Additionally, the cell function assays 

(DiO-Ac-LDL uptake and in vitro tubule formation) were performed on ECFCs isolated 

from this same horse.  Based on the results from the pilot study portion, the use of 50 

ng/mL TNF-α with a 6 hr cell contact is an appropriate concentration and duration to use 

in equine ECFCs.  In vitro analysis of cell function under various conditions is commonly 
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performed in cells from 3 subjects.  All in vitro tests performed thus far (cell adherence, 

cell migration rate, uptake of DiO-Ac-LDL, and in vitro tubule formation on basement 

membrane matrix medium) should be performed with at least 2 additional horse ECFC 

cell lines. 

 The ultimate goal of studying the ECFC in the horse is to determine if this may be 

an appropriate therapy to use in wounds, particularly distal limb wounds in the horse.  

As discussed above, there is good reason to believe that TNF-α is present in distal limb 

wounds in the horse.  Prolonged inflammation, which prominently features the 

macrophage, is a characteristic of the equine distal limb wound.  However, there are 

other aspects of the wound environment which may influence ECFC function.  Human 

keloids and equine EGT from distal limb wounds are similar in disease initiation and 

propagation (Theoret et al., 2013).  Both conditions are considered fibroproliferative 

disorders that result in excessive fibrosis and delayed wound healing times (Dong et al., 

2013; Theoret et al., 2013).  In addition to elevated transcription levels of TNF-α, 

upregulation of interleukin-1 beta (IL-1b) by as much as 15% have been observed in 

keloid fibroblasts (Dong et al., 2013).  The pro-inflammatory cytokine IL-1b, like TNF-α, 

is present in many different inflammatory conditions across multiple species (Dong et 

al., 2013; Kamm et al., 2010; Leise et al., 2012; Siemieniuch et al., 2016).  In the horse, 

elevations of IL-1b have been observed in laminar inflammation, endometritis, and 

osteoarthritis.  Equine recombinant IL-1b is readily available (Kingfisher Biotech, St. 

Paul, MN).  The in vitro effects of IL-1b should be assessed in 3 horse ECFC cell lines, 

utilizing the same function tests that were used with exposure to TNF-α. 
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 Although human keloids and equine EGT are similar in many aspects, the 

presence of myofibroblasts is expected in equine EGT but absent in human keloids 

(Theoret et al., 2013).  In response to TGF-β1, fibroblasts in adult wounds differentiate 

into myofibroblasts (Wang et al., 2018).  Activated fibroblasts and myofibroblasts 

promote the deposition of extracellular matrix proteins such as collagen I and collagen 

III (Profyris et al., 2012; Wang et al., 2018).  Wounds in humans that heal with 

excessive scarring typically overexpress proteins that are involved in the activation of 

TGF-b proteins (Profyris et al., 2012).  The cytokine TGF-β1 is secreted by activated 

macrophages in humans (Profyris et al., 2012), and TGF-β1 expression is persistently 

elevated in equine limb wounds (Theoret et al., 2001).  In a study comparing the TGF-b 

expression profiles of equine wounds of skin in distal limbs and the thorax, distal limb 

wounds but not thoracic skin wounds were found to have elevated levels of TGF-β1 

expression that persisted over a 14-day period (Theoret et al., 2001).  In addition to the 

pro-fibrotic effects that TGF-β1 may have in equine distal wounds, this cytokine may 

also affect the ability of ECFCs to assist in wound healing.  When exposed to TGF-β1, 

ECFCs undergo a molecular transition to become mesenchymal cells (Bianchini et al., 

2017; Piera-Velazquez and Jimenez, 2012).  During this process endothelial specific 

markers such as vascular endothelial cadherin are lost, and mesenchymal cell products 

such as alpha-smooth muscle actin and collagen types I and III are produced (Piera-

Velazquez and Jimenez, 2012).  Understanding the extent that this does or does not 

happen in equine ECFCs is an important consideration for possible therapeutic use, 

since a marked endothelial to mesenchymal cell transition of injected ECFCs in the 

presence of local TGF-β1 may actually promote EGT.  Equine recombinant TGF-β1 is 
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readily available (Kingfisher Biotech, St. Paul, MN).  The in vitro effects of TGF-β1 

should be assessed in 3 horse ECFC cell lines, utilizing the same function tests that 

were used with exposure to TNF-α.  In addition to assessing cell function differences 

after exposure to TGF-β1, assessing whether an endothelial to mesenchymal cell 

transition occurs should be performed.  If transition to a mesenchymal cell has occurred, 

then cell expression of alpha smooth muscle actin and vimentin will be demonstrated.  

This should be evaluated in cells from 3 horse ECFC cell lines after TGF-β1. 

 At the conclusion of these tests, there will be data describing the in vitro activity 

and function of equine ECFCs from 3 different cell lines after exposure to multiple pro-

inflammatory cytokines.  Both IL-1b and TNF-α have been found in inflammatory 

conditions in the horse and in human conditions where wound healing is similar to distal 

limb wound healing in the horse, so this evaluation is clinically relevant to the potential 

therapeutic use of equine ECFCs in wound healing.  Based on the pro-fibrotic activity of 

TGF-β1 in wound healing and its association with excessive scarring in humans and 

EGT in the horse, this evaluation is also clinically relevant to possible therapeutic uses 

of equine ECFCs. 

 Understanding how equine ECFCs react to these cytokines is part of the critical 

understanding of how ECFCs can be used therapeutically as a component of 

regenerative medicine.  These cytokines have either been proven to be in the local 

wound environment of equine distal limb wounds or they can reasonably be assumed to 

be present based on research in similar wounds in humans.  With the long-term goal of 

using equine ECFCs therapeutically, another aspect that warrants study involves 

preventing a decline in cell function once cells encounter exposure to these cytokines.  
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Human ECFCs experience a decline in proliferation rate and cell function in response to 

the exposure or high glucose levels, TNF-α, or both (Mena et al., 2018).  However when 

ECFCs were preconditioned with incubation in medium with a pH of 6.6 for 6 hr and 

then exposed to high glucose and / or TNF-α, no decline in proliferation or function was 

observed (Mena et al., 2018).  Additionally, the endothelial to mesenchymal cell 

transition in human ECFCs exposed to TGF-β1 in vitro was prevented by co-culturing in 

a triazole-derived Arg-Gly-Asp antagonist (Bianchini et al., 2017).  The apoptosis that 

occurs in ECFCs exposed to TNF-α can be attenuated by treating ECFCs with pituitary 

adenylate cyclase-activating polypeptide, which is one of the members of the vasoactive 

intestinal peptide/secretin/growth hormone-releasing hormone/glucagon superfamily 

(Bian et al., 2017).  These studies highlight how the in vitro treatment of ECFCs prior to 

injection into inflammatory environments such as distal limb wounds may be necessary 

in order to optimize the desired therapeutic effect of these cells in the horse.   
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Chapter 6: Summary and conclusions 
 

 

Endothelial colony forming cells (ECFCs) are a subset of the EPC which has 

been investigated for clinical use to promote healing for wounds characterized by 

ischemia, infarction, or other vascular compromise.  ECFCs can be isolated from 

peripheral blood and used as autologous cellular therapy.  The ease of isolation and 

possible vascular regenerative capabilities have prompted research in the human field, 

experimental animal models, and to a limited degree, naturally-occurring veterinary 

diseases.  Exuberant granulation tissue in equine distal limb wounds is commonly 

encountered by veterinarians, and these and other wounds may benefit from the 

vascular reparative attributes of ECFC therapy. The research presented here describes 

the therapeutic use of ECFCs on a distal limb wound model in the horse.  We have 

demonstrated that labeling equine ECFCs with a QD label is effective and allows ex 

vivo tracking of cells injected into a distal limb wound.  We have also demonstrated that 

blood vessel quantity is increased compared to controls in wounds treated with equine 

ECFCs with or without PEG-Fb encapsulation.  Neutrophlic and macrophagic 

inflammation are decreased compared to controls in wounds treated with equine ECFCs 

with or without PEG-Fb encapsulation.  Distal limb wounds in the horse that develop 

EGT often have local tissue ischemia, hypoxia, and excessive inflammation, so these 

results are promising for the therapeutic use of ECFCs in equine distal limb wounds.  

However, the therapeutic use of ECFCs in equine distal limb wounds has challenges, as 

local inflammatory cytokines such as TNF-α affect equine ECFC function. 
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As described above, the therapeutic potential of using equine ECFCs to treat 

distal limb wounds is intriguing.  Prior to undertaking this study in an equine distal limb 

wound model, we described methods to perform the following: reliably label equine 

ECFCs to track their location / migration; encapsulate equine ECFCs in a PEG-Fb 

hydrogel biomaterial to improve their survival during injection; and safeguard cell 

function during the labeling and encapsulation processes.  We have described the first 

use of equine ECFCs as a therapy in a distal limb wound model.  From the present 

study we identified factors which may be important to consider for future study design.  

Repeated wound biopsies and wound location on a hind limb worsen granulation tissue 

in the horse.  We also identified that treatment with ECFCs with or without prior 

encapsulation into PEG-Fb microspheres increased blood vessel density after 1 week 

and decreased neutrophilic- and macrophagic-associated inflammation after 4 weeks in 

distal limb wounds.  These were considered promising results, as increased blood 

vessel density and decreased inflammation may both contribute to better wound 

healing.  No significant differences in macroscopic wound healing comparing between 

treatments were observed, but there was significant inherent variation in wound healing 

due to the individual horse.  Future study design to create more wounds per horse or 

having more horses in a study may ameliorate this problem. 

Accurate identification of cell type is one challenge that exists when using ECFCs 

as a therapeutic intervention.  There is no consensus on what combination of cell 

surface markers or functional cellular assays constitute an ECFC.  Our group has 

demonstrated that ECFCs may be isolated from peripheral blood samples obtained from 

the jugular and cephalic veins of horses using whole blood and density centrifugation 
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methods.  These cells manifest in culture flasks from 6 – 14 days after plating, and they 

express CD14, CD34, CD105, VEGFR-2, and vWF.  They are able to uptake low 

density lipoprotein and form tubules on basement membrane matrix medium in vitro.  

These characteristics are similar to reports of ECFCs in other species including 

humans.  After in vivo subcutaneous injection around distal limb wounds in the horse, 

these cells were found near and within newly formed blood vessels.  These attributes 

suggest that the cells used in these studies were ECFCs.  However, the gold standard 

for identification of the ECFC has not been performed in the horse.  This would involve 

injecting these cells into immunocompromised mice, with subsequent observation of 

those injected cells forming de novo, functional blood vessels which connect to the 

existing vasculature; this may represent a necessary future study. 

The ability to track ECFCs once injected is vital to understand how these cells 

contribute to wound healing.  Although different methods for in vivo cell tracking have 

been investigated in the horse, we have documented a safe and reliable method to 

track equine ECFCs using fluorescent quantum dot nanocrystals (QD).  Labeling equine 

ECFCs with QD of concentrations up to 20 nM did not negatively affect in vitro cell 

growth or cell function characteristics.  By labeling equine ECFCs with QD prior to 

subcutaneous injection in an equine distal limb wound model, we have also 

demonstrated that equine ECFCs were detected up to 3 weeks after injection within ex 

vivo biopsy samples.  Equine ECFCs labeled with QD were consistently found near and 

within newly formed blood vessels in our distal limb wound model, even after 3 weeks of 

wound healing.  This suggests that accurate tracking of the cells’ in vivo movement was 

achieved using this QD label. 
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Another important consideration for in vivo therapeutic use of ECFCs is cell 

survival and subsequent retention at the time of injection.  Studies have shown that 

many different types of cells experience significant cell death during the process of 

injection with a syringe and needle, and cells can migrate away from the site of injection 

to peripheral blood and other organs in the days to weeks after injection.  We have 

described a method to remedy both of these problems.  By encapsulating equine 

ECFCs in the hydrogel biomaterial PEG-Fb, ECFCs are able to survive the injection 

without significant cell death.  We have proven that equine ECFCs encapsulated in 

PEG-Fb microspheres demonstrated no decline in cell growth or function characteristics 

in vitro, and cell marker expression was not altered during the encapsulation process.  

Encapsulating equine ECFCs prior to in vivo injection may help cell retention, as 

injected ECFCs were found after 1 week in all wounds with injections of ECFCs 

encapsulated in PEG-Fb microspheres; whereas this was not observed for wounds with 

injections of ECFCs alone.  The PEG-Fb microspheres were observed in biopsies up to 

1 week after injection which suggests the ECFCs they contained were retained at site of 

injection for that time period.  

Distal limb wounds in the horse are in large part characterized by prolonged, 

excessive inflammation.  Our work with ECFC treatment of distal limb wounds in the 

horse identified some positive aspects to this novel therapy, namely decreasing 

inflammation in treated wounds.  However, even with the decreased inflammation 

observed histologically, there were no differences in granulation tissue formation or 

wound size over time between treatments.  Many different cell types have a decline in 

cell growth, cell function, and even viability in response to inflammatory cytokine 
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exposure.  We initiated a preliminary investigation into the performance of equine 

ECFCs with exposure to the inflammatory cytokine, TNF-α.  We identified a TNF-α 

concentration and contact time which altered cell function in vitro for one equine ECFC 

cell line.  We observed that some but not all functional characteristics were negatively 

affected by in vitro exposure to TNF-α. Additional information is needed for this 

assessment, including evaluation of additional equine ECFC cell lines as well as 

evaluation of ECFC function in response to other inflammatory stimuli. 

In conclusion, the data presented in this manuscript builds upon the knowledge 

of equine ECFCs previously reported.  Research in this manuscript has added to that 

collective knowledge by describing in detail: an in vitro cell labeling technique; an in vitro 

cell encapsulation method; in vivo and ex vivo evaluation of equine ECFCs used as 

therapeutic agents in an equine distal limb wound model; and an in vitro evaluation of 

the influence of TNF-α on equine ECFCs.  This manuscript describes novel in vitro and 

in vivo analyses of equine ECFCs, which collectively represents a significant 

advancement in our understanding of these cells.  Therapeutic use of ECFCs in equine 

distal limb wounds is promising, and additional investigation is warranted. 
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Appendix A Preliminary Research for Mitomycin C Dose Determination 
 

 

A                                                                      B 

 

Cell growth data of equine ECFCs with and without exposure to mitomycin C. A) Total 
number of cells at various time points with and without mitomycin C (MMC).                 
B) Graphical representation of control cells and cells exposed to 10 µg/mL or 20 µg/mL 
MMC.  * indicates time of MMC exposure. 
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Appendix B Variation in Relative Percentage of Wound and Non-Wound Regions 
from Biopsies  

 

 

Variation in the relative percentage of Wound and Non-Wound tissue present in 
biopsies existed as demonstrated by these representative photomicrographs.  The black 
line marks the demarcation between epithelialized skin at the periphery of the surgically-
induced wound (Non-Wound region) and the healing wound (Wound region).  In part 
due to this variation, 8 mm punch biopsies were obtained in the second half of the study 
instead of the 6 mm punch biopsies used in the first half of the study. 
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Appendix C Variation in Size and Staining Characteristics from Biopsies 
 

 

 
Variation in the size, shape, and staining characteristics of the biopsies is demonstrated 
by these representative photomicrographs.  The biopsies pictured were obtained from 
the wound periphery at weekly intervals. Samples from week 1 (A), week 2 (B, C), week 
3 (D), and week 4 (E) biopsies stained with Masson’s trichrome.  Although the staining 
variation was accounted for in the Visiopharm algorithms, this may have impacted 
analysis.  In part due to this variation observed, 8 mm punch biopsies were obtained in 
the second half of the study instead of the 6 mm punch biopsies used in the first half of 
the study. 
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Appendix D Horse-specific Variation in WSA, GS, and Wound Temperature 
 

 
Variation in weighted granulation scores (A), wound surface area presented as percent 
change from baseline (B), and wound temperature in degrees Celsius (C) attributable to 
the individual horse.  All time points are included in these figures, and there is significant 
variation present (P<0.0001).  Data are presented as box-and-whisker plots, with 
median values represented by the horizontal lines and the interquartile range 
represented by the box.  Grey dots are values that are 1.5 times the box length above 
the 75th percentile.  The ends of the whiskers represent the smallest and largest values 
not classified as outliers. 
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Appendix E Horse-specific Variation of IHC Stain Quantification in Week 1 
Biopsies 

 

 
Variation in the immunohistochemical stain quantification of von Willebrand factor (A), 
collagen as quantified by Masson’s Trichrome stain (B), Elastase (C), and IBA1 (D) 
attributable to the individual horse from Week 1 biopsies.  Wound (blue) and Non-
Wound (red) regions of analysis are presented as well as results from statistical 
analyses (corresponding blue and red colors).  Data are presented as box-and-whisker 
plots, with median values represented by the horizontal lines and the interquartile range 
represented by the box.  Grey dots are values that are 1.5 times the box length above 
the 75th percentile.  The ends of the whiskers represent the smallest and largest values 
not classified as outliers. 
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Appendix F Horse-specific Variation of IHC Stain Quantification in Week 4 
Biopsies 

 

 
Variation in the immunohistochemical stain quantification of von Willebrand factor (A), 
collagen as quantified by Masson’s Trichrome stain (B), Elastase (C), and IBA1 (D) 
attributable to the individual horse from Week 4 biopsies.  Wound (blue) and Non-
Wound (red) regions of analysis are presented as well as results from statistical 
analyses (corresponding blue and red colors).  Data are presented as box-and-whisker 
plots, with median values represented by the horizontal lines and the interquartile range 
represented by the box.  Grey dots are values that are 1.5 times the box length above 
the 75th percentile.  The ends of the whiskers represent the smallest and largest values 
not classified as outliers. 
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