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Abstract 

 
 Mesenchymal stem cells (MSCs) have great potential to improve clinical 

outcomes for many inflammatory and degenerative diseases through delivery of 

exogenous MSCs via injection or cell-laden scaffolds and through mobilization and 

migration of endogenous MSCs to injury sites. MSC fate and function is determined by 

microenvironmental cues, specifically dimensionality, topography, and cell-cell 

interactions. MSC responses of migration and differentiation are the focus of this 

dissertation. Cell migration occurs in several physiological and pathological processes; 

migration mode and cell signaling are determined by the environment and type of 

confinement in three-dimensional (3D) models.  

Tendon injury is a common musculoskeletal disorder that occurs through 

cumulative damage to the extracellular matrix (ECM). Studies combining nanofibrous 

scaffolds and MSCs to determine an optimal topographical environment have promoted 

tenogenic differentiation under various conditions. We investigated cellular response of 

MSCs on specifically designed nanofiber matrices fabricated using a novel spinneret-

based tunable engineered parameters production method (STEP). We designed suspended 

and aligned nanofiber scaffolds to study cellular morphology, tendon marker gene 

expression, and matrix deposition as determinants for tendon differentiation.  



	

The delivery and maintenance of MSCs at sites of inflammation or injury are 

major challenges in stem cell therapies. Enhancing stem cell homing could improve their 

therapeutic effects. Homing is a process that involves cell migration through the 

vasculature to target organs. This process is defined in leukocyte transendothelial 

migration (TEM); however, far less is known about MSC homing. We investigated two 

population subsets of MSCs in a Transwell system mimicking the vasculature; migrated 

cells that initiated transmigration on the endothelium and nonmigrated cells in the apical 

chamber that failed to transmigrate. Gene and protein expression changes were observed 

between these subsets and evidence suggests that multiple signaling pathways regulate 

TEM.  

The results of these experiments have demonstrated that microenvironmental cues 

are critical to understanding the cellular and molecular mechanisms of MSC response, 

specifically in homing and differentiation. This knowledge has identified scaffold 

parameters required to stimulate tenogenesis and signaling pathways controlling MSC 

homing. These findings will allow us to target key regulatory molecules and cell 

signaling pathways involved in MSC response towards development of regenerative 

therapies. 
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General Audience Abstract 

 

Stem cell therapy is one way to improve tissue injury and inflammatory 

conditions, but to optimize such therapy, we need to study how the environment around 

cells influence turning them into the injured tissue and how to control their movement to 

these sites in order for mesenchymal stem cells (MSCs) to exert their therapeutic 

functions. MSCs move through and detect their environment through the material around 

them, including organization of the fibers they attach to and neighboring cells. Cell 

migration is an important cell behavior that occurs in normal and diseased processes. 

MSCs have great potential to improve clinical outcomes for many inflammatory and 

degenerative diseases whether through delivery of exogenous MSCs or through 

mobilization and migration of endogenous MSCs to injury sites. 

Tendon damage can occur slowly over time and optimal treatment for normal 

function after injury remains unknown. Equine MSCs were harvested from bone marrow 

and subjected to scaffolds of different fiber orientation to study whether cells develop 

characteristics of tendon cells. Cellular responses were similar between scaffolds of 

aligned fiber orientation. Manipulation of equine bone marrow MSCs through the use of 

specifically designed nanofiber scaffolds aid in understanding the mechanisms by which 

the cells respond and function in tendon development, injury, and repair. 



	

Inflammation is a necessary process after tissue injury; however, it must progress 

in a controlled manner and be resolved before it leads to tissue damage and dysfunction. 

MSCs function in regulating the effects of inflammation and immune cells; however, 

getting them to these sites and keeping them there remains challenging. MSCs adhere to 

and migrate through capillaries towards these sites, known as stem cell homing. Human 

bone marrow MSCs were loaded onto human synovial microvascular endothelial cells to 

study migration towards an inflammatory stimulus. This stimulus acted on the endothelial 

cells to produce another stimulus that attracted MSCs to the endothelial cells. These 

actions resulted in complete MSC migration through the endothelial cells and activated 

intracellular signals that can be used to increase the number of MSCs that reach the 

inflammatory sites and stimulate tissue-healing effects.  
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Overview of Dissertation 

	
Chapter 1 is an introductory chapter on the topics of stem cell research in 

regenerative medicine. It covers topics in tendon biology, stem cells and their 

microenvironment, and studies that have used fibrous scaffolds as models to study cell 

behaviors, specifically differentiation. Understanding these factors individually and in 

combination will further our advances in cell-based therapies.  

Chapter 2 is a study investigating MSC response to topographical cues in their 

microenvironment. STEP manufactured nanofiber scaffolds were used as a model for 

studying tenogenic differentiation into tenocytes on scaffolds that mimic native tendon 

alignment specifically scaffolds of three-dimensional (3D) suspended and aligned 

nanofibers. This data highlights specific cellular responses to alignment that adds to our 

understanding of stem cells in development and repair.  

Chapter 3 is an introductory chapter that discusses the foundation for the study of 

MSC homing towards inflammation. It covers topics of exogenous and endogenous stem 

cell homing and includes a comparison to leukocytes and cancer cells through the stages 

of transendothelial migration (TEM). The chapter concludes with current models and the 

findings that contribute to elucidating the mechanisms of MSC homing. 

Chapter 4 is a study investigating the underlying mechanisms involved in 

transmigration of MSCs towards inflammation. Modified Transwell systems were used to 

mimic the vasculature and inflammatory environment. This vascular model could be used 

to study MSC transmigration for use in strategies to inhibit inflammation while 

promoting regeneration, as well as for small molecule screening to identify molecules 

that attract endogenous stem cells to areas of injury or inflammation. 



	 xii	

Chapter 5 summarizes the key findings and conclusions of this dissertation and 

future directions of MSC tendon differentiation and stem cell homing. 

Appendices include additional data for Chapters 2 and 4. Appendix A to Chapter 

2 includes optimization data on MSC seeding density and fiber coatings. Appendix B to 

Chapter 4 includes optimization data from various experiments including monolayer 

integrity of different endothelial cell types, MSC collections methods and isolation, 

additional data from transmigration assays, and gene and protein expression changes for 

the cytoskeletal regulators, PI3K-Akt, and Jak/Stat signaling pathways.
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Chapter 1: Mesenchymal Stem Cell-seeded Fibrous Scaffolds for Tenogenesis 

	

I. Tendon Biology 

 
 

Tendon is a dense connective tissue, attaching muscle to bone that transmits force 

for locomotion. It is comprised mainly of extracellular matrix (ECM) and has low 

cellularity and vascularity, likely related to its poor regenerative capacity. This results in 

prolonged and incomplete healing with a high risk of re-injury 1. Musculoskeletal 

conditions cost healthcare systems approximately $1.7 billion worldwide annually; 2 30 

million of these cases are tendon and ligament-related 3. The number of cases increases 

yearly due to an increase in athletic activity and an aging population. Estimates of 

prevalence are challenging and are likely underestimated due to misdiagnosis, 4 injuries 

diagnosed along with systemic disease, 5 or are accounted for as soft tissue injuries 6. 

Tendon injuries and conditions are collectively known as tendinopathies; tendinitis is 

associated with inflammation while tendinosis does not have an inflammatory component 

6. The most commonly affected tendons in humans include the flexor tendon, patellar 

tendons, Achilles tendon, tibialis posterior tendon, and supraspinatus tendon 6. Patients 

may suffer from long-term pain, disability, decreased quality of life, and loss of 

productivity. Tendinopathies are common and are becoming an increasing challenge to 

treat with the rising number of individuals affected and the associated healthcare costs. 

Tendon Development 
 

The process of tendon development during embryogenesis has been studied to 

attempt to apply the principles of tendon formation to the development of therapeutic 



	 2	

treatments in regenerative medicine. During embryogenesis, somites form the 

compartments of dermomyotome, myotome, and sclerotome towards limb development 

and are influenced by cell signaling pathways. The main pathways identified in the 

development of tendon include the transforming growth factor beta (TGF-β), fibroblast 

growth factor (FGF), and Wnt signaling pathways.   

Development of musculoskeletal tissues begins with the dermomyotome and the 

sclerotome layers; the syndetome forms from the sclerotome as the myotome forms from 

the dermomyotome. FGF signaling is involved in formation of tissue boundaries of 

tendon and muscle. Tendon progenitors are induced from the edge of the sclerotome in 

response to FGF signaling from the myotome, promoting scleraxis expression (scx) in 

adjacent cells, and dividing the sclerotome into muscle progenitor cells that express pax1 

and tendon progenitor cells that express scx, FGF4, and FGF8 determine tissue 

boundaries in the developing limb; specifically FGFR1 in tendon 7. The sclerotome and 

myotome form a fourth somatic compartment, a scx-positive compartment, known as the 

syndetome. Scx is expressed in axial and ventrolateral tendons, in tendon progenitors in 

somites, and in tissue maturation. The use of a chick-quail chimera with scx has allowed 

for the tracking of cells during tenogenesis and the visualization of somites 8. Cross talk 

between pathway signaling promotes tendon formation and suppresses development of 

other tissue types. 

Berge et al. studied the interactions of signaling molecules of Wnt and FGF 

signaling on cell fate in the developing limb bud. Ectodermal Wnt signaling to the 

mesenchyme inhibits chondrogenesis and promotes soft tissue differentiation. The 

ectoderm also induces proliferation and re-directs progenitor fate from chondrogenesis 
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towards differentiation of soft tissue after exposure to Wnt3a. Progenitors originate from 

the subridge region where they are exposed to FGF from the apical ectodermal ridge 

(AER) and Wnt from the ectoderm. The authors concluded that the combination of Fgf8 

and Wnt3a inhibited chondrogenesis, promoted progenitor growth, and maintained an 

undifferentiated state 9. 

The TGF-β signaling pathway and its TGF-β isoforms are a critical regulator of 

tendon development and maturation. Kuo et al. studied the spatiotemporal distribution of 

TGF-β1, TGF-β2, and TGF-β3 and their receptors TGF-βRI and TGF-βRII in 

intermediate tendon development in chick embryos. Findings showed no detection of 

TGF-β1; however, TGF-β2, and TGF-β3 showed localization specific for each protein. 

These findings suggested correlation to the same matrix molecules involved in tendon 

maturation. The authors concluded that the TGF-βs each have a distinct roles and are 

regulated by matrix molecules in development 10.  

Structure and Function in Health and Disease 
 

Tendon hierarchical structure and mechanical properties vary across the 

organization of the tissue, including where tendon attaches to muscle (myotendinous 

junction) and to bone (enthesis). The size of various tendon components and whole 

tendons varies by several factors including genetics, age, level of conditioning, health, 

and species. The collagen molecule (~1 nm), consists of procollagen; a triple helix with 

alternating Gly-Pro-X (glycine, proline, X is any amino acid) amino acid residues. 

Collagen molecules align and self-assemble in a staggered pattern forming a fibril of 

~100 nm. This creates overlapping and non-overlapping regions and formation of fiber 

crimping. Tenocytes are found at this level. Fibrils are aggregated to form a collagen 
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fiber of ~1 – 300 um and is encased in an outer layer known as the endotenon. Fibers 

bundle to form primary, secondary, and tertiary bundles of ~20 – 200 um and are 

surrounded by an outer layer known as epitenon. These components make up the tendon 

unit of ~500 um 11.  

Tendon ECM consists primarily of two fibrillar collagens; type I collagen (Col I) 

and type III collagen (Col III). A healthy, adult, conditioned tendon has a higher ratio of 

Col I to Col III. Col I has larger fibril diameters that provides the tissue with strength; Col 

III has smaller diameter fibrils in comparison and provides the tissue with its elastic 

properties. Huang et al. summarized tendon matrix associated markers and their 

functions. Non-fibrillar collagens II, V, XI, XII, and XIV are important in homeostasis 

and inadequate expression can lead to pathological conditions 12. Collagen V regulates 

fibrillogenesis in Col I-rich connective tissues. Its deletion results in structural 

abnormalities, decreased tissue stiffness, and joint alterations characteristic of Ehlers-

Danlos syndrome 13. The deleterious effects of other non-fibrillar collagens have not been 

as extensively studied. 

The main cell type found in tendon is the tenocyte, also referred to as tendon 

fibroblast or mature tendon cell. Tenocytes are spindle-like cells that can be found 

sparsely distributed along tendon fibrils. Tendon cells function in the synthesis, 

maintenance, and degradation of extracellular matrix proteins 14. They are arranged in a 

parallel orientation to each other; however, they are connected laterally through cell 

processes. Tenoblasts are immature tendon cells with rounded morphology, found in 

large numbers in younger tendon 15. Additionally, Bi et al. discovered a tendon 

progenitor/stem cell (TPSC) population and identified components of the tendon niche. 
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Human and mouse tendon cells showed heterogeneity, clonogenicity, self-renewal, and 

differentiation characteristic of stem cells. Tendon cells express scx, a basic helix-loop-

helix transcription factor, is specific to tendon and ligament tissues 16. The role of 

scleraxis was discovered though developmental studies of scx -/- mice that showed severe 

tendon defects 17. Scx functions through regulation of the expression and production of 

Col I 18. Mohawk (mkx) is a homeobox transcription factor expressed in tendon 

development. Mkx -/- mice exhibited hypoplasticity of tendons, decreased diameter of 

collagen fibers, and a reduction of Col I. This study suggests that mkx regulates 

production of Col I, contributing to tendon development 19. Biglycan (bgn) and 

fibromodulin are key components in TPSC fate in tendon and regulate bone morphogenic 

protein (BMP) signaling, specifically BMP-2 and BMP-7 20. TGF-β regulates the 

production of collagen and matrix-associated proteins as evidenced by mouse embryonic 

development; the use of double mutants of TGF-β2 and TGF-β3 resulted in tendon and 

ligament loss 21. Other cell types found in tendon include endothelial cells, osteocytes, 

and myocytes 22. 

In addition to collagens and tendon cell populations, glycosaminoglycans (GAGs) 

and carbohydrates bind to proteoglycans and glycoproteins in tendon matrix. GAGs are 

long, non-branched mucopolysaccharides with disaccharide repeat regions. GAGs are 

differentiated from each other by degree of sulfation. Tendon-related GAGs are 

chondroitin sulfate (CS), dermatan sulfate (DS), heparin sulfate (HS), and keratin sulfate 

(KS). Specifically, CS is bound with versican and is found in high proportions in tendon. 

It functions in ECM organization, aggregation of protein ligands, and resistance to 

compressional forces. Hyaluronic acid is the only non-sulfated GAG and functions in 
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joint lubrication and inflammatory responses. Ryan et al. provides an extensive review of 

these tendon GAGs in physiology and pathology 23.  

Decorin (dcn) is an important proteoglycan in the extracellular matrix and is 

prominent in collagen fibrillogenesis. Structurally, it has one chondroitin sulfate GAG 

chain. A dcn -/- mouse model showed altered fibril formation including irregular fibrils 

with varying thickness along the length of the fibril and a large variability in fibril size 

24,25. Dcn is critical for proper tendon development, repair, and function. Bgn is a class I 

small leucine rich proteoglycan (SLRP) and has two chondroitin sulfate GAG chains. A 

bgn -/- mouse model was developed for studying biglycan-associated musculoskeletal 

disease. This study observed bone development in the absence of Bgn; however, results 

showed lower production of marrow stromal cells, reduced response to growth factors, 

reduced collagen synthesis, and increased apoptosis that can also be related to 

tenogenesis 24,26.  Other proteoglycans including fibromodulin and lumican and several 

tendon glycoproteins including fibronectin, tenomodulin (Tnmd), and tenascin C (Tnc) 

also interact with collagen. For example, tnmd regulates fibrillogenesis and tenocyte 

proliferation. Tnmd -/- mice have shown reduced cell density and extreme fibril diameters 

27. Other components of tendon ECM include glycoproteins, elastin, water, ions, and 

water. The interactions between cell populations and ECM components are key to 

understanding tendon development, injury, and repair mechanisms. 

Tendon Mechanical Properties in Maintenance and Repair 
 

Tendon is primarily subjected to uniaxial tension and displays non-linear, 

viscoelastic biomechanics. The stress-strain curve illustrates the mechanical properties of 

the tissue as strain increases and tendon collagen fibrils crimp (Fig. 1.1) 28. The 
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relationship between stress and strain is not constant and depends on the time of 

displacement or load. Fibrils exhibit a crimping pattern when at rest or subjected to low 

strain. At strains 0-2%, the fibers stretch and the extent of crimping is decreased. This is 

identified as the toe region. This results from a stretching of the triple helices of the 

collagen molecules. As the collagen fibril backbone is stretched, the crimping straightens, 

resulting in increased stiffness. As strain increases, behavior becomes linear. Collagen 

under 2-4% strains is in the physiological or linear region and deformation occurs in a 

linear pattern. Young’s modulus, or elasticity, can be determined by calculating the slope 

of this line. Intramolecular sliding of collagen triple helicases occurs at this point and the 

tissue exhibits elastic behavior and can revert to its original state. Beyond 4% strain, 

microscopic damage occurs to the fibrils and induces a catabolic response. This is the 

yield point at which collagen fibers cannot return after deformation. Macroscopic failure 

occurs by intrafibril damage by molecular slippage at strains 8-10%. The maximum stress 

for tendon is ~40-50 MPa. As individual fibrils begin to fail damage accumulates, 

stiffness is reduced and the ligament/tendons begins to fail. Excessive tension causes 

fibrils to go beyond the yield point which can result in rupture of the tissue at the ultimate 

failure point of ~12% strain.  
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Figure 1.1: A stress-strain curve of the physical properties of tendon. The stress-strain 
curve shows the Young’s modulus through the physiological and non-physiological 
regions of tendon and the associated fibril crimping, 1.) toe and linear regions, 2.) plastic 
region, and 3.) rupture.  
	

Cells can adapt to mechanical loading until the point at which mechanical loading 

overwhelms cellular repair mechanisms, resulting in damage that is reversible up to this 

point.  There are two main causes of tendon injury; 1) a cumulative effect of damage over 

time due to overuse, including frequency and duration of activity that changes the 

biomechanics of the tissue and 2) when the impact exceeds the structural and viscoelastic 

properties of the tissue and results in rupture 29-31. Irreversible damage due to inadequate 

repair is caused by insufficient time between exercise, high frequency, long duration, the 

magnitude of overuse, individual susceptibility, matrix composition, and cellular activity 

14. This results in cell death, matrix degradation, and an increase in production of Col III 

that lead to tendon degeneration 1,32. Direct damage to cells and matrix initiates 

alterations in gene expression and protein production and similarly, results in progression 

of degeneration and disease. A competing hypothesis is that tendon degeneration is a 

catabolic response of tenocytes to under-stimulation. Arnoczky et al. presented evidence 
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that in vitro studies lack the physiological relevance of mechanical over stimulation. An 

in situ rat-tail tendon model was used to demonstrate that altered cell-matrix interactions 

result in under stimulation of tenocytes and tissue degeneration. The tenocyte catabolic 

response was stimulated, producing an upregulation in collagenase mRNA and protein 

synthesis, degeneration of pericellular matrix, and decreased material properties 33. 

Natural healing occurs through the three overlapping phases of inflammation, 

proliferation, and remodeling. The first phase of inflammation involves the vessels of the 

injured area; initiating fibrin clots and activating vasodilators, platelets, leukocytes, red 

blood cells, tenocytes, and pro-inflammatory molecules. This phase typically lasts a few 

days to two weeks. The proliferative phase begins approximately three days after injury 

and is characterized by disorganized matrix, large numbers of fibroblasts, tenocytes, 

macrophages, increased proteoglycan content, and neovascularization. Matrix synthesis, 

specifically Col III, peaks at this phase. Lastly, in the remodeling phase of tendon 

healing, Col I synthesis dominates, tissue alignment returns, and cell density decreases. 

This phase begins 1-2 months after injury and completion can take one year or longer. 

The resulting scar formation prevents the tissue from regaining full biomechanical 

properties 34-36. 

The impacts of mechanical loading on tendon healing include increased tendon 

size and improved mechanical properties for tendon healing 37. Several studies have 

investigated the molecular mechanisms of loading on maintenance and healing. Actin-

associated adherens junctions connect the cell cytoskeleton with strain and increase 

adhesions and stress fiber formation under loading to aid in recovery 38. Loaded tendon 

showed several-fold greater production of TGF-β compared to unloaded tendon that 
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correlated to synthesis of proteoglycans 39. Loading promoted gene expression of scx, 

tnmd, and growth stimulators 40. Cyclic loading has been shown to induce tenocyte 

activated stress-activated protein kinase (SAPKs) and JNK signaling that changed with 

magnitude. JNK signaling was mediated through a calcium-dependent pathway and 

continued JNK signaling may lead to tendon degeneration 41. Mechanical stimulation 

without growth factors induced Akt signaling and tenogenic differentiation of tendon 

stem cells 42. Mechanical loading with macromolecular crowding (MMC) increased cell 

and ECM alignment and ECM production 43. Eccentric and concentric training was 

compared in an untrained rat model and showed improved mechanical properties after 

training, specifically eccentric training 44. 

Tendon Treatments 
 
 Conservative options for tendon injury include rest, immobilization, eccentric 

training, and injections that can reduce pain and inflammation. Surgical intervention may 

be more beneficial in reducing symptoms and stabilizing function than the more limited 

nonsurgical options, depending on the tendon type, severity, and injury progression. 

Surgical options include the use of allografts, xenografts, and autografts with the latter 

being the gold standard for treatment. However, disadvantages of autografts include 

donor-site morbidity, decreased function, and decreased long-term outcomes to the tissue. 

Nillson-Helander et al. investigated the outcome of acute Achilles tendon ruptures with 

surgical versus nonsurgical treatment, both with immobilization. There was no significant 

difference between treatments; however, the authors concluded that immobilization was a 

key component of the treatment to prevent re-rupture and that function in both groups 
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was decreased compared to the uninjured leg in this one year study 45. The rate of re-

injury is still high after surgery.  

Tendon biologics including matrices/scaffolds, stem cells, growth factors, and 

gene therapy are alternatives that may provide improved long term results 27,46. Tissue 

engineering and regenerative medicine have studied the use of implantation of acellular 

and cellular scaffolds in replacing or healing injured tissue. Natural and synthetic 

biomaterials mimicking the structure and organization to replace damaged tendon are 

commonly manufactured by electrospinning. Commonly studied stem cell sources 

include bone marrow-derived MSCs, adipose-derived MSCs, tendon-derived MSCs, 

placental-derived stem cells, embryonic stem cells, and induced pluripotent stem cells. 

The use of cells or cell-laden matrices may have immunomodulatory and regenerative 

effects to return structural and biomechanical function of the tissue 27,46. Stem cell 

therapy has shown great promise and improved healing compared to conservative 

management. However, cell therapies need further study and optimization; the underlying 

molecular mechanisms are poorly understood. Specific cellular and molecular changes 

have been observed in tendon processes of development and degeneration that will be 

critical in developing models and therapeutic applications 47.  

II. Mesenchymal Stem Cell Behavior 
 

Friedenstein et al. first isolated fibroblast colony forming cells from bone marrow 

48,49 and these cells were later named mesenchymal stem cells (MSCs) 50. Since then, 

efforts have been made to define, isolate, and understand the immunomodulatory and 

regenerative effects of MSCs. MSCs are commonly used in in vivo and in vitro studies 
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and the effects of expansion, maintenance of phenotype and function in cell culture are 

still being investigated. Components of the microenvironment influence cell response, 

specifically topography, stiffness, mechanical stimulation, oxygen tension, and density as 

well as spatiotemporal control over biochemical and biomechanical stimuli. Engineering 

microenvironments incorporating these factors is driving cell based therapies and drug 

discovery applications 51. 

MSCs have been studied extensively in regenerative medicine. They are defined 

by criteria stated by the International Society for Cell Therapy as 1) plastic adherent in 

standard cell culture conditions, 2) express CD105, CD73, CD90, and negative for 

expression of CD45, CD34, CD14, or CD11b, CD79alpha or CD19, and HLA-DR 

surface molecules, and 3) differentiate into osteoblasts, adipocytes, and chondrocytes in 

vitro 52. MSCs have been successfully isolated from several tissues in the body including 

bone marrow, 49 tendon, 20 skeletal muscle, 53 heart, 54 and brain, 55 among others. Other 

types of stem cells not discussed in this review include embryonic stem cells, placental 

stem cells, and induced pluripotent stem cells that are categorized by the extent of their 

differentiation capabilities. 

MSC fate is regulated by a complex and intertwined system of signals from the 

cellular microenvironment (Figure 1.2); biochemical and biophysical cues provided by 

the ECM and surrounding tissue influence cell-matrix interactions and cell-cell signaling 

56. A study using stiffness and cell-cell contact showed that cells with direct contact to a 

stiff matrix produced alkaline phosphatase and calcium deposition in osteogenesis 57. 

Shear stress influences cell contractility, gene expression, and determination of cell 

lineage. Higher fluid shear stress increased contractility and promoted osteogenesis while 
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lower forces maintained multipotency 58. In another study, mechanical loading induced 

BMP-12 triggered Smad8 and increased scx expression and tenomodulin, resulting in 

tenogenesis and loss of plasticity 59. Manipulating components in the MSC 

microenvironment influence cell behavior and ultimate cell fate and function. 

 

Figure 1.2: Stem cell fate is determined via a combination of microenvironmental cues.	
The major cues are from 1) cell interactions with other stem cells, native cell populations, 
and the matrix, 2) scaffolds mimicking native extracellular matrix (ECM), 3) molecule 
cues may be soluble, immobilized, or embedded within the ECM, and 4) mechanical 
forces. These cues promote specific cellular responses and ultimate cell fate and function.  
	

MSCs are capable of a vast array of functions of either regenerative or trophic 

effects and are promising for treating tissue injury/disease 56. L. da Silva Meirelles et al. 

described MSC factor secretion of cytokines, growth factors, and ECM proteins that 

contributed to their therapeutic properties. Regenerative effects of MSCs include 

proliferation, growth, and differentiation that have a direct impact on tissue remodeling 

and repair. MSCs contribute indirectly through trophic effects that create a more 
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favorable environment for healing including immunomodulation, inhibiting apoptosis, 

angiogenesis, inhibiting fibrosis, and chemoattraction 60.  

The immunomodulatory effects of MSC have been shown to act upon both the 

innate and adaptive immune systems. These effects broadly include immunosuppressive 

effects during inflammation or disease conditions and in immunologically quiescent 

conditions. These effects are a result of complex interactions between MSC and immune 

cells through indirect cell contact via secreted factors and direct MSC contact with 

immune cells. Immunomodulation capabilities include inhibition of T cell proliferation, 

inhibition or promotion of B cell proliferation, inhibition of NK cell activation, and the 

regulation of cytokine secretions of dendritic cells and macrophages. MSCs have been 

shown to reduce cell death, reduce fibrosis, and establish blood supply to promote 

healing and secretion of chemokines. Secreted factors include a large number of 

chemokines, cytokines and prostaglandins. Additional molecules that may play a role 

include transforming growth factor-beta (TGF-β), hepatocyte growth factor (HGF), nitric 

oxide (NO), human leukocyte antigen G (HLA-G), indoleamine 2,3 dioxygenase (IDO) 

and Toll-like receptor (TLR) expression. MSC immunosuppressive effects include 

inhibition of T lymphocyte proliferation, inhibition of pro-inflammatory molecules, 

inhibition of B cell antibody production and inhibition of antigen presenting cells 61. 

Specific examples include promoting the shift of T helper type 1 cells to T-helper type 2 

cells, down-regulation of interferon gamma (IFNγ) by NK cells. A number of in vitro and 

in vivo studies provide evidence to support MSC capacity immunomodulation. In vivo 

disease models including sepsis, allograft rejection and several others have shown 

induced immune modulation and decreased disease progression. They examine treatment 
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or exposure of MSC with chemokines, cytokines and prostaglandin molecules that have 

the potential to induce MSC immunomodulation. These models provide insight into the 

mechanisms involved in activation of MSC immunomodulation in inflammatory and 

diseased states.  

The Mesenchymal Stem Cell Niche and Extracellular Matrix 
 

The ECM is constantly being remodeled; structural components, function, and 

mechanical properties i.e. rigidity promote cell responses of proliferation, migration, 

differentiation, apoptosis, or senescence through biochemical and mechanical stimulation 

62. These microenvironmental cues control stem cell activities and function in 

homeostasis, repair and pathological conditions, including aging and cancer. MSCs have 

been studied through lineage tracing, single-cell transplantation, genetic manipulation 

including gain and loss of function studies, and real time imaging in vivo 63. MSCs reside 

in the bone marrow that controls their behavior and migration. The niche includes 

hematopoietic stem cells, perivascular MSCs, sinusoidal endothelial cells, sympathetic 

nerve fibers, and osteoblastic cells. Stem cell niches aid in tissue maintenance and repair 

64 and hypoxia enhanced proliferation and plasticity 65. MSCs in the bone marrow are 

nestin+, self-renewing, and exhibit multilineage differentiation during transplantations 66. 

MSCs originate from perivascular space, possibly as pericytes. However, a recent study 

investigating pericyte function showed that pericytes from various organs did not 

function in the same manner as MSCs in vivo, without in vitro manipulations 67. The 

tendon niche, similarly to the bone marrow niche maintains stemness of these cells until 

conditions change and promote migration and differentiation.  
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Cell Mechanotransduction 
 

Tendon experiences a mechanical environment, primarily tensile loading, as it 

functions to transmit the load from muscle to bone. Tendon not only requires mechanical 

stimulation for proper function, but mechanical stimulus also promotes development and 

repair 68. Mechanical stimulation influences cell signaling from surrounding tissues. Cell 

mechanotransduction is the process in which a cell converts a mechanical or biochemical 

signal to a physical cell behavior through a cascade of intracellular signaling that leads to 

gene transcription in the nucleus and cell response (Figure 1.3) 22,69. It contributes to 

collagen alignment and progenitor differentiation to tenocytes. Force is determined by the 

loading history of the tissue and the condition of the ECM. Factors affecting force are 

regional variation along the tissue from anterior and posterior fibrils, 70 variation in GAG 

composition, 71 and strain and pre-stress of the cytoskeleton exists due to matrix stiffness, 

cell-cell interactions, cell-matrix interactions, and contractility. Tenocytes can detect this 

mechanical environment and “sense” their environment through cell-cell interactions, 

cell-matrix interactions, and primary cilia. Tensile load is transferred to cells by matrix 

components and intracellular signaling 22. 

Components of the ECM function in cell adhesion and signaling. Tensile loading 

can also stretch ECM molecules, such as collagen, exposing new binding sites. In the 

case of collagen, GFOGER binding sites allow for further α1β1 integrin interaction and 

environmental sensing 72. Integrins are transmembrane proteins, connecting the ECM to 

the inside of the cell and actin cytoskeleton. They are α/β heterodimers that extend from 

the ECM and across the membrane to extend their short cytoplasmic tail into the cell. 

Integrins function to transmit the extracellular signal, chemical or mechanical to an 
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intracellular biochemical signal. Actin binding proteins bind to the cytoplasmic β tail and 

induce conformation changes in the extracellular portion that is exposed to ECM. Some 

actin binding proteins also function as mechanosensors, including FAK and p130Cas. 

When the integrin is activated, it, in turn, activates signaling cascades involving protein 

kinases and phosphatases that lead to phosphorylation and/or dephosphorylation, 

resulting in translocation of a transcription factor to the nucleus and transcription of the 

target DNA and eventual cell response. This is known as “outside – in” signaling. 

Elosegui-Artola et al. provide evidence for an actin-talin-integrin-fibronectin clutch, the 

clutch bond strengthens as it is stretched. A threshold for talin unfolding exists that is 

based on surface stiffness. If the stiffness is above the talin threshold, it will unfold and 

allow vinculin to bind, resulting in a strengthened bond. If stiffness is below the 

threshold, talin does not unfold and further binding does not occur 73.  

Integrins also function in “inside-out” signaling. Cell surface receptors can be 

activated by intracellular signaling, initiating binding of the receptor and further cell 

signaling. The cytoskeleton can rearrange itself to cluster integrins, recruit actin binding 

proteins, and form focal adhesions. As focal adhesions mature, the cell forms stronger 

adhesion to its matrix. The number of active receptors on the cell surface and their 

affinity for a ligand will determine signaling response 22.  

Tenocyte mechanotransduction is influenced by primary cilia that deflect in the 

direction of stimuli. This deflection at the cell surface causes a cascade of intracellular 

signaling events to occur, leading to transcription factor translocation to the nucleus and 

transcription of genes that result in cell response 22. Gardner et al. showed that primary 
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cilia under stress deprivation caused a lengthening of the cilia that was restored to a 

shorter length after 24 hours of mechanical stimulus 74.  

Cells sensing a rigid environment will form stress fibers that cells use to exert 

force back on the substrate and sense the resistance. Actomyosin activity provides the cell 

with its own contractility that also influences its ability to sense the environment. Cell-

cell interactions occur through gap junctions. For example, tenocytes communicate 

through connexins 26, 43, and 32 aid in mechanosensing; signals can travel 4-7 cell 

diameters deep. Mechanical stimulation can also activate ion channels; an increase in 

intracellular calcium can lead to activation of Rho/ROCK that increases phosphorylation 

of MLC (myosin light chain) and myosin II. Transient receptor potentials (TRPs), 

specifically PIEZOS have recently been identified in tendon inflammation and 

mechanotransduction. Mechanical stimuli can also interfere with ATP production leading 

to temporary desensitization of cells when over-stimulated. Hippo signaling pathway, 

specifically YAP has recently been shown to play a role in mechanotransduction 22. 

Several cell signaling pathways are activated, specifically Smad2/3 signaling has been 

identified in tendon mechanotransduction in collagen-GAG scaffolds 75. 
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Figure 1.3: Mechanisms of tendon mechanotransduction. Several factors influence 
how a cell can sense and response to mechanical cues in the microenvironment; ion 
channels, gap junctions, intracellular Ca2+ levels, primary cilia, and integrin-ECM 
interactions induce various intracellular signaling pathways that result in different 
cell responses. Journal of Orthopaedic Research 2015; 33(6):813-822 22.  

 

III. Factors in Cell Migration  

 
Cells migrate in physiological and pathological contexts in response to various 

stimuli including chemotaxis, haptotaxis, and durotaxis. Migration occurs as single cells, 

in groups as chains, and sheets or clusters and can switch between single-cell and 

collective cell migration. This decision is dependent on cell type, environmental 

conditions, and stimuli 76,77. An example of individual cell migration is the macrophage 

as it progresses through diapedesis in response to proinflammatory cytokines. Collective 

cell migration occurs in development during various embryonic stages. Adherens 

junctions in addition to desmosomes, tight junctions, gap junctions, and matrix 
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metalloproteinases (MMPs) all contribute to collective cell migration. The leading edge 

has a loosely packed cell structure with the protrusive lamellipodia in two-dimensional 

(2D) environments and filopodia or pseudopodia in three-dimensional (3D) 

environments. The trailing edge is more tightly packed with cells and propels non-

protruding cells. Disruption of cell-cell or cell-matrix adhesions can lead to a change in 

migration from collection to individual 76.  

Migration modes include mesenchymal migration, used primarily by fibroblasts 

and amoeboid migration, used primarily by leukocytes. Mesenchymal migration is 

observed in slow moving cells that have highly organized cytoskeletons and complex 

adhesions. Mesenchymal cell motility involves cyclic lamellipodia-driven cell migration 

characteristic of fibroblasts and other mesenchymal cells. This cell migration cycle 

consists of polarization, protrusion, translocation, and detachment. The leading and 

lagging edges of the cell both contribute to the stages; similarities and differences in 

activated signaling pathways are observed at both edges 76,78. Polarization in 2D 

environments leads to a dorsal and ventral orientation that does not exist in 3D 

environments. Proteolysis is critical in this mode of migration for matrix degradation and 

integrins for cell-matrix adhesions. Amoeboid migration is observed in fast moving cells 

that do not have highly organized actin cytoskeletons and therefore show weak 

adhesions. Amoeboid migration exhibits cell morphology that is rounded, less dendritic, 

and exhibits less clustering of MTI-MMP (membrane type I metalloprotease) and β1 

integrins 76. Cancer cells have been shown to switch between both modes depending on 

their environment and additionally, exhibit nonapoptotic membrane blebbing that occurs 

without a highly organized cytoskeleton 79. Cancer cells can migrate as individual cells or 
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collectively protecting them from the immune system or increasing the cell entrapment in 

the blood vessels 80. Blebbing and contractility through the matrix have also been 

observed in embryonic cell migration 79.  

Dimensional Effects  
 

Cells migrate in both 2D and 3D environments in vivo; however, 3D 

environments are more common and cell migration is limited by several confinement 

factors not observed in 2D environments (Fig. 1.4) 81. The nucleus is the stiffest part of 

the cell and limits migration to the nuclear threshold, or size of the cell nucleus. 

Migration does not occur at pore sizes less than the nuclear limit without proteolysis 82. 

MMPs are secreted to degrade the ECM surrounding the cell and cancer cells migrate in 

mesenchymal mode of migration to create migration tracks for other cells to follow in 83. 

Cells can then migrate in a MMP-dependent amoeboid mode. MTLn3E breast cancer 

cells migrated in a ROCK-dependent pathway 84. Fibroblasts migrate through lobopodial 

migration on substrates with a linear elastic behavior. This mode is dependent on RhoA-

ROCK-myosin II, vinculin, and paxillin and produces a blunt protrusion with blebbing. 

Blebbing is generally caused by limited cell adhesion and increased cell contractility. In 

contrast, protrusions are observed in low adhesion and low contractility cells. 81 Lastly, 

migration via osmotic engine model is described as water uptake and expulsion through 

the cell membrane at the leading and trailing edge of the cell body 85. 

Cellular Adhesion and Speed 
 

Integrin-ECM interactions decrease cell migration on 2D substrates, whereas 

increasing ECM concentration in one-dimensional (1D) fibrillar substrates promotes 

increased cell migration. Migration speed is more complex to understand in 3D substrates 
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and include factors of stiffness, 86 pore size, 87 confinement, 88 and crosslinking 89 that 

influence speed, persistence, velocity, and force. Focal adhesions are more stable in a 2D 

environment than in a 3D environment and migration decreases with stiffness 62.  

Cell adhesions are categorized in to four groups; nascent adhesions, focal 

complexes, focal adhesions, and fibrillar adhesions (stress fibers). Rigidity and high 

forces promote focal adhesions and soft substrates with inhibition of contractility 

promote nascent adhesions and focal complexes 90. Integrin clusters constitute nascent 

adhesions, requiring actin and talin, that mature through cell contractility 91. Adhesion 

size and duration is regulated by vinculin-tension and adhesion complex area. A positive 

correlation between the two was observed for medium sized adhesions and a negative 

correlation was observed for small and large adhesions 92. Stress fiber and fibrillar 

adhesions development through inverted formin 2 (INF2) regulate actin structures for 

remodeling of ECM 93. Force-activated activation induces binding proteins, dissociation, 

and localization 90. Cells on 1D printed lines show a distribution of α5 integrin, FAK, 

vinculin, and paxillin. Vinculin distribution is similar in vertical confinement. Cells 

migrating from narrow to wide lines or groves show increased focal adhesions 94. 

Kulangara et al. used 350 nm grated topographies to investigate focal adhesion 

composition and dynamics, specifically zyxin. Zyxin expression was dowregulated, 

resulting in smaller adhesions, higher adhesion turnover, and thus faster migration. These 

findings suggest that nanofibers decrease mechanical stimulation on adhesions and exert 

force-dependent changes in zyxin expression 95.  Talin is another critical adaptor protein 

in cell adhesion, stretching talin rods exposes binding sites for vinculin binding and 

reorganization of the cytoskeleton 96. Talin phosphorylation induces cell migration. 
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Smurf1-mediated ubiquitination degrades the talin head after phosphorylation by Cdk5, 

controlling talin head turnover, cell adhesion, and migration 97. Bachir et al. studied how 

the molecule ratio determines nascent and mature adhesion formation. Results showed 

that integrins bind with α-actinin clusters and kindlin during the formation of nascent 

adhesion and integrin-talin complexes in response to myosin II in mature adhesions 98. 

Assembly of nascent adhesions and formation of protrusions leads to cell 

spreading and increased substrate attachment. Nascent adhesion proteins, including FAK, 

talin, vinculin and tensin, bind to each other and actin filaments. Traction is low at this 

stage. Protrusions form as actin monomers are added to the barbed ends of the F-actin 

filaments. This actin polymerization drives actin retrograde flow. Actin retrograde flow is 

the movement of actin from the leading edge of the cell towards the cell body and it 

exhibits a biphasic relationship with traction force. Over time, integrins and actin binding 

proteins increase in number, forming more stable adhesions 99.  

Focal adhesion size and migration are regulated by stiffness. Focal adhesions 

connect to actin stress fibers that grow and are maintained through mechanical stress or 

substrate rigidity. Activation of myosin increases contractility of the cytoskeleton and 

increases focal adhesion size. Stiffer substrates promote larger focal adhesions and 

slower/no migration and soft substrates promote smaller or no adhesions and faster 

migration 99. 

Myosin drives the flow of actin as protrusions elongate and retrograde movement 

decreases as traction force increase. Mature adhesion proteins are recruited to form focal 

complexes. Stress fibers formation occurs with the activation of myosin in response to the 

rigidity of the substrate. The area of cell-matrix interaction continues to increase as the 
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number of integrins become clustered and activated to form mature focal adhesions. 

Mature adhesion proteins function to stabilize actin filaments, including α-actinin and the 

addition of a number of other actin binding proteins that results in increased focal 

adhesion size. The larger/mature focal adhesions are found in the lamella while the 

smaller/nascent complexes are found in the lamellipodia. Actin retrograde flow continues 

and stress fibers persist at this stage. Traction is at a steady state until adhesion size 

reaches its threshold. Signaling from the clustering of integrins and the recruitment of 

actin binding proteins results in additional stabilization of actin provided by 

microtubules. GTPase Rap1 increases integrin affinity for ligands, resulting in integrin 

clustering and adhesion formation. Adhesion turnover is required at both the leading and 

trailing edges. The role of Rho GTPases in retraction and disassembly is the activation of 

Rac-GEFs that leads to activation of the MAPK ERK pathway and adhesion turnover 99. 

Cellular Morphology 
 

Cell morphology and Rho GTPase signaling differ in 1D, 2D, and 3D 

environments. Mechanosensing in 3D non-linear elastic environments promotes 

lamellipodia versus linear elastic substrates that promote lobopodial formation. Rho 

GTPase signaling for cells on 1D and 3D matrices share similarities in migration 

including cell protrusions, polarization and persistence. Cell morphology on a 1D line 

and in 3D matrix environments exhibit spindle-shape morphology with a single 

lamellipodia. These cells cannot extend protrusions laterally; they experience a confined 

environment. Cdc42-regulated retrograde actomyosin flow positions the nucleus to the 

rear of the cell. In polarization, the Par complex regulates Rho GTPases Cdc42, Rac1, 

and RhoA activity. Rac1 and Cdc42 promote RhoA activity at the trailing edge of the cell 
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for formation of both the leading and trailing edges. Their activity at the leading edge of 

the cell functions in adhesion, protrusion, and retraction. While signaling is regulated 

between Rac1 and RhoA signaling, they can suppress each other’s activity. Stabilization 

of microtubules occurs through Cdc42 activation of the Par complex and activation of 

CLASP2. The Par complex activation of Rac1 and RhoA promote persistent migration. 

RhoA can activate ROCK and inhibit the Par complex. Rac1 also interacts with PI3K at 

the leading edge to promote cell polarization 99.  

On a 2D surface, protrusions can expand laterally resulting in multiple lamellae 

and random migration; induced by high levels of Rac activity. Cells in 3D environments 

express less Rac1 activity, resulting in a single lamellipodia and chemotaxis. Similar 

signaling pathways are activated in lamellipodia of cells in 1-3D environments. Rac1 

triggers actin polymerization at the leading edge through WAVE and the Arp2/3 complex 

and Cdc42 acts similarly through WASP and the Arp2/3 complex. LIMK acts as a cofilin 

severing protein that interrupts actin polymerization. When cofilin activity is decreased, 

random migration increases and vice versa. RhoA contributes to polymerization and the 

indirect regulation of cofilin 99.  

A 3D microenvironment induces cytoskeletal reorganization in cell migration. 

Microchannels have shown an increase in actin, reduced stress fibers, and 

phosphorylation of MLCK (myosin light chain kinase) along the cell body. Tubulin 

arranges similarly on fibronectin printed parallel lines. Stress fibers are reduced in 

vertical confinement and myosin II is concentrated at the trailing edge. Microtubule 

polymerization plays a critical role in confined cell migration 94. 
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Studies have begun to elucidate the effect of nucleus morphology on cell 

response. Cell shape determines nucleus morphology, effecting gene expression and cell 

signaling. Cylindrical nuclei were observed in confinement, in comparison to elongated 

nuclei on 1D lines or grooves. Microgrooves stimulate gene expression changes involved 

in Rho GTPase signaling and microtubules while microcontact islands promoted 

elongated nuclei and increased collagen I production and osteocalcin mRNA 94. 

Cell Contractility 
 

Myosin II regulates morphological changes and mechanical response. Myosin II 

is regulated by phosphorylation of MLC that is phosphorylated by MLCK, through 

intracellular calcium and kinase activation or ROCK, through Rho GTPases. Myosin II 

and actin are concentration at the trailing edge of the cell in vertical confinement. 

Manipulation via micropipette aspiration has shown an accumulation of actin at the 

cortical region 100. Rac1 and RhoA both regulate myosin activity, resulting in contraction 

that increases protrusion and adhesion formation. Traction occurs through integrin 

signaling and is partially regulated by Rho GTPases. RhoA signaling leads to actomyosin 

contraction. 99  

Cell Signal Transduction 
 

Evidence suggests that confinement sensing occurs through PIEZO1/PKA and 

myosin II pathways 101. Calcium release activates calcium-stretch cation channels, 

PIEZO1, and decreased PKA signaling. Increases in myosin II can function via Rac1, 

independently of PIEZO1/Ca2+/PDE1/PKA. Rigidity and elastic behavior of the ECM 

greatly affects migration and cell lineage determination 102. Microenvironmental factors 

of dimensionality and length scales influence intrinsic cell signaling to regulate cell 
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behavior at intersections. Cell migration was affected independently of pore size, using 

contact guidance and was enhanced by Cdc42 inhibition. Inhibition of myosin IIA/IIB 

and RhoA/MLCK inhibitor combinations prevented contact guidance 103. Molecular 

clutches are involved in ligand-integrin-actin interactions 104. The stages of clutch 

activation are partial-, local-, long term-engagement and disengagement, optical imaging 

showed that multi-level clutch involvement varied by cell type and protrusion 105. 

Cell migration is influenced by matrix properties; pore size, crosslinking, 

organization, and stiffness. Increasing collagen density resulted in biphasic changes of 

protrusion rate, orientation, migration speed, invasion, and MMP activity with fiber 

alignment being most influential 106.  

 

Figure 1.4: Cell migration adaptations in confined environments. Cell mode of 
migration and protrusions are influenced by the characteristics of the 
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microenvironment; pore size, crosslinking density, stiffness, structural organization, 
and other cell types. Nature Reviews Cancer 2016 81. 

 

IV. Regenerative Medicine Applications of Fibrous Scaffolds 

 
Regenerative medicine as defined by the NIH is “the process of creating living 

functional tissues to repair or replace tissue or organ function lost due to age, disease, 

damage, or congenital defects”. Regenerative medicine is a multidisciplinary field, 

incorporating knowledge from the fields of biology, engineering, and medicine. Tissue 

engineering is defined as an “interdisciplinary field that applies the principles of 

engineering and the life sciences towards the development of biological substitutes that 

restore, maintain, or improve tissue function” 107. The classical approach of tissue 

engineering has been incorporated in regenerative medicine and uses three main 

components towards development of a construct. Cells, scaffolds, and signaling 

molecules are studied individually or in combination 108. MSCs and their signaling 

molecules including production of growth factors and hormones have been discussed 

previously. Briefly, stem cells recognize and respond to cues in their environment to 

determine their behavior. Multiple cell types and sources have been studied for 

application in tendon repair 109,110. MSCs are widely used to study musculoskeletal 

differentiation and studies have provided evidence for tenogenic differentiation of stem 

cells for tendon repair 111. Scaffolds provide support for cell adhesion and growth and are 

typically designed to mimic the structure of the native tissue. They also provide 

extracellular signals and environmental cues such as biochemical and mechanical 

properties for directing cell processes 108. Various scaffold constructs have been 
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developed to mimic the tendon environment for studying stem cell behavior; 112 however, 

no standard has been established.  

Important characteristics to manufacture a tendon scaffold include dimensionality, 

fiber density, diameter size, and fiber orientation. Such features influence the structural 

cues that cells receive and influence cell response and cell fate 113. Using 3D scaffolds, 

we can more closely mimic physiology in vivo and improve our understanding of cell 

function 114. Density of fibrous scaffolds of high, medium, and low fiber density have 

been studied for their influence on osteogenesis 115. Additionally, fibrous scaffolds can 

vary in diameter distribution; 116 however, there is evidence that the use of submicron 

sized fibers promotes tenogenic differentiation 117. Many studies have also used 

engineered fibrous scaffolds to compare scaffolds of aligned fiber orientations and 

randomly aligned fibers to study cell behavior 118-121. Researchers in regenerative 

medicine have adapted this classical approach to include mechanical stimuli as a fourth 

component. Studies investigate these factors individually and in combination. 

Animal Tendon Injury Models 
 

The most commonly injured tendon in humans is the Achilles tendon 122 and is 

comparable to injury of the superficial digital flexor tendon in the horse 123, providing a 

relevant model for studying tendon injury and repair. In addition, the horse is a preferred 

model due to its clinical relevance; tendon injury naturally occurs in the horse and does 

not need to be induced as with small animal models, the pathology is similar to that of 

humans, and tissue is readily available 14. Horses suffer similar injuries that similarly 

result in pain, decreased function, and increased veterinary costs. Small animal models 

are less clinically relevant due to their small size and tendon injury is not naturally 
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occurring; collagenase-induced tendon injury is a common method used in rodent, 124 

rabbit, 125 and sheep 126 injury models. Additionally, MSCs have been collected for use in 

in vitro studies from various species including, but not limited to rodents, 127 rabbits, 128 

horses, 129 and humans 130. 

Fibrous Scaffolds for Basic Research  
 

ECM composition and orientation in vivo differs by tissue type and function. 

Cells can sense and respond to their microenvironment through topographical cues; 

controlling cell adhesion, growth, migration, maintenance, and differentiation. Tissues 

that consist of random features for example promote osteoblasts to increase spreading and 

adhesion or promote MSC differentiation towards an osteogenic lineage. Tissues with 

anisotrophic features promote maintenance of tenocyte phenotype or MSC differentiation 

towards tenogenesis. Lastly, isotrophic tissues including bone marrow maintain 

“stemness” or multipotency characteristic of MSCs 51. 

The most commonly used scaffolds are decellularized matrices, organ printing, 

and biomimetic scaffolds. Decellularized matrices are tissues or organs that have been 

collected and treated with chemical, biological, or physical agents for cell removal. They 

are advantageous because they maintain the chemical composition, topography, and 

mechanical integrity of the native tissue in vivo. Organ printing and biofabrication uses 

computer-aided technology that layers biologically relevant materials; molecules, cells, 

tissues, and biomaterials to produce 3D vascularized organs. Hydrogels are 3D polymer 

networks designed to mimic tissue ECM. They allow for biocompatibility and 

modifications of chemical and mechanical properties. Lastly, biomimetic scaffolds are 

designed to mimic the structure, composition, and function of native tissue ECM to 
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optimize cell function. Fibrous scaffolds manufactured by electrospinning use polymers 

spun into fibers of a specific diameter, length, and orientation to mimic collagen 

organization in ECM 108. Ahn et al. studied the effects of spatial control and the influence 

of topographical variations on directing cell lineage 131. Another study investigated the 

effects of topography on cytoskeleton organization and cell response. Scaffolds of nano- 

and microtopography were used to modulate the actin cytoskeleton towards various cell 

responses 132. Hydrogels and fibers are commonly combined to further tune the 

capabilities of the scaffold, specifically mechanical properties and alignment. 

Electrospinning produces fibers on the nano- and microscale that control 

topographical cues and cell contact guidance for regeneration. This technique uses 

different polymers, polymer blends, and coaxial spinning of two polymers simultaneously 

133. A rotating mandrel is common for manufacturing aligned scaffolds and maintaining 

cell alignment, ECM production, cell phenotype, differentiation, and anisotrophic 

mechanical properties 46. Yuan et al. used stable jet electrospinning to manufacture 

aligned micro- and nanofibers utilizing electrostatic force and high molecular weight 

polyethylene glycol (PEO) with various polymers. This technique, along with the 

combination of polymers, was shown to remove the bending instability found in other 

spinning systems 134. Zhang et al. also used this novel spinning technique to develop a 

topographic strategy for hiPSC differentiation. This was a three-step study; reprograming 

of fibroblasts to MSCs, tenocyte differentiation of stem cells on topographic fibers, and 

implantation into rats as an Achilles tendon repair model. Topographical cues were 

determined for induced pluripotent stem cell (iPSC) differentiation and as potential use 

for tissue engineered tendons 135. STEP (Spinneret based Tunable Engineered 
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Parameters) is a non-electrospinning method that uses a continuous polymer that winds 

around a spinning substrate to produce multilayered highly aligned nano- and microfibers 

136 that regulate cellular responses 137. Electrohydrodynamic jet spinning (E-jetting) was 

used previously with thermal stretching for tendon regeneration.  E-jetting promoted 

aligned cell morphology and increased tendon-associated gene expression when 

compared to electrospun fibers and demonstrates degenerative impacts on geometric cues 

and mechanical properties 138. Solid phase extrusion of co-continuous PCL/PEO 

(polycaprolactone/polyethylene oxide) blends with phase removal of PEO to produce 3D 

porous interconnected scaffolds for cell attachment and proliferation. These scaffolds 

introduce a scalable scaffold with interconnected alignment of pores 139. 

Natural and Synthetic Polymers  
 
 Scaffolds are manufactured from biomaterials of natural and synthetic polymers, 

ceramics, metals, and composites that are a blend of these materials. Important 

characteristic are the mechanical properties of the material, adhesion of cells to the 

material, scaffold design, porosity that allows for infiltration and viability, 

biocompatibility, and a degradation rate comparable to the rate of tissue repair 108.  

Polymers of natural and synthetic biomaterials have been used to manufacture fibrous 

scaffolds, including blends and coaxial spinning. For example, Zheng et al. developed a 

3D collagen/silk scaffold for rotator cuff repair. Tendon stem/progenitor cells showed 

elongated morphology, alignment, intercellular contact, and ECM deposition on these 

scaffolds in vitro. Implanted scaffolds showed increased fiber diameter, collagen 

alignment, and mechanical integrity at 12 weeks. These scaffolds can be used in studies 

of regeneration and tissue engineering approaches 140. Nowotny et al. designed a chitosan 
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scaffold for tendon repair. A wet spinning method was used to manufacture braided fibers 

into a 3D tendon scaffold. A higher ultimate stress was measured for large fiber yarns 

compared to smaller fiber yarns. These 3D scaffolds supported cell growth and 

mechanical properties for tendon augmentation 141. Moffat et al. demonstrated the use of 

electrospun PLGA fibers in rotator cuff repair. Attachment, alignment, gene expression, 

and matrix on aligned and unaligned scaffolds were studied. Polygonal cell morphology 

was observed on fibers of random organization and expressed distinct integrin expression 

and lower mechanical properties. In conclusion, PLGA and nanofiber organization 

influenced cell behavior and matrix properties 142. 

Alignment of Fibers 
 

Due to the importance of microenvironmental cues on cell behavior, constructs 

are designed to mimic the alignment found in native tissue for physiological relevance. 

Most methods focus on topographical cues because of a phenomenon known as contact 

guidance. Contact guidance means that the cell will elongate and migrate along the axis 

of the ECM. Techniques of aligning cells include collagen gels, electromagnetic fields, 

electrospinning and its alternatives, microstructured culture plates, and mechanical strain. 

Collagen is the major component of ECM, making it a relevant protein for constructs. 

Collagen gels take advantage of the self-assembly properties of collagen and cells can be 

easily added and uniformly distributed. Cells adhere to the collagen fibers and elongate, 

resulting in gel compaction. If the gel is anchored at one end, the cells contract the gel in 

both axes, resulting in fiber and cell alignment in the constrained axis.  

The negative diamagnetic anisotropy of collagen molecules results in 

perpendicular orientation and polymerization of collagen when exposed to a strong 



	 34	

electromagnetic field. Electrospinning uses a polymer solution that is pumped through a 

charged needle and polymerizes into fibers onto a collector. This technique is commonly 

used to manufacture aligned fibers of micro- and nanoscale. Microfabrication is a process 

that controls the type and structure of “guiding” structures including features that match 

ECM proteins. Many cell types undergo mechanical stress during development and 

normal function. It has also been used to induce cell and matrix alignment for cell 

maturation 143. Lastly, electrochemical alignment produces aligned collagen bundles by 

utilizing a pH gradient between parallel electrodes 46. Zheng developed a 3D aligned 

collagen silk scaffold (ACS) for a rabbit rotator cuff injury model TPSCs exhibited 

elongated morphology, alignment, matrix production and increased alignment and 

mechanical properties after implantation 144. Alignment of nanofibers has been identified 

as the predominant cue in inducing tenogenic morphology, gene expression, and protein 

production 145. 

Fiber Diameter, Length, and Boundary Effects 
 

The effects of different fiber diameters have been studied to understand various 

cell responses. Erisken et al. studied the effects of fiber diameter on fibroblast growth and 

differentiation. Fiber diameters of 320 nm, 680 nm, and 1.8 µm were used to determine 

cell responses of cell proliferation, differentiation, and matrix production. Nanofibers 

promoted increased cell proliferation and matrix production to simulate injury and 

microfibers promoted differentiation to simulate healthy tendon. This study emphasizes 

fiber diameter as a key component in design and healing 146. 

Studies rarely combine different diameter fibers into a single scaffold; however, 

this technique more closely mimics physiological conditions where multiple collagen 
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types are observed. Kim et al. used a hybrid spinning technique, incorporating solution 

and melt electrospinning to manufacture poly (lactic co-glycolic acid) (PLGA) scaffolds 

of nano-/microfibers and scaffolds of microfibers. Scaffolds were manufactured with 

nanofibers averaging 530 nm and microfibers averaging 28 um. Characterization of these 

scaffolds showed similar fiber porosity between scaffold groups. Cell to fiber interaction 

showed increased cell adhesion, spreading, and infiltration on scaffolds of mixed fiber 

diameters compared to those of microfiber scaffolds 147. 

Another study investigated different fiber lengths and their effects on neo-tissue 

development. Gilchrist et al. studied diameter, length, and boundaries of micropatterned 

scaffolds of aligned and grid orientation at two scale lengths, micro-scale and meso-scale. 

Both architectures promoted cell alignment and when combined, meso-scale cues 

dominated. Differences were observed in collagen content; however no gene expression 

changes were observed. The authors concluded that multiple length scales could improve 

tissue organization 148. 

Fiber Density and Architecture 
 

Fiber density is another factor that is used to mimic native tissue structures for 

studying cell response. Chang et al. studied MSC adhesion, morphology, proliferation, 

cell communication, and differentiation in response to electrospun fibers of varying 

densities and orientations. PCL fibers were spun at low, medium, and high densities as 

1D or 2D microfibers. Vinculin staining was concentrated at both ends of the cells grown 

on 1D fibers and at fiber intersections of cells grown on 2D fibers. MSCs grew along the 

direction of the 1D fibers regardless of fiber density; however, MSC arrangement on 2D 

fibers was only observed on high-density fibers. Cell to cell communication was 
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increased in MSCs on 1D fibers, compared to PCL film and decreased on 2D fibers, 

compared to PCL film. An increase in osteogenic genes expression was observed in the 

1D group in comparison to 2D and TCP (tissue culture plate) groups. The 2D group only 

showed an increase in RUNX2 compared to TCP controls. Alignment of MSCs was 

controlled by fiber density and orientation. The greatest cell alignment was observed on 

low-density 1D and high-density 2D fibers. This study showed that cell to cell 

communication and osteogenesis were influenced by MSC alignment and fiber 

orientation; osteogenesis was increased in MSCs on 1D fibers 115.  

There are an increasing number of scaffolds being manufactured to mimic native 

tendon structure and mechanical properties using a multi-layered, braided, or weaving 

approach. Omi et al. manufactured a multilayered scaffold in a rat tendon model. The 

three experimental groups were no augmentation, scaffold only implantation, and seeded-

scaffold implantation. Results showed increased healing strength and stiffness after 6 

weeks of the MSC-seeded scaffold after rotator cuff injury 149. Rothrauff et al. compared 

scaffolds that were stacked or braided to promote tenogenesis. Braided scaffolds showed 

enhanced tensile and suture retention, but a reduction in moduli. Both scaffolds showed 

expression of tendon-related markers; however, braided scaffolds showed a greater 

increase. Stacked scaffolds were superior in cell infiltration, cell number, collagen and 

GAG production. This study highlights the importance of macroarchitecture in scaffold 

development 150. Younesi et al. used electrophoretic compaction with macromolecular 

alignment to manufacture collagen threads for the study of MSCs towards tenogenesis. 

Aligned fibers promoted MSC gene expression and matrix production of tendon-related 

proteins compared to fibers of random orientation. MSC-seeded woven scaffolds may 
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potentially be used for functional repair 151. Lastly, electrospinning and cell sheet 

technologies combined low density PCL fibers with sheep MSCs organization into a 

sheet of cells and were braided (3) for a tissue engineered ligament construct (TELC) 152. 

Fiber Modifications 
 
 Additional modifications including ECM coating, micropatterning, and 

bioprinting can be incorporated onto fibers to promote cell responses. Chainani et al. 

manufactured multilayered PCL electrospun scaffolds to compare adipose stem cell 

(ASC) response of fibers treated with tendon-derived ECM (TDM), fibronectin, and PBS. 

Protein production, marker expression, and mechanical properties were analyzed. Results 

showed that TDM scaffolds promoted the greatest collagen content. Gene expression, s-

GAG (sulfated-GAG), and cell proliferation increased over time, but was not effected by 

fiber coating. Young’s modulus did not increase over time, but yield strain increased. The 

authors concluded that multilayered fibrous scaffolds enhanced tenogenic differentiation 

of ASCs and that TDM may contribute to differentiation in specific ways 153. Alshomer et 

al. manufactured scaffolds of micropatterned POSS-PCU (polyhedral oligomeric 

silsesquioxane poly (carbonate-urea) urethane with a phosphate glass fiber template. The 

scaffolds supported tenocyte growth, alignment, and increased levels of tendon ECM 

proteins compared to flat substrates 154. Ker et al. used growth factor bioprinting to 

promote cell alignment and differentiation of mouse myoblasts and mesenchymal 

fibroblasts. Submicron fibers patterned with FGF2 promoted tendon differentiation, 

BMP-2 promoted osteogenic differentiation, and unpatterned fibers promoted myogenic 

differentiation 155. 
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Biomechanical Functions and Crosslinking 
 

Scaffolds have been designed to mimic not only the native organization of tendon, 

but also the specific structural characteristics. Scaffolds have been fabricated to mimic 

collagen fiber behavior and ECM proteoglycans necessary in development and repair in 

vivo 156. Chen et al. manufactured an electrospun poly (L-lactide-co-acryloyl carbonate) 

scaffold with post-processing tensile modulus and crimp stability compared to non cross-

linked polymer and supported fibroblast growth 157. In another study, Banik et al. 

manufactured a multilayered PLA scaffold in a “chinese-fingertrap” design mimicking 

the non-linear behavior of tendon. These crisscrossed fibers showed a toe and linear 

elastic region characteristic of tendon mechanical properties and preliminary data with 

cell adhesion and growth 158. Mimetic collagen and collagen/nano-carbon fibers were gel-

spun and tested under dry and wet state ensile testing with properties comparable to 

native tendon 159. Bansal et al. developed a PCL scaffold of aligned fibers with 

interspersed non-aligned patches to mimic meniscus architecture and study fiber response 

to strain. The tensile properties changed as the ratio of aligned to non-aligned fibers were 

adjusted. Mechanical function loss was less in “torn” scaffolds with a higher ratio of 

nonaligned fibers compared to those comprised of aligned fibers. Composite scaffolds 

showed an increase in strain in areas surrounding the defect. The authors concluded that 

non-aligned organization can improve mechanical properties by strain distribution 160. 

 Crosslinking or fusion of fibers has been used to strengthen mechanical properties 

of the scaffolds. Zhong et al. designed aligned nanofiber collagen scaffolds cross-linked 

with glutaraldehyde vapor to compare to randomly oriented scaffolds. Fibroblasts showed 

lower cell adhesion and higher proliferation, cell orientation, and cell interaction on 
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aligned fibers compared to random fibers 161. In another study, Yang et al. developed a 

biomimetic scaffold of PCL and mGLT (methacrylated gelatin) to mimic physical and 

biochemical properties of native tendon. Photocrosslinking maintained mechanical 

strength, construction of multilayered scaffolds, and cells responded to topographical and 

biochemical cues. This scaffold could potentially be used as a tendon graft due to its 

architecture and cell phenotype 162. Nordihydroguaiaretic acid in another method used for 

crosslinking collagen fibers that supported cell adhesion, spreading, and migration even 

after an initial decrease 163. 

Combinatorial Effects 
 

Several studies have investigated MSC differentiation on fibers in combination 

with environmental factors including growth factors, oxygen tension, and mechanical 

stimulation. Leung at al. investigated MSC differentiation an aligned, chitosan-PCL 

fibrous scaffold in media supplemented with TGF-β3. MSCs showed an elongated 

morphology along nanofibers, upregulated gene expression by day 5, and increased 

production of collagen by day 10 compared to controls. Combining these factors resulted 

in increased efficiency of MSC differentiation 164. Subramony et al. investigated the 

combination of alignment and mechanical stimulation on MSC differentiation. Loaded 

aligned and loaded unaligned fibers promoted an increase in MSC production of collagen 

compared to MSCs on unloaded fibers at day 28. Increased gene expression of scx, tnc, 

col III, and fibronectin were increased in MSCs on aligned loaded fibers compared to 

aligned unloaded fibers. These two factors alone resulted in MSC differentiation 120. 

Studies rarely compare a 2D model to a 3D model. In an electrospinning studies, 

chitosan-PCL coated fibers were compared to MSC behavior on chitosan-PCL film and 
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TCPS (tissue culture polystyrene). Results showed increased adhesion, gene expression, 

and collagen production on fibers, particularly aligned fibers, versus the coated film and 

TCPS 119. Knowing the combination of factors that are most influential to tenogenesis 

will contribute to the development of new treatments. 

Composite, Hybrid, and Functional Fibrous Scaffolds 
 

Studies have examined the effects of incorporating spun nanofibers with 

composite hydrogels. Park et al. manufactured a hybrid scaffold of aligned and random 

fibers for in vitro and in vivo applications. The upper aligned fiber layers provided 

topographic guidance and the lower random fiber layers functioned in mechanical 

support. The density of the upper aligned fibers determined cell alignment and 

differentiation. High-density fibers promoted aligned myotubules more efficiently than 

low-density aligned fibers. Characterization showed high porosity and stability for 

manipulation and modification to a multilayered scaffold 165.  

 Functional scaffolds have been manufactured to incorporate alternatives including 

magnetic particles (MNPs) and growth factors. Gonclaves et al. developed aligned 

magnetic polymer scaffolds. Iron oxide was incorporated in MNPs into starch and PCL 

fibers by rapid prototyping. ASCs synthesized tendon-associated matrix proteins. The 

scaffolds showed biocompatibility and integration upon implantation in a rat model and 

used magnetic stimulation for regeneration 166. Cheng et al. developed a collagen-

nanoparticle scaffold that released PDGF to promote tenogenesis. The scaffold 

functioned to control ASCs via topographical cues and release of PDGF from 

nanoparticles. Alignment induced increased gene expression of tnmd and scx. Evidence 

suggests that this technique may be useful in tissue engineering and regeneration 167. 
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Sahoo et al. developed a bioactive scaffold for MSC differentiation. A blend, with bFGF 

coating, released over a week induced proliferation, gene expression, and matrix 

production associated with tendon repair. Results provided evidence of decreased 

multipotency and increased tenogenesis 168. 

Webb et al. developed a synthetic polymer for tendon repair in a rat model.  Poly 

(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) tubes and fibers were tested for 

biomechanical properties. Collagen gels were reinforced with fibers and inserted into the 

tubes to for completion of the scaffold. Mechanical properties of the scaffolds were 

comparable to rat tendon and implantation of PHBHHx-collagen-tenocyte scaffolds 

showed increased function compared to the control, PHBHHx, and PHBHHx-collagen 

groups. These scaffolds promoted tissue remodeling and cellular alignment 169. Deepthi et 

al. developed a scaffold combining a collagen-chitosan hydrogel with PLLA fibers, 

rolled the membrane, and coated it with and without alginate. Both scaffolds showed cell 

proliferation, adhesion, and spreading 170. Manning et al. developed a construct of 

heparin/fibrin hydrogel containing PDGF and electrospun PLGA fibers for tendon repair. 

The layered (11alternating layers) scaffold maintained cell viability and PDGF release in 

vitro and maintained ASCs at the repair site 9 days post-operatively in a flexor tendon 

canine model 171. Combining materials may provide the optimal conditions for 

biocompatibility and mechanical properties. 

Implantable Scaffolds 
 
 Many scaffolds have been designed for in vivo implantation. Bhaskar et al. 

developed an implantable construct of electrospun PCL fibers for use as a tendon graft in 

tissue regeneration. The authors compared gamma irradiation sterilization and ethanol for 



	 42	

sterilization and small-scale and large-scale production of scaffolds. Large-scale 

production of electrospun scaffolds, sterilized in ethanol, may be a potential alternative to 

autografts 172. As an alternative, engineered niche matrices were used to mimic the native 

tendon microenvironment for cell delivery 173. Implantation of the niche matrix into a rat 

rotator cuff injury model showed improved mechanical properties and tissue morphology. 

Electrospun PCL grafts for tendon repair showed that ethanol submersion can be used for 

scaffold sterilization and large scale manufacturing of scaffolds, producing similar results 

of small-scale scaffolds and autografts. This study provides evidence of a potential 

alternative to autografts in tendon healing 172. 

Future Research Directions 
 
 Cellular fibrous scaffolds have been studied extensively in vitro and in vivo for 

studying cell behaviors; cell adhesion, migration, proliferation, differentiation, and 

maintenance of phenotype. Scaffold properties include cell infiltration and biocompatible 

implantation including scale-up, mechanical properties, functionality, and long-term 

effects. Scaffolds of various manufacturing techniques, polymers, orientations, diameters, 

lengths, densities, architectural manipulations, modifications, composites, and hybrids 

have successfully demonstrated the cell behaviors listed above. The addition of 

biochemical and biomechanical stimulation has also provided insight into cell behavior 

and tissue healing. While many factors have been considered in such studies, limitations 

in our depth of understanding and translation of these findings still exist. Studies that 

utilize and characterize engineered scaffolds often fail to delve into the underlying 

molecular mechanisms of MSC-matrix interactions and long-term MSC response in vivo. 

In addition, studies that aim to understand the complex, underlying mechanisms of MSCs 



	 43	

often focus on one or two parameters of design and characterization of scaffolds towards 

mimicry of native tissue. The next chapter introduces a study that used a novel spinning 

technique for manufacturing nanofibers to study MSC response to topographical cues 

towards tenogenesis. Studies incorporating the aspects of engineered scaffolds, molecular 

biology, and medicine will be most effective in development of cellular scaffolds for 

understanding tendon repair and development of stem cell therapies.  
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Abstract 

Tendon is commonly injured, heals slowly and poorly, and often suffers re-injury after 

healing. This is due to failure of tenocytes to effectively remodel tendon after injury to 

recapitulate normal architecture, resulting in poor mechanical properties. One strategy 

for improving the outcome is to use nanofiber scaffolds and mesenchymal stem cells 

(MSCs) to regenerate tendon. Various scaffold parameters are known to influence 

tenogenesis. We designed suspended and aligned nanofiber scaffolds with the 

hypothesis that this would promote tenogenesis when seeded with MSCs. Our aligned 

nanofibers were manufactured using the previously reported non-electrospinning 

Spinneret-based Tunable Engineered Parameters (STEP) technique. We compared 

parallel versus perpendicular nanofiber scaffolds with traditional flat monolayers and 

used cellular morphology, tendon marker gene expression, and collagen and 

glycosaminoglycan deposition as determinants for tendon differentiation. We report that 

compared with traditional control monolayers, MSCs grown on nanofibers were 

morphologically elongated with higher gene expression of tendon marker scleraxis and 

type I collagen, along with increased production of extracellular matrix components 

collagen (p = 0.0293) and glycosaminoglycan (p = 0.0038). Further study of MSCs in 
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different topographical environments is needed to elucidate the complex molecular 

mechanisms involved in stem cell differentiation. 

Introduction 
 

Tendon injury is a common clinical problem among veterinary and human 

patients with significant similarities in physiology and tendon pathologies. The inherent 

regenerative capacity of tendon is poor due to low cellularity and low vascularity of the 

tissue. These characteristics contribute to prolonged and incomplete healing with a high 

risk of re-injury 1. Mesenchymal stem cells (MSCs) are used in tissue engineering and 

regenerative medicine applications for musculoskeletal tissue repair, particularly for their 

regenerative capabilities. MSCs can differentiate into tenocytes to promote tendon 

healing 2-4. Engineered in vitro nanofiber scaffolds mimic the native topography of the 

extracellular matrix (ECM) microenvironmental cues that influence cell response and 

function including adhesion, migration, proliferation, and differentiation 5,6. Scaffold 

directed MSC differentiation is determined through a combination of morphology, panels 

of tendon-related markers, collagen production and alignment, and levels of 

glycosaminoglycan (GAG) content 7,8. Scleraxis (scx), a transcription factor, is a key 

tendon-related marker which functions in tendon development and differentiation and 

promotes the expression and production of type I collagen (Col I) 9-11. Col I is the main 

fibrillar collagen functioning as a structural protein in healthy tendon composition 12. 

GAGs aid in collagen fiber growth and function; abnormal levels signify disease or injury 

13.  

A challenge of designing scaffolds is determining the specific topographical cues 

of fiber diameter, orientation, and alignment that are most suited for tendon studies. 
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Techniques used to manufacture fibrous scaffolds vary in their ability to control these 

parameters and produce various combinations. Fiber alignment influences MSC-fiber 

interaction and guides cell behavior. Kim et al. fabricated a nanofiber/microfiber 

composite scaffold that enhanced cell adhesion, cell spreading, and scaffold infiltration 

14. In another study, multilayered aligned electrospun scaffolds provided an anisotropic 

environment that promoted expression of tenomodulin, a marker of tendon maturation, 

and alignment of collagen throughout the scaffold in comparison to nonaligned scaffolds 

15. Yin et al. showed that compared to random electrospun fibers, aligned nanofibers 

provided microenvironmental cues for differentiation into the teno-lineage 16. MSCs 

seeded on aligned nanofibers showed evidence that topography alone promoted changes 

in cell morphology and orientation. Cell differentiation was only enhanced by addition of 

TGF-β3 6 and printing of growth factors on aligned fibers 17. These studies demonstrate 

that differentiation is a complex process sensitive to environmental cues, thus 

necessitating the need to optimize fibrous and growth factor parameters to mimic native 

environment to achieve specific lineages. 

Electrospinning is a common manufacturing technique used to engineer fibrous 

scaffolds for tissue engineering. Improvements to this technique, including the use of 

modified collectors and fiber manipulation, have increased the applicability of this 

technique 18-21. Besides electrospinning, other approaches including micropatterning, 

electro-chemically aligned have been used to study differentiation. For example, Gilchrist 

et al. studied the effects of architectural cues on aligned tissue formation using 

micropatterned aligned scaffolds of varying lengths and orientation and concluded that 

the combination of cues i.e. fiber length, boundaries, and orientation regulate tissue 
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formation in a complex manner 22. Kishore et al. investigated the effects of topography 

on tenogenesis with electro-chemically aligned threads, and showed alignment induced 

increased expression of scx and tnmd (tenomodulin) 23. In the context of fibrous 

scaffolds, the non-electrospinning Spinneret-based Tunable Engineered Parameters 

technique (STEP) 24 is a pseudo dry spinning method and a novel alternative to 

electrospinning, capable of depositing uniform nanofiber arrays. This method allows for 

the manufacturing of scaffolds with increased control of fiber diameter, spacing, length, 

alignment, orientation, and hierarchical assembly to influence cell response. The 

advantage of STEP fibers, in contrast to electrospun fibers, is that the parameter control 

allows for not only the traditional studies comparing aligned fibers to nonaligned or 

random fibers, but rather scaffolds of suspended and highly aligned fibers in different 

orientations 25. 

Using STEP fibrous scaffolds, the aim of this study was to understand the 

biological response of MSCs to topographical cues provided by nanofibers to determine 

the optimal scaffold design to study tenogenesis. Polystyrene was used strictly for the 

purpose of studying MSC response to alignment and orientation. We hypothesized that 

MSCs would differentiate into tenocytes on scaffolds that mimic native tendon alignment 

specifically scaffolds of three-dimensional (3D) suspended and aligned nanofibers. MSCs 

from aligned parallel and aligned perpendicular nanofibers were compared to traditional 

two-dimensional (2D) monolayers with increases in gene expression of tendon-related 

genes, collagen production, and GAG levels. This data highlights specific cellular 

responses to alignment that adds to our understanding of stem cells in development and 

repair.  
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Materials and Methods  
	

STEP scaffolds were manufactured as 3D suspended and aligned fibers in parallel 

and perpendicular orientation as described previously 24-26. Nanofiber diameters were 

measured using environmental scanning electron microscopy. Equine bone marrow 

MSCs, passage 3, were seeded at a density of 2 × 105 cells per scaffold on a total of 154 

scaffolds. In addition, MSCs were seeded on cell culture treated plastic for monolayer 

controls. Microscopy, qPCR, and biochemical data are in reference to monolayer. 

Experiments were performed in triplicate. Gene expression analysis of scx and col I was 

assessed on day 7 and day 14 from scaffolds relative to monolayers. Production of 

soluble collagen and GAG content in the media were assessed on days 1, 7, and 14 and 

averaged from 6 scaffolds per time point for collagen production and averaged from 8 

scaffolds per time point for GAG content. 

Scaffold Manufacturing and Characterization 
 

Fibers were spun on scaffolds using the STEP technique (US9029149 B2 patent) 

to manufacture multi-layered, aligned suspended nanofibers in parallel or perpendicular 

orientations 24-26. Briefly, the polymer is pushed through a syringe pump and stretched 

out into a continuous fiber as the spinneret comes in contact with the rotating frame and 

the solvent evaporates. Fiber surface area and density are determined by a combination of 

factors; scaffold frame dimensions, polymer solution, and spinning parameters. Scaffolds 

were manufactured with dimensions measuring 4 mm in length × 4 mm in width. 

Standard polystyrene (Mw 1,571,000 and Mw 2,257,000 g/mol, Polymer Scientific 

Products, Ontario, NY, USA) solutions were prepared with xylene to produce 400 nm 

diameter fibers. All scaffolds were sterilized with 70% alcohol and plasma-treated with a 
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high frequency generator (Electro-technic Products Inc., Chicago, IL, USA) before 

coating with 20 µg/mL of bovine fibronectin protein (Thermo Fisher Scientific, Waltham, 

MA, USA).  

Environmental Scanning Electron Microscopy 
 

Fibers from each batch of scaffolds were sputter-coated in gold/palladium alloy 

and imaged with a Quanta 600 FEG Environmental Scanning Electron Microscope (FEI, 

Hillsboro, OR, USA). Scaffolds were randomly selected from each batch and diameters 

of 25 fibers per scaffold were measured with ImageJ and Fiji plugin (National Institutes 

of Health 27) from ESEM images.  

Isolation and Characterization of Primary Equine Mesenchymal Stem Cells  
 

MSCs were isolated from bone marrow aspirate harvested from the sternum of a 

one year old male horse, euthanized for unrelated conditions, following approval of the 

Institutional Animal Care and Use Committee (IACUC) of the Virginia Polytechnic 

Institute and State University and assessed via previously described techniques 28. 

Briefly, bone marrow was collected, centrifuged to remove the plasma, and cultured in 

media containing low-glucose GlutaMAX DMEM with 110 mg/mL sodium pyruvate 

(Thermo Fisher Scientific, Waltham, MA, USA), supplemented with 10% MSCs fetal 

bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), and 1% sodium penicillin 

and streptomycin sulfate (Sigma, St. Louis, MO, USA) at 37°C, 5% CO2 and 90% 

humidity. Media was added after two days, cells were fed on day 4, washed in PBS on 

day 5, and then fed every two days until cells were 80% confluent. Flow cytometry 

results showed > 99% of cells were positive for both markers of stemness OCT4 and 
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CD90, 22% positive for CD44, 19% positive for MHC I, and non-detectable for MHC II. 

Multilineage potential of MSCs was confirmed through adipogenesis, chondrogenesis, 

and osteogenesis assays. 

Cell Culture and Scaffold Seeding 
 

Scaffolds were each seeded with 2 × 105 equine bone marrow MSCs and cultured 

for 14 days in 12 well plates. Scaffolds were transferred to new 12 well plates with new 

cell culture media 24 h after seeding. In addition, MSCs were seeded on plasma-treated, 

fibronectin-coated plastic as previously described for nanofibers for monolayer controls. 

All MSCs were passage 3. Culture media contained low-glucose GlutaMAX DMEM with 

110 mg/mL sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, USA), 

supplemented with 10% MSCs fetal bovine serum (Thermo Fisher Scientific, Waltham, 

MA, USA), and 1% sodium penicillin and streptomycin sulfate (Sigma, St. Louis, MO, 

USA) at 37 °C, 5% CO2 and 90% humidity.  

Phase-Contrast and Time-Lapse Microscopy 
 

Cell morphology was observed for days 0–14 under phase microscopy. Each 

time-lapse video was recorded for MSCs on scaffolds over a 12-h period. Scaffolds were 

seeded in 35 mm glass petri dishes and loaded into the on-stage incubator (Okolab, 

Naples, Italy) at 37 °C, 5% CO2 and 90% humidity. Microscopy was performed using an 

AMG EVOS fl digital inverted fluorescence microscope (Thermo Fisher Scientific, 

Walham, MA, USA). 
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Fluorescence Microscopy 
 

Seeded parallel and perpendicular oriented fibrous scaffolds were stained with 

calcein AM on day 14 to assess cell viability on polystyrene fibers. Scaffolds were 

washed in PBS and stained with calcein AM in low-glucose GlutaMAX DMEM for 30 

min and washed in PBS. Seeded scaffolds were fixed in 4% paraformaldehyde, incubated 

with 0.2% Triton X-100 and stained with rhodamine phalloidin (Thermo Fisher 

Scientific, Walham, MA, USA), followed by Prolong Gold Antifade Mountant with 

DAPI (4′, 6-diamidino-2-phenylindole) (Thermo Fisher Scientific, Walham, MA, USA) 

for F-actin and nuclei staining, respectively. Microscopy was performed using an AMG 

EVOS fl digital inverted fluorescence microscope (Thermo Fisher Scientific, Waltham, 

MA, USA). 

RNA Isolation, Quantification, and Quantitative PCR 
 

MSCs were harvested from scaffolds, monolayers from tissue culture treated 

plastic, and tenocytes with TRIzol (Thermo Fisher Scientific, Walham, MA, USA). 

Parallel and perpendicular scaffolds were pooled into their respective groups on day 7 

and day 14. An RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to isolate the 

RNA. RNA quantification was performed using a Quant-iT Ribogreen RNA Assay Kit 

(Thermo Fisher Scientific, Walham, MA, USA). RNA was converted to cDNA using a 

high frequency RNA-to cDNA Kit (Thermo Fisher Scientific, Walham, MA, USA) and 

Eppendorf Thermal Cycler (Brinkmann Instruments Inc, Westbury, NY, USA). Applied 

Biosystems Real-Time 7500 PCR System (Thermo Fisher Scientific, Waltham, MA, 

USA) was used to run quantitative PCR (qPCR) with TaqMan Master Mix (Thermo 
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Fisher Scientific, Waltham, MA, USA) and 20 ng of cDNA per 50 µL PCR reaction. 

Relative quantitation was calculated using the Comparative CT method (2^−ΔΔCT). Gene 

expression was normalized to monolayer controls using Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). Custom equine primer and probe sequences for GAPDH, 

scleraxis, and type I collagen were purchased (Thermo Fisher Scientific, Waltham, MA, 

USA). 

Biochemical Assay of Media Content 
	

Biochemical analyses of collagen and glycosaminoglycan (GAG) content were 

used to determine ECM production over 7 and 14 days. Solubilized collagen was 

measured using the Sircol Soluble Collagen Assay (Biocolor Ltd., Carrickfergus, Ireland, 

UK). Sulfated glycosaminoglycan content was measured using the 1,9-

dimethylmethylene blue (DMMB) assay, referencing bovine chondroitin sulfate A 29. All 

absorbance readings were measured at 540 nm with a HIDEX Chameleon V microplate 

reader (HIDEX, Turku, Finland). 

Statistical Analysis 
	

Two-way analysis of variance (ANOVA) was used to determine fiber orientation 

and temporal effects on gene expression and matrix production, followed by post hoc 

Tukey HSD (JMP Pro 10 Software, SAS Institute Inc, Rockville, MD, USA, 2015). Mean 

± standard error for each statistic was calculated for each scaffold design. p-values ≤ 0.05 

were considered significant.  
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Results 

STEP-Manufactured Fibers Exhibit Fibril-Like Organization 
	

STEP scaffolds were manufactured as nanofibers in aligned parallel and aligned 

perpendicular orientation, suspended from a scaffold frame (Fig. 2.1A). Environmental 

Scanning Electron Microscopy (ESEM) images of parallel (Fig. 2.1Bi) and perpendicular 

(Fig. 2.1Bii) oriented fibrous scaffolds show alignment and orientation of fibers. Fiber 

diameters measured 400 nm ± 128.17 nm standard deviation (Fig. 2.1C). STEP fibers 

provided a three-dimensional, multilayer, aligned structure with fibers comparable to the 

diameter range of 50–500 nm of native equine tendon collagen fibrils 30. The seeding 

density and fiber coating were determined previously (Fig. A2.1) and enabled complete 

integration of cells into the scaffolds and provided increased cell to fiber interaction in 

response to these scaffold designs.  
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Figure 2.1. STEP scaffold characterization of fiber diameter. A schematic of an 
aligned parallel fibrous scaffold (Ai) and an aligned perpendicular fibrous scaffold 
(Aii); SEM images of aligned parallel fibrous scaffold (Bi) and aligned perpendicular 
fibrous scaffold (Bii). Scale bar 5 µm and 3 µm, respectively; Histogram of aligned 
parallel and aligned perpendicular fiber diameters, measured with ImageJ, n = 1400 
(C). 

MSCs Exhibit Tenocyte-Like Morphology on Suspended Fibrous Scaffolds 
	

MSCs were guided by the three dimensional structure of the fibers and fiber 

orientation as assessed by phase-contrast microscopy (Fig. 2.2). MSCs on parallel fibers 

elongated along the nanofibers in a tenocyte-like morphology within 24 h of seeding (Fig. 

2.2A) and maintained by day 7 (Fig. 2.2B). Morphological changes were similar on day 

14. Parallel orientation of fibers promoted an elongated tenocyte-like morphology and 

maintained parallel MSC orientation between adjacent cells. Similar spindle-like MSC 

morphology was observed on perpendicular fibrous scaffolds. Additional cell 
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morphologies were observed on perpendicular suspended nanofibers as MSCs spread 

across multiple fibers at intersections of fibers, on day 1 (Fig. 2.2C) and day 7 (Fig. 

2.2D).  

 
Figure 2.2: MSC morphology on aligned scaffolds. Representative phase-contrast 
microscopy images of equine bone marrow MSCs (mesenchymal stem cells) on 
aligned parallel oriented fibrous scaffolds (A,B) and aligned perpendicular fibrous 
scaffolds (C,D) on day 1 and day 7 of culture. Arrows, elongated cells; arrowheads, 
cell spreading. Insets show enlarged image of the cell. Scale bar 200 µm. 

Cell migration and associated cell shape were better observed under time-lapse 

microscopy where we could clearly observe the cell-fiber interaction and changes in cell 

morphology (Fig. 2.3). Time-lapse microscopy recording was started 24 h after seeding 

for parallel fibers (Video S2.1: Mesenchymal stem cell migration on aligned parallel 

nanofibers) and perpendicular fibers (Video S2.2: Mesenchymal stem cell migration on 
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aligned perpendicular nanofibers). At this time, cell elongation was observed as a 

spindle-like morphology on parallel orientation of fibers and maintained MSC spacing 

between cells on adjacent fibers (Fig. 2.3A–D). Perpendicular orientation of fibers 

allowed cells to migrate and spread along multiple fibers, temporarily change 

morphology, and switch directions at fiber intersections (Fig. 2.3E–H). 

 
Figure 2.3: Time-lapse frames of MSCs on aligned fibers. Representative time-lapse 
microscopy images of equine bone marrow MSCs on aligned parallel fibrous 
scaffolds (A–D) and aligned perpendicular scaffolds (E–H) over 12 h. Time (hours) 
is indicated in the upper left corner. Arrows tack cell migration during the time-
lapse. Insets show enlarged image of the cell. Scale bar 200 µm. 

	
Fibers of perpendicular orientation promoted changes in cell migration direction 

and cell morphology through interaction with intersections and spreading along multiple 

fibers. The elongated tenocyte-like morphology was predominant before and after cells 

migrated through the intersections. MSC monolayers showed typical polygonal 

morphology on standard tissue culture treated plastic (data not shown). Viability was 

maintained throughout 14 days of culture on both parallel (Fig. 2.4A) and perpendicular 

fibers (Fig. 2.4B) showing no toxicity of cells on the polystyrene nanofibers. 
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Figure 2.4: Viability of MSCs on aligned scaffolds. MSCs stained with calcein AM 
on parallel scaffolds (A) and perpendicular scaffolds (B) after 14 days of culture. 
Scale bar 400 µm. 

MSCs cultured for 12 days on fibrous scaffolds elongated along aligned parallel 

fibers in both parallel and perpendicular oriented fibrous scaffolds as observed by 

fluorescence microscopy (Fig. 2.5). Intracellular F-actin stained with rhodamine 

phalloidin and nuclei stained with DAPI were observed along the nanofibers and in the 

monolayers, showed cell attachment and interaction with fibers. Perpendicular fibrous 

scaffolds provided fiber intersections for cell interaction (Fig. 2.5C,D), and parallel 

scaffolds maintained MSC spacing between fibers (Fig. 2.5A,B) leading to parallel cell 

orientation and spacing between fibers. The above methods have shown that fiber 

alignment provides environmental cues, resulting in cell elongation/tenocyte-like 

morphology.  
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Figure 2.5: MSCs cytoskeleton and nuclei morphology on aligned scaffolds. 
Fluorescence microscopy images of equine bone marrow MSCs on an aligned 
parallel scaffolds (A–C) and an aligned perpendicular scaffolds (D–F) stained with 
rhodamine phalloidin (A,D); DAPI (B,E); and the merged image (C,F) on day 12 of 
cell culture. Scale bar 40 µm. 

Tendon-Associated Gene Expression Increased Over Time 
	

Gene expression of scx and col I custom primers and probes (Table 2.1) was 

analyzed on day 7 and day 14 for monolayer and scaffolds to assess tenogenesis (Fig. 

2.6). There was an increasing trend in SCX expression between day 7 and 14, regardless 

of fiber orientation (Fig. 2.6A). Similarly, expression of COL I increased between day 7 

and 14, regardless of fiber orientation (Fig 2.6B). This combined increase of both SCX 

and COL I expression may provide evidence of early tenogenesis. 

Table 2.1: Primer and probe sequences of tendon-associated genes for qPCR 
analysis. 
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Figure 2.6: qPCR of MSCs from aligned scaffolds. Gene expression analysis of 
scleraxis (A) and type I collagen (B) from equine bone marrow MSCs collected from 
monolayers, aligned parallel scaffolds, and aligned perpendicular scaffolds on days 7 
and 14. Genes were normalized to GAPDH (Glyceraldehyde 3-phosphate 
dehydrogenase). Gene expression of MSCs from scaffold designs is relative to 
monolayer controls. p value ≤ 0.05 were considered significant. Error bars represent 
SEM. 

ECM Production Increased Over Time 
	

Extracellular matrix production was evaluated through biochemical analysis of 

collagen and GAG content in the media. We found the average collagen content to 

increase (p = 0.0293) between days 1, 7, and 14, regardless of fiber orientation (Fig 
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2.7A). We also found the GAG deposition to increase over time in all three groups 

(monolayer, parallel, and perpendicular). There was an increase in GAG production 

between days (p < 0.0001) and an increase between all days and fiber orientation (p = 

0.0038). In addition to the gene expression data, this increase in matrix deposition is 

indicative of tendon development.  
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Figure 2.7: MSC production of the key matrix components. Collagen content 
quantification in media from cells in monolayer, aligned parallel scaffolds and 
aligned perpendicular scaffolds measured on days 1, 7, and 14 (A). p = 0.0038 for 
increased collagen production between days 1, 7, and 14, regardless of fiber 
orientation; GAG content quantification in media from cells in monolayer, aligned 
parallel scaffolds and aligned perpendicular scaffolds measured on days 1, 7, and 14 
(B). p = 0.0038 for increased GAG production between all three days and fiber 
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orientation. p value ≤ 0.05 were considered significant. Groups not connected by the 
same letter are significantly different. Error bars represent SEM. 

Discussion 
	

Aligned parallel and perpendicular suspended fiber networks were used to 

investigate cell response to microenvironmental cues of orientation and alignment; 

specifically tenogenic differentiation of equine bone marrow-derived MSCs on 3D 

nanofibers. We found that MSCs adhered to and elongated on fibrous scaffolds of both 

parallel and perpendicular oriented fibers, maintained viability, and migrated along both 

individual and multiple fibers regardless of fiber orientation. Previous studies using 

aligned fibrous scaffolds have shown that MSCs elongate along aligned fibrous scaffolds 

to promote tenocyte-like morphologies and tendon differentiation, while random 

electrospun fibrous scaffolds promote polygonal cell morphology and random cell 

orientation 16,31,32. Instead of randomly oriented fibers, we used aligned perpendicular 

fibers resulting in primarily two different morphologies. These findings show that 

alignment cues affected cell morphology and cell alignment, providing preliminary 

evidence of tenogenesis. 

Further evidence of tenogenesis was demonstrated by an increasing trend of scx 

and col I gene expression, in response to fiber orientation from both parallel and 

perpendicular fibers, over time. Topographical cues from the fibers control cytoskeletal 

rearrangement and result in changes in cell morphology that contribute towards 

differentiation 33-35. Using aligned rope-like silk scaffolds, Maharam et al. have 

previously demonstrated the association between cell morphology and tendon 

differentiation with increased expression of col I with increase in scx 36. However, it was 

unexpected to have similar changes in gene expression of MSCs from the parallel and 
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perpendicular oriented fibers. This can be explained by the similarities in the cell-fiber 

interactions. The cells on both the parallel and perpendicular fibers interacted with the 

individual fibers due to fiber density. Previous studies have investigated tendon gene 

expression from cells cultured on fibrous scaffolds where tendon gene expression was not 

significantly altered, although this was a comparison between aligned and random 

scaffolds 37. In another study, Gilchrist et al. compared aligned (parallel) and grid 

(perpendicular) architectural cues and observed an increase of gene expression of scx and 

col I from day 6 to day 12, with no significant differences in tendon gene expression 

between designs 22, similar to results observed in our scaffolds. Our findings suggest that 

alignment, rather than orientation, may be the predominant cue influencing tenogenic 

differentiation. 

We investigated whether morphology and gene expression also correlated to the 

production of ECM components. We found equine MSCs produced increased amounts of 

collagen and GAGs over time in response to fibrous scaffolds, in accordance with 

previous studies. Although our study involved differences in fiber orientation compared 

to others, we found that the production of ECM components increased similarly. Moffat 

et al. showed an increase of collagen production from fibroblast like cells on aligned 

scaffolds compared to unaligned nanofiber scaffolds 38. Therefore, increased collagen 

production was expected with both scaffold designs being highly aligned. We also found 

the GAG deposition to increase over time in all three groups from day 1, day 7 and day 

14. An increase in proteogylcans may result in enhancement of fibril and fiber sliding, 

necessary for proper mechanical function of collagen in tendon 39. These findings 

corroborate previous reports of elevated matrix production on nanofibers in response to 
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both parallel and perpendicular orientation of fibers. Chainani et al. report a similar trend 

of increasing collagen and GAG content over a 28-day culture period 18. Other studies 

report increased scaffold production over time, with no differences between aligned and 

nonaligned scaffolds 15. Thus, our findings suggest that increased matrix production over 

time may not be due to fiber orientation, suggesting other factors including fiber diameter 

may be involved. 

Conclusions  
 

The aligned nanofiber scaffolds were manufactured with fiber characteristics 

mimicking native tendon fibrils; alignment and nano-sized fiber diameters. In addition, 

these scaffold provide cell infiltration, promote tendon-like gene expression, and matrix 

production. Topographical cues stimulated tenogenesis and emphasized the importance of 

alignment in determining cell fate. In addition, our study provides insight into the 

importance of optimizing scaffold design through adjustable parameters that influence 

MSC behavior and fate. As a whole, our findings suggest that nanofiber topography alone 

can influence tenogenic differentiation; specifically, fiber alignment promotes cell 

elongation and tendon-like characteristics of tendon-related markers and matrix 

production for MSC differentiation. Future studies will adjust scaffold parameters to 

further investigate how alignment cues affect MSC response and investigate molecular 

mechanisms involved in tendon differentiation. Our study demonstrated that aligned 

scaffolds induced changes in MSC morphology, gene expression, and scaffold production 

that support evidence of tenogenesis. Further exploration of fibrous scaffold parameters 

and MSC response in varying topographical environments may help to elucidate the 

optimal parameters needed to stimulate tenogenesis.  
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Supplementary Materials  

The following are available online at www.mdpi.com/link, Video S2.1: Mesenchymal 
stem cells on aligned parallel nanofibers, Video S2.2: Mesenchymal stem cells on aligned 
perpendicular nanofibers.  
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Chapter 3: Homing of Mesenchymal Stem Cells 

 

I. Introduction 

 

Mesenchymal stem cells (MSCs) exhibit great potential for treatment in various 

injuries, musculoskeletal diseases, 1 and inflammatory diseases including osteoarthritis, 2 

rheumatoid arthritis, 3 and wound healing, 4,5. MSCs demonstrate both trophic 

immunomodulatory and regenerative affects; 6,7 MSC treatment of arthritic diseases has 

shown replacement of damaged tissue, immunomodulation, and anti-inflammatory effects 

8. Studies of intra-articular injection of MSCs for osteoarthritis joints have shown 

increased function, improved pain, and reduced defect size 3,9. The overarching barrier to 

optimization of these treatments is the ability of MSCs to migrate to the site of 

inflammation and engraft in adequate numbers to induce their therapeutic effects. 

Intravenous administration of MSCs commonly results in a large proportion of cells 

being trapped in filter organs, particularly the lungs, while the remaining cells that reach 

the target organ are soon removed. 

Inflammation stimulates endogenous homing and the release of stem cells from 

the bone marrow or surrounding tissues 10.  Systemic and local administration mobilizes 

MSCs through the peripheral blood or is delivered locally to the injured tissue. Several 

factors and limitations of MSC homing control the effectiveness of these routes. MSC 

homing is generally defined as cell arrest within the vessel, known as localization and 

transendothelial migration, known as homing 10. This review will focus on the 

mechanisms of endogenous and exogenous MSC homing, the stages of homing from 

rolling through transmigration, and in vitro and in vivo models used to study homing. Cell 
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culture factors determining the efficiency of homing include cell density during culture, 

cell age, tissue of origin, and growth conditions. Challenges in MSC delivery include the 

timing of delivery, administrative route, cell number, and number of doses 10. 

Additionally, each tissue type has a different composition and structure that must be 

considered for stem cell therapy.  Tendon, ligament, and cartilage are dense connective 

tissues that have low cellularity and vascularity that create additional challenges 1. 

Gaps in our current knowledge and understanding, in addition to culture and 

delivery of stem cells, include cell tracking, mechanisms of trafficking, and post-homing 

characterization. The processes of endogenous MSC mobilization to or within the target 

tissue and administered MSC mobilization and tissue engraftment are not fully defined 

and characterized 11. Additionally, enhancing MSC recruitment to control the leukocyte 

cascade can potentially regulate the immune response and prevent uncontrolled 

inflammation and tissue disease. Studies have investigated intravasation (cell migration 

from tissue into a blood vessel), extravasation (cell migration from a blood vessel into 

tissue), and invasion mechanisms of MSCs, immune cells, and cancer cells in in vitro and 

in vivo studies. These processes are tightly controlled through a series of specific cell-cell 

and cell-matrix interactions. 

Homing Stimulators: Inflammation, Chemokines, and the Endothelium 
 

The innate immune system seeks out invaders and initiates a localized 

inflammatory response when encountered. Inflammation is a normal and necessary 

process in healing after infection or injury. The process involves the release of cytokines, 

activation and dilation of blood vessels, the recruitment of leukocytes and resolution. An 

insufficient response leads to immunodeficiency resulting in infection or cancer, while 
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excessive response leads to degenerative diseases such as synovitis, 12 osteoarthritis  

(OA), 2 and rheumatoid arthritis (RA) 13. Inflammation spreading into the blood stream 

leads to severe results such as septic shock syndrome and meningitis 14. 

The endothelium consists of a layer of endothelial cells lining the luminal side of 

blood vessels and arteries, creating a barrier between the blood flow and the tissue 

stroma. The protective barrier controls the passage of molecules, ions, proteins, and cells. 

Endothelial cells are critical regulators of inflammation and leukocyte transmigration. 

These capabilities allow the endothelium to maintain homeostasis in the body; 

dysfunction can be a symptom of disease or lead to the development of disease. Basal 

conditions maintain an anticoagulant response. Injury or activation leads to production of 

fibrin; tissue plasminogen activator (tPA), urokinase plasminogen activator (uPA), nitric 

oxide (NO), plasminogen activator inhibitor-1 (PAI-1), and von Willibrand factor (vWF).  

Injury leads to endothelial responses of vasoconstriction, decreased barrier integrity, 

increased leukocyte adhesion, and inflammation. Vasoconstriction produces endothelin-1 

(ET-1), PDGF-B, thromboxane, and vascular endothelial growth factor (VEGF).  

Recruitment of cells to sites of inflammation and injury results in changes of 

morphology, cytoskeletal organization, gene expression, and cell signaling. Endothelial 

cell responses to inflammation include activation, adhesion, and transmigration of 

leukocytes in a highly controlled sequence of cell interactions including cytoskeletal 

organization within and between endothelial cells and immune cells. Activation can 

change the microenvironment from nonadhesive to adhesive recruiter and procoagulant, 

contributing to the inflammatory process 15. 
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The cytokine tumor necrosis factor - alpha (TNF-α) is produced by activated 

macrophages in response to stimuli and serves as a mediator of local and systemic 

inflammation. Local release results in the cardinal signs of inflammation of heat, pain, 

swelling, and redness. Systemic release depresses cardiac output, and results in 

microvascular thrombosis, and capillary leakage syndrome. TNF-α amplifies the response 

by activating the release of cytokines and mediators that promote inflammation 14. 

Chemokines have been studied for their influence on leukocyte function as well as 

serving additional physiological and pathological functions. There are 40-50 different 

chemokines within four different families characterized by structural and genetic factors; 

CXC, C, CC, and CX3C. Chemokines have 3 β-pleated, C-terminal alpha sheets and 

conserved cysteines. Rollins et al. described chemokines according to their family 

including CXC (interleukin-8, IL-8; stromal derived factor-1, SDF-1) and CC (monocyte 

chemoattractant protein, MCP; macrophage inflammatory proteins, MIP) chemokines 16. 

More recently, chemokine mechanisms are being investigated as chemoattractants to 

tissue damage and disease progression for repair and intervention. For example, 

chemokines and their receptors have been studied for their role in MSC homing towards 

inflammation to myocardial infarction and to understand how culture conditions 

influence the therapeutic potential of MSCs 17. 

The most commonly studied chemokine and receptor in migration is the SDF-

1/CXCR4 axis. Granero-Molto et al. used a stabilized fracture model to demonstrate 

MSC migration towards SDF-1. Tibia fractures in mice were treated with MSCs 

expressing Firefly Luciferase for bioluminescence imaging. MSCs migrated in a CXCR4 

and time-dependent manner. CXCR4+ MSCs showed that the majority of lost MSCs were 



	 85	

maintained in the lung while the remaining MSCs were visualized at the fracture site at 

day 3 and were maintained for 14 days. However, CXCR4- MSCs were lost in the lung 

and were eliminated by day 3. MSCs without selection were dispersed throughout the 

lungs and both the injured and healthy tibia 6. In another study, Gao et al. investigated the 

effects of SDF-1 in MSC migration towards tumor cell conditioned medium and 

identified involvement of cell signaling pathways associated with SDF-1-stimulated 

MSCs 18. Inflammatory and homing molecules stimulate trafficking of otherwise dormant 

endogenous stem cells. 

Endogenous Stem Cell Homing 
 
 Endogenous stem cell response to injury is an alternative to administration of 

exogenous stem cells that are limited due to isolation and cell culture procedures. 

Understanding the stimuli and molecular mechanisms induced is critical for recruitment 

of this population and maintaining viability in harsh injury conditions.  Targeting stem 

cells (Fig. 3.1) has been studied using growth factors as chemoattractants, 19,20 biologics, 

and small molecules to promote regeneration. In addition to growth factors, several 

chemokines have been identified in endogenous MSC homing; SDF-1 (stromal derived 

factor 1), MCP1 (monocyte chemoattractant protein-1), MIP-1α (macrophage 

inflammatory protein- 1α), IL-8, RANTES (regulation on activated T cell expressed and 

secreted), MDC (macrophage-derived chemokine), fractalkine, SLC (secondary lymphoid 

tissue chemokine), and TARC (thymus and activation regulated chemokine) 21. Studies 

investigating cell signaling in diseased states have identified mechanisms in endogenous 

stem cell recruitment 22.  
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Wound healing has been commonly studied as an injury model for endogenous 

homing 23. Kosaraju et al. used a hydrogel seeded with adipose stem cells (ASCs) to 

induce endogenous migration, proliferation, and tubulization of bone marrow 

mesenchymal progenitor cells for wound healing 24. Amplification of chemokine 

signaling at the wound site or modification of MSC chemokine receptors are used to 

enhance endogenous and exogenous stem cell homing efficiency; specifically 

CXCR4/SDF-1, CCL27/CCR10, and CCL21/CCR7 25. 

 Stem cell niches in musculoskeletal tissues have also been extensively studied, 

specifically cartilage, 26 bone, 27 and tendon 28. Chen et al. developed a collagen scaffold 

with horizontal and vertical channels with SDF-1 for cell migration into cartilage defects. 

An in vivo rabbit injury model showed cartilage regeneration after implantation of these 

radial oriented scaffolds with SDF-1 when compared to random oriented scaffolds 

without SDF-1 29. In another study, Zhang et al. developed a live hyaline cartilage graft 

with SDF-1 for endogenous stem cell recruitment. The graft promoted SDF-1 release and 

cell trafficking into the peripheral blood and the implant with enhanced chondrogenesis 

30. In addition to chemokine stimulation, transcriptional profiling has been used to 

identify niche mRNAs 23 and interference of signaling pathways 31. SDF-1 delivered in an 

injectable hydrogel promoted recruitment of MSCs in response to chemokine from a 

damaged disk. This study suggests tissue-specific chemokines induce endogenous MSCs. 

The authors identified chemokines from damaged disk cells by proteomic analysis of 

their conditioned medium as CCL5/RANTES and CXCL6 32. Delivery of CXCR4 

antagonist and SDF-1 into a titanium implant to study the CXCR4/SDF-1 chemotaxis 

axis improved bone anchorage and attracted the native stem cell population 33. Lee et al. 
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identified an endogenous tendon CD146+ stem/progenitor cells for tendon healing.  

CD146+ tendon cells were treated with connective tissue growth factor (CTGF) and 

showed an increase in proliferation and tendon differentiation via FAK/ERK1/2 signaling 

34. 

Several other tissue-specific niches have been identified including those of the 

brain, 35 heart, 36 liver, 37 and gastrointestinal tract 38. These niches have also been 

mimicked for investigation of stem cell recruitment in injury and disease states. 

Arvidsson et al. showed that after stroke, endogenous cells coordinated migration of new 

neurons and neuroblasts to damaged striatum and had gene expression of developing and 

mature biomarkers 39. In another study, PGE2 (prostaglandin E2) induced cardiomyocyte 

recruitment after myocardial infarction with optimal treatment 7-10 days after injury. 

Stem cell recruitment was controlled through EP2 receptor signaling and 

microenvironmental changes 40. In other studies, MSC administration activated other 

endogenous cell populations to promote healing and re-establishment of homeostasis. 

Granulocyte colony-stimulating factor (G-CSF) primed bone marrow stem cells; 

however, local cell populations showed greater contribution to repair after chemically-

induced liver injury 41. Sémont et al. administered MSCs for radiation-induced 

gastrointestinal alterations (GIT) and showed endogenous epithelial cell homeostasis 

through cell proliferation and anti-apoptotic effects 42. Endogenous stem cells are 

recruited in low numbers that decrease their therapeutic potential. However, large 

numbers of stem cells are injected via various routes including intravenous and local 

injection to improve efficacy. 
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Exogenous Stem Cell Homing 
 

Challenges associated with exogenous stem cell homing studies are changes in 

expression of cell surface adhesion proteins and the associated molecular and phenotypic 

changes that occur after collecting and culture procedures. Additionally, the lack of local 

and systemic environmental cues and the absence of other cell populations normally 

found in the niche alter cell-matrix and cell-cell communication that regulate cell 

functions (Fig. 3.1). A common approach to overcome alterations due to cell culture is to 

engineer cell surface molecules on MSCs to restore and enhance migration capabilities. 

In one study, rapid engineering of MSCs with recombinant CXCR4 enhanced migration 

towards an SDF-1 gradient in peripheral blood post-MI. This 10 minute engineering 

method can be applied to a variety of stem cell therapies where chemotactic gradients last 

less than 48 hours 43. 

Several challenges of administration affect MSC efficiency and efficacy; cell 

type, route of administration, number of cells, number of doses, timing after injury, and 

culture conditions including pre-treatments. Wei et al. used intranasal administration of 

hypoxia-treated bone marrow-derived MSCs after ischemic stroke. MSCs were delivered 

at 1x106 cells/animal 24 hours after stroke, MSCs migrated to the vasculature of the 

ischemic cortex at 1.5 hours, and reparative effects were observed after 4 days 44. The 

number of doses required for complete tissue repair is unknown. Guo et al. administered 

repeated doses of cardiac MSCs that showed improvement over a single dose of MSCs 

for myocardial infarction (MI) and ventricular function improved after each dose 45.  

Chemokines are extensively used for exogenous stem cells due to their ability to 

enhance migration and for investigation of the associated signaling pathways that activate 
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corresponding cell surface receptors. Lourenco et al. investigated the role of macrophage 

migratory inhibitor factor (MIF) in MSC chemotaxis towards a tumor microenvironment. 

Results showed that MIF interacted dominantly with CXCR4 and activated MAPK 

signaling in homing to tumor sites 46. Tissue-engineered bioactive materials have been 

used to enhance homing via pre-loaded scaffolds or recruitment towards a biochemical 

implant 47. Naderi-Meshkin et al. used an injectable SDF-1 hydrogel with hypoxia-treated 

MSCs to induce cell retention in vivo 48. In another study, a subcutaneously implanted 

hydrogel delivered SDF-1 and pre-conditioned human ASC homing in a rat model 48. 

Song et al. used a SDF-1 and angiogenic peptide (Ac-SDKP) loaded hydrogel for cardiac 

repair after chronic myocardial infarction. Findings showed increased ventricle function, 

angiogenesis, and enhanced mature vessel formation 49. In another study, chitosan 

biphasic biomaterial with affinity peptide binding for MSCs promoted homing and 

cartilage regeneration 50. Combining factors for MSC homing may enhance efficiency 

and regenerative effects. The combination of VEGF and BMP-2-loaded silk scaffolds in a 

rabbit injury model promoted bone regeneration via mobilization, endothelial 

differentiation, and bone differentiation 51.  

Several studies use animal models alone or in combination with an in vitro model. 

Plasminogen treatment activated CXCR4 expression of MSCs towards myocardial 

infarction through matrix metalloproteinase-9 (MMP-9) 52. Bensidhoum et al. 

administered Stro-1+ and Stro-1- MSC subsets into NOD/SCID mice. Results differed 

depending on the target organ; Stro-1+ cells were found in muscle, spleen, bone marrow, 

and kidneys and Stro-1- cells localized to the lungs. Findings suggest that Stro-1+ may be 

useful for tissue engraftment and Stro-1- for hematopoietic engraftment towards 
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therapeutic application 53. Colvin et al. studied allogeneic homing in myeloablated mice. 

Homing was complete in less than one hour and showed a decrease in secondary 

engraftment capabilities 54. In another study, CCR7-guided MSC infusion and 

engraftment near T lymphocytes in secondary lymphoid organs for immunomodulation 

55. Contributions of in vitro and in vitro studies have provided insight into the processes 

and mechanisms that develop our foundation of MSC homing. 

Several approaches are used in cell tracking as reviewed by Nguyen et al. and 

play an important role in studying and developing these treatments. Detection methods 

include ultrasonography, CT, MRI, PET, fluorescence, bioluminescence, and SPECT 56. 

Wu et al. used ultrasound-targeted microbubble destruction to deliver SDF-1 to the 

diseased kidney, followed by administration of MSCs. Results showed an increase in 

MSC homing efficiency in SDF-1 primed nephropathy kidneys compared to the non-

primed kidneys in normal and diseased rats 57. Tritto et al. showed hematopoietic stem 

cell homing towards post-ischemic tissue. Direct monitoring using intravital imaging 

showed an increase in rolling and adhesion as ischemia duration increased 58.  In another 

study, Huang et al. used iron-based magnetic nanoparticles (MNPs) for MSC tracking 

and enhanced MSC surface expression of CXCR4. Therefore, the labeled MSCs could be 

used for in vivo tracking and improvement of MSC homing efficiency 59. MSC 

penetration of endothelium was observed in perfusion of an isolated mouse heart model 

after 60-90 minutes through tissue fixation and three-dimensional (3D) reconstruction of 

confocal images 60. While stem cells are promising therapies, progress has been 

hampered by our general lack of understanding of stem cell mechanisms of action. 

Investigating stem cell migration through blood vessels and interactions with the 
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endothelium will provide insight into these mechanisms for enhancing treatment 

outcomes. 

II. Stages of Homing 
 

Leukocytes have defined stages and mechanisms for transendothelial migration 

(TEM); rolling, tethering, adhesion, paracellular/transcellular migration, and invasion 61. 

Mechanisms of MSC homing have yet to be fully defined and definitions remain general. 

Steingen et al. identified 5 stages of transmigration; initial contact, adhesion, spreading, 

integration, and transmigration 60. This review will cover leukocyte, MSC, and cancer 

cell transmigration with a focus on MSC homing. The leukocyte cascade is often used as 

a foundation to study MSC behavior and cell signaling in homing. The stages of TEM are 

under tight spatial-temporal control and complex coordinated signaling. The schematic 

compares the similarities and differences in interactions between leukocytes and MSCs 

on the endothelium including adhesion, migration, protrusions, and transmigration (Fig. 

3.1).  
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Figure 3.1: Comparison of leukocyte and MSC transendothelial migration within a 
capillary venule through the stages of rolling on the endothelium, migration, and 
transmigration in response to inflammatory conditions. Leukocytes, yellow; 
mesenchymal stem cells, blue; shared characteristics, green. 

Rolling on the Endothelium 
 

Leukocytes are normally found circulating in the blood; however, they can be 

recruited to the endothelium and initiate an inflammatory response. Chemokines typically 

promote activation and recruitment of leukocytes to injured tissues and trigger the 

immune response 62. Chemokines produced by endothelial cells or interstitial immune 

cells pass through to the luminal surface and bind to glycosaminoglycans, specifically 

heparin sulfate glycosaminoglycans (GAGs). As postcapillary venules of the tissue are 

exposed to inflammatory stimuli, blood vessels narrow and blood flow decreases to allow 

leukocytes to come in closer contact with the endothelium. Leukocytes use L-selectin and 

P-selectin glycoprotein-1 (PSGL-1) for tethering and rolling on the endothelium. MSCs 

lack the adhesion molecules found in leukocytes and tethering and rolling require further 

investigation since limited studies on MSC rolling exist. However, one study investigated 

rolling and adhesion on human umbilical vein endothelial cells (HUVECs) with shear 

stress up to 2 dynes/cm2, after TNF-α treatment. Intravital imaging showed that MSC 

rolling and adhesion in postcapillary venules are dependent on P-selectin in a mouse 

model under specific non-flow/flow conditions 63. Adhesion molecules and integrins, 

activated by inflammation, aid in this contact by interacting with E-selectins and 

chemokine exposure on the luminal surface of the activated endothelial cells. Endothelial 

cells express E-selectin and bind to leukocyte ligand, PSGL1. MSCs exhibit similarities 

to cancer cells in morphology during the early stages of transmigration. The morphology 

of cancer cells can be mesenchymal or amoeboid migration, depending on the 
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environmental conditions. While there is still some debate as to whether MSCs become 

entrapped in the blood vessel or use active mechanisms to transmigrate, cancer cells use 

the former to become restricted in the vessel and form firm attachments. All cell types 

must survive intravasation and circulation, including immune cell interactions, to adhere 

to the endothelium.  

Similar to MSC homing, metastasis is also an inefficient process as only a small 

subset of cancer cells will migrate from the primary tumor towards metastasis 64. 

Migration occurs as a single cell or collectively through mesenchymal and amoeboid 

migration modes depending on microenvironmental factors. Selectin ligands for rolling 

include tetrasaccharide sialyl Lewis X (SeLx) antigen, a sialofucosylated glycoform of 

CD44, known as hematopoietic cell E-selectin/L-selectin ligand (HCELL), PSGL1, 

CD24, mucin 1 (MUC1), and galectin-3-binding protein (LGALS3BP). Endothelial cells 

express E-selectin that may contribute to endothelial cell and cancer cell interaction after 

macrophage recruitment. N-cadherin is expressed by endothelial cells for cancer cell 

rolling and adhesion as well as expressed by cancer cells in vitro. Rolling has not been 

observed in cancer cells in vivo. However, ligands for E-selectin have been studied in 

vitro. Different adhesion molecules have been identified, including N-cadherin, αvβ3 

integrin, β1, β4, α6β4, and α2β1 integrins. Bauer at al. profiled 45 human tumor cell 

transmigration and identified αvβ3 integrin as one of the key players 65. MSCs may use 

mechanisms more similar to cancer cells than leukocytes at these stages. 

Adhesion to the Endothelium 
 

Chemokines bind specific chemokine receptors on the leukocyte, activating 

downstream signaling for integrin expression, resulting in firm adhesion and arrest. 
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Chemokines and cytokines also stimulate MSC recruitment. Bone marrow-derived MSCs 

use α1, α2, α3, α4, α5, αv, β1, β3, β4, and β5 integrins and adipose-derived MSCs 

(ASCs) use α1-11, αv, αx, α2b, β1- 5, and β8 integrins 66. Krstić et al. studied the effects 

of the proinflammatory cytokine interleukin-17 (IL-17) on peripheral blood-derived MSC 

to enhance transmigration 67. Leukocyte adhesion requires β1 integrins, very late antigen-

4 (VLA-4), CD49d/CD21, and α4/β1 and β2 (CD18) integrins that bind to intercellular 

adhesion molecule-1 (ICAM1) and intercellular adhesion molecule-2 (ICAM2) on 

endothelial cells. Activation and binding leads to leukocyte arrest and crawling. MSCs 

use α integrins and β integrins alone or in combination, specifically α4/β1 binding to 

fibronectin 68 and various chemokine receptors depending on tissue type and extracellular 

matrix (ECM) proteins. Engineering MSCs is a common approach to overcome the lack 

of adhesion molecules after culture. Chuo et al. used fucosyltransferase VI transfection 

for fucosylation of CD44 to HCELL (hematopoietic cell E-/L-selectin ligand). HCELL 

positive MSCs increased homing to hypoxic endothelial cells in injured kidney when 

compared to HCELL negative MSCs 69. Cancer cell adhesion mechanisms also function 

through CD44, MUC1, and α and β subunit integrins. MUC1 binds to ICAM, E-selectin, 

and galectin 3 on endothelial cells. Cancer cell receptors differ depending on cancer type 

and vasculature bed; tumor cells will target specific organs and their associated 

chemokines 70.  

Transendothelial Migration 
 

Leukocytes migrate via lamellipodia migration on the endothelium using Mac-1 

(Cd11b/CD18) whereas there is no lateral migration of MSCs when determining the site 

of TEM. Following leukocyte migration on endothelial cells, leukocytes transmigrate 
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through the endothelium, the pericyte-containing basement membrane, and finally into 

the interstitial tissue 61,71. TEM at endothelial cell borders is similar to cell adhesion 

because it is mediated by integrins and adhesion molecule combinations, specifically 

Mac-1 with ICAM-1 61. TEM occurs through a paracellular route, between the borders of 

endothelial cells, and a transcellular route, through the endothelial cell body. TEM 

initiates the inflammatory response and begins the irreversible stage of the inflammatory 

cascade. Leukocytes initiate TEM with a single leading edge using CD99, CD11a/CD18, 

CD11b/CD18, VLA-4, CD49d/CD29, and LFA-1. Several changes occur at this stage 

including a switch from heterophilic interactions to homophilic interactions of platelet 

endothelial cell adhesion molecule-1 (PECAM-1) and CD99 between leukocytes and 

endothelial cells. Other interactions include vascular cell adhesion protein -1 (VCAM-1), 

junctional adhesion molecule-A (JAM-A), and vascular endothelial cadherin (VE-

cadherin) that will be discussed in the section on endothelial cell processes.  

Schmidt et al. provided early evidence of MSC transmigration using both in vitro 

and in vivo models. Co-culture experiments showed MSC flattening and integration into 

the endothelial monolayer after 2 hours. Electron microscopy of perfused hearts showed 

direct cell to cell contacts of MSCs. Confocal microscopy visualized complete MSC 

transmigration through the endothelium with transmigration peaking at 50.0 +/- 8.0% at 1 

hour 72. Growth factors in the ECM can regulate MSC recruitment by activation or 

inactivation of signaling pathways to promote or inhibit TEM; bFGF activates or 

deactivates Akt signaling depending on the concentration 73. In another study, Steingen et 

al. investigated the mechanisms in transmigration and invasion of MSCs in a co-culture 

system. Results showed that activation of endothelium was not required for MSC 
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adhesion and integration. Additionally, transmigration differences were due to 

endothelial cell type with myocardium venous endothelial cells resulting in the greatest 

transmigration of MSCs. Lastly, MSCs used plasmic podia protrusions, VACM-1, VLA-

4, clustering of β1 integrin, and secretion of MMP-2 in transmigration 60. Additionally, 

Law et al. reported that MSCs were capable of migration through blebbing and the use of 

multiple leading protrusions and molecules including VCAM-1, ICAM-1, ICAM-3, 

activated leukocyte cell adhesion molecule (ALCAM), and endoglin/CD105 74. 

Several types of endothelial cells have been used in co-culture transwell systems 

to study MSC homing (Table 3.1). Chamberlain et al. showed MSC adhesion, crawling, 

spreading, and transmigration across aortic endothelial cells 68. Smith et al. investigated 

MSC intra- and extravasation through bone marrow endothelium and observed that 

MSCs transmigrated in both apical-to-basal and basal-to-apical directions. However, 

different chemokines were more effective than others, depending on the direction of 

TEM; CXCL22 was more efficient in the apical chamber and CCL16 was more efficient 

in the basal chamber 75. Smith et al. studied the stages of homing by pre-treating human 

adipose-derived MSCs with glioma conditioned media and ECM proteins. Results 

showed enhanced homing towards brain cancer conditions and tumor samples in vitro 

and in vivo 76. In another study, Feng et al. studied human MSC transmigration through 

human microvascular endothelial cells to mimic the microenvironment of the blood brain 

barrier. Results showed that MSC production of CXCL11 bound to the endothelial 

receptor CXCR3, disassembled tight junctions, activated endothelial ERK1/2 signaling, 

and promoted MSC transmigration 77. De Becker et al. studied MSC migration through 

bone marrow endothelium; results showed that transmigration was partially regulated by 
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matrix metalloproteinase-2 (MMP-2) and tissue inhibitor of metalloproteinase-3 (TIMP-

3) 78. Other studies have shown supporting evidence of MMP-2 involvement in MSC 

TEM 60. The Toll-like receptors (TLRs), TLR3, TLR4, TLR2/3, and TLR9 have been 

shown to promote MSC migration and TEM signaling 79,80. Specifically, TLR-3 pre-

treatment of umbilical MSCs induced MSC homing to an induced colitis mouse model 

via activation of Jagged-1 Notch-1 signaling 81.  

In contrast, cancer stem cells are capable of proliferating on the endothelium 

before transmigration and collectively migrating, known as micrometastases that further 

develop into macrometastases. Proliferation can also occur after invasion of the basement 

membrane, result in dormancy or cell death. Transmigration occurs through interactions 

with selectins, integrins, CD44, cadherins, and Ig superfamily receptors. In TEM, it is 

unclear which routes are used in vivo. TEM is slower in cancer cells than in leukocytes 

and the endothelium exhibits a slow re-seal or no seal after prolonged opening. Cancer 

cell αVβ3 integrin and endothelial cell PECAM-1 interactions are observed at this stage 

and vascular endothelial growth factor (VEGF) and transforming growth factor beta 1 

(TGF-β1) are secreted by cancer cells to disrupt VE-cadherin endothelial cell binding 70. 

The most commonly studied chemokine, CXCL12/SDF-1, is secreted by target organ 

stromal cells. SDF-1 promotes cell adhesion and TEM of cancer cells through CXCR4 

and CXCR7 ligands. Parmo-Cabañas et al. investigated cell signaling of bone marrow 

myeloma cells and myeloma-derived cells in TEM. Integrin expression of α4β1 was 

upregulated in response to SDF-1 exposure and modulated by cAMP activation of protein 

kinase A and RhoA activation of cytoskeletal rearrangement 82. Gene expression profiling 

of brain cancer metastasis has identified cyclooxygenase-2 (COX2), epidermal growth 
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factor receptor ligand (EGFRL), heparin binding EGF-like growth factor (HBEGF), and 

the α-2,6-sialyltransferase ST6GALNAC5 as additional mediators of TEM 83. 

Osteopontin (OPN) has been identified as a regulator required for MMP activation in 

cancer cell invasion 84,85. Results showed level dependent effects on signaling 

contributing to cell migration, tumor growth, and metastasis. Nanomolar concentrations 

promoted PI3K and Akt phosphorylation and micromolar concentrations promoted PI3K 

production of uPA, MMP activation, and tumor growth. The authors concluded that cell 

type, source, and concentration levels influence signaling towards cancer progression 86. 

In another study, Wu et al. studied cell signaling in inflammation-mediated metastasis. 

This includes the progression of inflammation to cancer and regulation of the tumor 

microenvironment through TNF-α. Additionally, this study investigated NFκB and Snail 

regulation of cancer progression. The authors conclude that TNF-α controls Snail and β-

catenin through NFκB and Akt signaling for epithelial-mesenchymal transition (EMT) 

and tissue invasion 87.  

As with leukocytes, CD44 and MUC1-ICAM1 are key players in cancer cell 

transmigration. Multiple adhesion receptors are present depending on the types of cancer 

and vascular cells. Multiple therapeutic targets may need to be explored for prevention of 

adhesion and metastasis. Both routes of transendothelial migration have been observed. 

Pathways of importance include the Rho-ROCK/Rac, PI-3K, p38 and ERK/MAPK, and 

JAK/STAT pathways for secretion, to control cancer cell protrusions, endothelial 

contraction, and disassembly of endothelial cell junctions in TEM 70. Investigating these 

genes and signaling pathways in cancer cell TEM may contribute to our understanding of 

MSC TEM mechanisms. 
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Schnoor et al. reviews the differences and similarities between molecules used in 

TEM by different types of leukocytes; neutrophils, monocytes, macrophages, and 

eosinophils. All cells were found to use JAM-A, JAM-L, JAM-C, PECAM-1, DNAX 

accessory protein-1 (DNAM-1), CD155, and CD99. They differ in other TEM regulatory 

proteins; neutrophils use Mac1, norepinephrine (NE), vascular adhesion protein 1(VAP-

1), and JAM-A, monocytes use VAP-1 and JAM-A, T cells use Mac1 and NE, and 

endothelial cell occludin and JAM-C 88. Additional molecules have been identified in NK 

cells 89, neutrophils 90, and monocytes 91. Similarly, different sources and types of stem 

cells may also show specific TEM mechanisms. 

Other factors potentially influence TEM of leukocytes, MSCs, and cancer cells. 

Tumor cells can interact with the endothelium by secretion of permeability factors. For 

example, ascites fluid has been shown to accumulate within the luminal side of the 

vessels, increasing permeability of the endothelium 92. As discussed in Chapter 1, MSCs 

synthesize numerous proteins that can interact with endothelial cells in a similar manner. 

Evidence also suggests that MSCs can undergo TEM with aid from other cell types. 

Intravascular MSCs interact with platelets and neutrophils to promote adhesion and TEM. 

In one study, 42.8 +/- 24.8% of MSCs associated with platelets and neutrophils during 

trafficking 93.  

The contact and communication between pericytes and endothelial cells 

contribute to the integrity and passage through the endothelium. Changes in pericyte 

concentration and spreading occur throughout the microvasculature. Pericytes are more 

numerous and thinner on the arteriolar end and more dispersed on the venular end. 

Pericytes have gained more attention recently for their role in inflammation through 
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MyD88 signaling, 94 NOD-like receptors (NLRs), Toll-like pattern recognition receptors 

(TLRs), and secretion of IL-1β 95. Leaf et al. showed that pericytes activated 

proinflammatory signaling through TLR-2/4- MyD88, and secretion of IL-1β regulated 

tissue injury inflammation. In another study, Nyúl-Tóth et al. investigated pericyte 

control of brain inflammation, specifically activation of non-canonical inflammasome 

pathway 95. These studies provide evidence of the complex signaling that occurs within 

and between cell types in inflammation that could potential affect MSC TEM. 

Migration likely persists through the path of least resistance through the 

endothelium and basement membrane 61. The mechanical properties of the vascular bed 

in vivo and endothelial cell layer and substrate in vitro affect cell response. Palmieri et al. 

used a model of healthy (stiffer) cells and added a cancer (softer) cell to study cancer cell 

migration speed. Mechanotransduction of a soft cell mass on normal cells was enough to 

increase cancer cell motility with several increases in speed over the monolayer of 

normal healthy cells 96. Mechanoreceptors are controlled by the stiffness of the 

endothelium and the underlying substrate creating a feedback loops between cells and the 

matrix. The site of TEM is determined by endothelial stiffness; endothelial cell cup 

formation increases local cell stiffness that induces more ICAM clustering. All cell types 

share common mechanisms that regulate different processes, specifically the RhoA-

ROCK-myosin pathway control of endothelial barrier function, endothelium stiffness, 

and leukocyte capture, adhesion, and probing 97.  

Endothelial Cell Processes  
 

The endothelium plays critical roles in cell transmigration. After endothelial cell 

activation of adhesion molecules, TEM may be assisted through cup formation, loosening 
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of tight junctions, and sealing of the endothelium to maintain barrier integrity. Several 

molecules, E-selectin, ICAM-1, VCAM-1, JAM-A, JAM-C, PECAM-1, CD99, CD99L2, 

and VE-cadherin, contribute to the activation of various signaling pathways in 

transmigration 98. Loosening of the tight junctions occurs through ICAM/VCAM 

crosslinking and dephosphorylation of VE-cadherin. Clustering of ICAM and VCAM at 

the apical side of the cell form fingerlike protrusions for cup formation around the 

transmigrating cell due to Rho and Src signaling. This is observed under specific 

conditions, normally when leukocytes adhere and cannot transmigrate. VCAM and 

ICAM clustering induces free calcium ions, activating myosin light chain kinase (MLCK) 

and contraction of actin-myosin. Crosslinking VCAM activates Rac1, increases ROS and 

ICAM, and activates RhoA and ROCK and actin-myosin contraction. VE-cadherin is 

phosphorylated through ICAM-1 signaling and vascular endothelial protein tyrosine 

phosphatase (VE-PTP) that associates and maintains VE-cadherin in the resting state 61. 

Molecules are organized together and made available at the endothelial cell 

membrane by a complex known as the Lateral Border Recycling Compartment (LBRC). 

The LBRC holds 30% of total endothelial cell PECAM-1, CD99, and JAM-A and is 

targeted to the border where leukocyte TEM occurs The membrane is internalized and 

recycled beneath the plasma membrane of the cell borders in response to leukocyte 

adhesion and migration 61. Endothelial cells also use actin binding proteins (ABPs) in 

TEM. Tight junctions and adherens junctions connect to the actin cytoskeleton by ABPs 

of endothelial cells. The organization of actin cytoskeleton requires nucleator Arp2/3 

complex that nucleates actin and promotes branching and is bound to F-actin via 

cortactin. Other junction-cytoskeletal ABPs include alpha-catenin, vinculin, and ZO-1. 
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Nucleation promoting factor formins polymerize actin and function in elongation, actin 

recycling and depolymerization through five groups of proteins. Profilin binds G-actin 

bound to GTP adds actin to the barbed end of the actin filament. Additional stabilizing 

ABPs include ezrin/radixin/moesin (ERM) involved in stress fiber formation, mDia1, N-

WASP, and VASP for nucleation and elongation of actin filaments. Filamins and IQGAP 

function in actin crosslinking. Cofilin binds to G-actin and F-actin to sever actin 

filaments. Actin capping proteins prevent additional actin from binding and inhibit 

filament growth.  García-Ponce at el. reviewed ABPs and their contributions to 

stabilizing and destabilizing the endothelial barrier in detail 99. 

Endothelial cells of different vascular beds will exhibit different characteristics, 

specific to that organ 15. The blood brain barrier exhibits a different barrier challenge for 

study and therapeutics due to cellular tight junctions 100. Different vascular beds may 

recruit different immune cell populations in the inflammatory response. The adhesion 

molecules characteristic of synovium endothelial cells include a higher expression of E-

selectin and I-CAM in basal and inflammatory conditions compared to human foreskin 

and umbilical endothelial cells 101 and showed recruitment of mainly macrophages and T 

cell lymphocytes of diseased synovium in osteoarthritis 102. MSC homing is specific to 

the tissue and organ endothelium and can require different therapeutic molecules for 

enhancement, for example MSC homing towards injury in the kidney was promoted by 

CD44 103. Selection of endothelial cell type is critical for in vitro studies to determine 

physiologically relevant mechanisms and important to account for in in vivo studies to 

elucidate mechanisms of MSCs. 
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III. In Vitro and In Vivo Model Systems 
 

 In vitro model systems are often simpler that in vivo models used to study 

individual factors than influence homing mechanisms. Several cell culture conditions 

impact the efficiency of MSC homing to sites of injury or inflammation. Classic media 

formulations do not compare to the native in vivo microenvironment. HEMOXCell is a 

media supplement that serves as an oxygen carrier for cells migrating to injured hypoxic 

sites or 3D environments. Le Pape et al. showed an increase in cell growth and 

maintenance of phenotype and differentiation properties at an optimal concentration of 

HEMOXCell in platelet lysate supplemented media 104. Another approach to enhance the 

physiologic relevance of growth medium is to increase macromolecular crowding 

(MMC). The concept is that large molecules occupy space and provide the cells with 

greater contact. Albumin is one possible candidate for enhancing culture medium. 

Albumin constitutes 50% of protein in the plasma of a healthy adult and functions in 

regulating the distribution of fluids between intravascular and extravascular 

compartments. It regulates colloid oncotic pressure by drawing water into the vessel or 

the tissue, depending on its location and has a role in capillary membrane permeability in 

that it may bind in subendothelium and interstitial matrix and alter permeability to 

macromolecules. It has circulatory protective properties such as anticoagulant and anti-

thrombotic functions and acts as a buffer by binding excessive proteins, binds and 

stabilizes hormones and growth peptides 105.  

Another method to enhance homing is pre-treatment of MSCs. Pre-treatment of 

adipose-derived MSCs with valproic acid promoted overexpression of CXCR4 and 

CXCR6 that enhanced homing 106. In addition to pre-treatment of MSCs, other cell 
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culture conditions influence in vitro models of transmigration. Perhaps one of the most 

influential factors is cell confluency. High MSC confluency has been shown to increase 

production of tissue inhibitor of metalloproteinase-3 (TIMP-3) that results in decreased 

MSC transmigration 78. Similar detriments have been observed in highly confluent 

endothelial cells and cell signaling 107. Optimal culture conditions are critical for all cell 

types for efficient transmigration. 

The following models have been used alone or in combination to study stem cells, 

leukocyte, and cancer cell migration, homing, and invasion. Currently, no single method 

alone captures all of the contributing factors involved; each has characteristic advantages 

and disadvantages for the study of homing and transmigration. Specifically, 3D models 

are more physiologically relevant than 2D models. Hakkinen et al. measured cell 

adhesion and migration on 2D ECM coated matrices and gels of collagen, fibrin, and 

basement membrane extract (BME). Fibroblasts spread more on 2D matrices when 

compared to the spindle shape in 3D matrices and there was no spreading on BME; 

however, total cell area was similar. Migration was more rapid on 3D matrices, except 

migration was minimal on BME 108. Besides 2D culture and hydrogels, other methods 

include scaffolds, bioprinting, microfluidic devices, and Boyden or transwell chambers. 

Cellular and molecular techniques used in studying homing processes include DNA 

quantification and proliferation assays, 18 qPCR, 109 western blotting, 18 overexpression of 

a particular gene, 110 RNA interference, 18,110 and small molecule inhibitors 18,110. 

Classical 2D approaches include glass slides, cover slips, tissue-treated plastic, 

and the scratch assay 111. Krstić et al. used a scratch assay with 0, 25, and 50 ng/ml IL-17 

to study migration of treated PB-MSCs compared to untreated controls. Wound closure 
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was concentration dependent, with 50 ng/mL resulting in the highest number of migrated 

cells 67. Tissue treated plastic has been used for adhesion and transmigration assays, cell 

migration on cover slips showed that MSCs on murine microvascular aortic endothelial 

cells flatten and integrate into the monolayer of endothelial cells. MSCs exhibited long 

plasmic podia, adhered to the endothelial cells by 15 minutes, integrated into the 

monolayer by 180 minutes, and showed endothelial growth over the MSCs by 240 

minutes 60. In another study, Chamberlain et al. used microslides seeded with murine 

aortic microvascular endothelial cells, loaded with murine MSCs, and exposed to fluid 

flow and chemokine CXCL9. Fluid flow increased MSC crawling and spreading and 

chemokine exposure contributed to increased adhesion, crawling, and spreading that 

contributed to transmigration 112. More complex cell culture systems have been 

developed to mimic native microenvironments. 

Model systems have been developed to study cell response in physiological and 

pathological conditions. One common technique involves the use of Boyden chambers or 

transwells. These systems consist of an insert that fits into a well plate and provides a 

plastic porous membrane support. Options for these systems include pore sizes from 0.4 – 

12 um, pore densities of 1 x 105 – 6 x106, membranes of polyester (PE), polyethylene 

terephthalate (PET), polytetrafluoroethylene (PTFE) and polycarbonate (PC), coatings of 

MatrigelTM, collagen, and fibronectin that fit into 6-, 12-, and 24-well plates.  

Several methods of validation exist for chamber migration assays. 

Transendothelial electric resistance (TEER) measures electrical resistance between the 

area above and below the endothelium 110,113. Horseradish peroxidase (HRP) flux 

measures the retention of HRP above the endothelium 77,110. The Lucifer Yellow 
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Rejection assay measures the passive diffusion of lucifer yellow between the endothelial 

cells 113. Solubility assays measure the distribution of tight junction protein between 

detergent soluble and insoluble cell fractions 77,110. Lastly, immunofluorescence has been 

used to visualize endothelial cell junction proteins. Lin et al. tested monolayer 

permeability of human brain microvascular endothelial cells co-cultured with human 

MSCs and observed a decrease in TEER measurements, an increase in HRP flux, a shift 

of insoluble to soluble occludin protein, and discontinued distribution of tight junction 

protein-1 (ZO-1) by immunofluorescence over 12 hours 110. These results showed that 

monolayer integrity decreased over time in this study. Advantages of this system are the 

separate chambers that allow for cell collection, removal, and fixation of the permeable 

membranes. Limitations of this system include maximizing the endothelial barrier, 

control of the chemotactic gradient, and fluid flow. One challenge of mimicking 

physiological vasculature is the integrity of the endothelial barrier. Since brain 

microvascular endothelium have tight junctions, they form stronger and more selective 

barriers than formed by other microvascular endothelial cells. However, even brain 

endothelium in vitro does not compare to the selective blood brain barrier in vivo. 

Gradients are more difficult to establish and maintain and fluid flow has not yet been 

incorporated in these systems.  

Co-culture systems create an additional challenge of determining the 

contributions of each cell type in transmigration using current techniques. Other cell 

populations and blood components in physiological conditions are lacking in most in 

vitro systems; however, studies have supplemented the media in these systems with 

serum albumin 109. Serum albumin was discussed previously as a major component of 



	 107	

blood with several physiological functions. Briefly, serum albumin increases the viscosity 

of the fluid in the system to more closely mimic physiological conditions. Other systems 

are able to overcome some of these challenges.  

Gel constructs have become more common for studying cell migration in a 3D 

system. HUVECs were seeded on a collagen gel for studying MSC transmigration and 

invasion. A spherical morphology was observed at 2 hours, integration and plasmic podia 

were visualized at 4 hours, and MSC migration under the endothelium and invasion of 

the collagen gel was observed after 6 and 24 hours 60. Other forms of gels have been used 

for similar purposes. Mobilization from within a spherical collagen gel was used to show 

MSC migration in response to IL-17 treatment 67. The sandwich assay is a 3D model used 

to control chemical composition in the upper and lower matrices with cells seeded at the 

interface. Schor et al. studied dermal fibroblasts in response to platelet-derived growth 

factor-AB (PDGF-AB) and TGF-βs in the sandwich model and observed symmetrical 

migration with isotrophic distribution and then directional migration in anisotropic 

distribution 114. Endothelial spheroids where used to attract MSCs and showed MSC 

adhesion to the spheroids at 2 hours and invasion at 4 and 6 hours. This was an 

alternative method of demonstrating the interaction between endothelial cells and MSCs 

60. 

 Microfluidic devices have been used as models to investigate chemotaxis and to 

mimic a vascular environment. Schwartz et al. developed a microfluidic device to study 

dendritic cell chemotaxis and haptotaxis towards gradients of immobilized CCL21 and 

mobilized CCL19 that resulted in different migration patterns 115. Manneschi et al. 

developed and validated a microfluidic chip to study extravasation. Micropillars were 
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incorporated in the design between two parallel microchannels to function as the 

permeable membrane to study vascular transport and cell migration 116. 

  Combining these methods is one approach to navigate the limitations of in vitro 

systems. Smith et al. combined multiple models of transwell chambers, microfluidic 

devices, nano-patterned migration assays, and SCID mice to study transmigration of pre-

treated MSCs through the endothelium of the blood brain barrier towards brain tumors 76. 

Combining these models offered strong evidence for pre-treatment of MSCs for 

enhancing stem cell therapies. Different models are more suitable for investigating MSC 

mechanisms depending on the stages of homing being studied. Few studies specific to the 

mechanisms of MSC transmigration have been published. 

 

IV. Stem Cell Migration and Homing Mechanisms 
 

Several studies investigate the cellular mechanisms of MSC migration; however, 

little information exists on the processes and cellular and molecular mechanisms of MSC 

transmigration through an endothelial barrier. Pre-treatment, chemoattractant, cell type, 

cell culture system, and environmental conditions influence activation of signaling 

pathways. Studies investigated the effects of pre-treatment with cytokines and growth 

factors on mechanisms of MSC migration. Gao et al. investigated the effects of SDF-1 in 

MSC migration towards tumor cell conditioned medium and identified roles for signal 

transducer and activator of transcription 3 (Stat3) and focal adhesion kinase (FAK) 18. 

Chemokines have been linked to specific integrin expression and cell signaling. Feng et 

al. observed that MSCs produced CXCL11 that bound to the endothelial receptor CXCR3 
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and activated endothelial ERK1/2 signaling and MSC transmigration in a blood brain 

barrier model 77. The CXCL12/CXCR4 axis and the CXCL5/CXCR2 axis have been 

observed in ASC transmigration 66. IL-17 enhanced MSC adhesion and transmigration, 

with the localization of urokinase in cell protrusions, and activated ERK1/2 MAPK 

signaling 67. TGF-β1 signaling in the bone marrow environment downregulated the 

expression of sdf-1 at mRNA and protein levels and showed decreased SDF-1 dependent 

α1β4 integrin adhesion, chemotaxis, and TEM in bone marrow cell trafficking 117. 

Studies examining changes in MSC morphology and cell signaling pathways 

provide insight for transmigration studies. ASCs use lysophosphatidic acid-1 (LPA-1), 

MAPK/ERK1/2, PI3K-Akt, Rho/ROCK, and PDGF-BB signaling pathways for 

migration that have the potential for identification of therapeutic targets 66. Maijenburg at 

al. studied genes in MSC migration towards SDF-1 and showed that the highest 

expression of nur77 and nurr1 in migratory MSCs towards SDF-1 and PDGF 109. 

Cytoskeleton regulators include actin and microtubule molecules and ROCK signaling. 

Lin et al. observed the involvement of both ROCK and PI3K signaling in human MSC 

transmigration across human brain microvascular endothelium. Findings showed 

decrease MSC transmigration with overexpression of a PI3K dominant negative mutant, a 

decrease in transmigration after RNA interference of ROCK, and similar results of MSC 

transmigration after PI3K, ROCK, and PKC inhibitor treatment 110. In another study, 

Maijenburg et al. studied the role of orphan genes in MSC transmigration; results showed 

involvement of NFκB through nur77 and nurr1 109. These pathways require further 

investigation to determine mechanisms of MSC transmigration and identification of 

target molecules to enhance MSC homing. 
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Endothelial 
Cell Source 

Stem Cell 
Source 

Migration 
Stimulus 

Findings 

Human bone 
marrow-derived 

Human bone 
marrow-derived 

MSCs 

10% FCS TEM through bone marrow ECs is partially regulated by MMP-2. 
High confluency induces TIMP-3 that decreases TEM 78. 

Human brain 
microvascular 

Human 
adipose-derived 

MSCs 

CM from 
F60 or 

U87 MG 

Pre-treatment with GCM, fibronectin, or laminin increased homing 
efficiency towards glioblastoma 76. 

Human 
umbilical vein 

Human bone 
marrow-derived 

MSCs 

10% FBS 
10% Nu-

serum 

PI3K and ROCK pathways regulate TEM through brain 
microvascular ECs 110. 

Human brain 
microvascular 

peripheral 
blood-MSCs 

10% FBS IL-17 induced uPa and promoted increased MSC migration, 
adhesion, and TEM via ERK1/2 MAPK signaling 67. 

Human brain 
microvascular 

Human bone 
marrow-derived 

MSCs 

MSC-
derived 

CXCL11 

The CXCR3/CXCL11 axis interrupts EC junctions via ERK1/2 
signaling and enhances MSC TEM 77. 

Human bone 
marrow 

Human  
MSCs 

CXCL12, 
CXCL13, 
CXCL16, 
CCL11, 
CCL22 

CXCl16 was the most efficient chemokine in TEM in the apical-to-
basal direction and CCL22 was the most efficient chemokine in 
TEM in the basal-to-apical direction. MSCs flattened and extended 
filopodia protrusions into the ECs. MSCs showed directional 
preferences for different chemokines 75. 

Human 
umbilical vein 

Human bone 
marrow-derived 

MSCs 

chemerin, 
chemerin-
9, or CM 

CM medium increased MSC migration. Chemerin stimulated MSC 
phosphorylation of p42/44, p38, and JNK II kinases. Chemerin 
induced MIF expression and secretion that promoted MSC 
migration at high concentrations of chemerin 118. 

Murine 
aortic 

Murine MSCs CXCL9, 
CXCL16, 
CXCL20, 
CXCL25 

CXCL9 enhanced adhesion, crawling, and spreading towards MSC 
TEM. Shear stress enhanced crawling and spreading after MSC 
adhesion. MSC formed filopodia, followed by pseudopodia 
protrusions extending in multiple directions 112. 

Human 
microendothelial 

Human bone 
marrow-derived 

MSCs 

CM from 
cancer cell 
lines and 

breast 
cancer 

samples 

MSCs selected for α2, α3, and α5 integrins showed increased 
homing towards tumor sites. Homing was dependent on inhibition 
of metellopeptidases. MSCs were capable of transporting oncolytic 
adenovirus to tumors 119. 

Table 3.1: Summary of co-culture transwell systems used for studying mesenchymal 
stem cell homing through an endothelial cell layer. EC, endothelial cell, GCM, 
glioma conditioned medium, uPA, urokinase type plasminogen activator.  

Future Directions  
 
 Defining the mechanisms of MSC homing in comparison to the leukocyte cascade 

will be critical in controlling endogenous and exogenous stem cell trafficking to sites of 

inflammation or injury or regulate immune cell functions. New experimental findings that 

1) elucidate the cellular and molecular mechanisms of MSC homing, 2) understand 

signaling between MSCs and endothelial cells, and 3) determine how MSCs may control 

immune cell function could greatly impact the efficiency and efficacy of stem cell 

therapies. The next chapter presents a study that identifies three signaling pathways 
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involved in MSC transmigration and a potential target for enhanced homing. Harnessing 

the full potential of MSCs will lead to new therapies for injury, inflammation, and 

diseases. 
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Chapter 4: Mesenchymal Stem Cell Homing to Sites of Inflammation 

 

Abstract 
 

Mesenchymal sfJtem cells (MSCs) have great potential to improve clinical outcomes 

for many inflammatory and degenerative diseases whether through intravenously 

delivered MSCs or through mobilization and migration of endogenous MSCs to injury 

sites, termed “stem cell homing”. Stem cell homing involves the processes of 

attachment to and transmigration through endothelial cells lining the vasculature and 

migration through the tissue stroma to a site of injury or inflammation. While the 

process of leukocyte transendothelial migration is well understood, far less is known 

about stem cell homing. In this study, transwells that mimic the vasculature were used 

to monitor transbarrier movement of human mesenchymal stem cells in response to 

chemokine exposure. Specifically, transwell membranes lined with human synovial 

microvascular endothelial cells (HSynMECs) were partitioned from the tissue injury-

mimetic site containing chemokine stromal cell-derived factor- 1 (SDF-1). MSCs were 

loaded in the apical chambers containing endothelial cell-lined membrane, mimicking 

the vessel, and observed for morphology and transmigration of cells, with SDF-1 in the 

basal chamber. Two population subsets of MSCs were studied: migrated cells that 

initiated transmigration on the membrane top and nonmigrated cells in the apical 

chamber that failed to transmigrate. We hypothesized that cells would adhere to and 

migrate through the endothelial lining with SDF-1 exposure and that gene and protein 

expression changes would be observed between migratory and nonmigratory cells. We 

validated a vasculature model for MSC transmigration, demonstrated kinetics of MSC 
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transmigration over time, performed gene and protein expression of PI3K, MAPK, and 

Jak/Stat pathways, and quantified cell transmigration after inhibition of specific cell 

signaling pathways. Our model supported MSC transmigration and identified key 

signaling pathways regulating MSC transmigration. These findings allowed us to 

identify key regulatory molecules involved in MSC homing, specifically mechanisms of 

transmigration, towards development of targeted therapies. 

Introduction 
 

Mesenchymal stem cells (MSCs) have been extensively studied for their trophic 

and regenerative effects in treatment of various injuries, diseases, and inflammatory 

conditions 1-4. The efficacy of MSCs to treat inflammation and tissue injury by 

intravenous or intra-arterial injection has likely been limited due to lack of knowledge of 

the underlying molecular mechanisms of stem cell homing 5. Stem cell homing is 

activated by inflammation and involves the processes of localization and extravasation, 

where cells arrest in the vasculature and adhere to and migrate through the vascular lining 

6. Stem cells alter their phenotype during cell culture for expansion of cell numbers; 

alterations include differential expression of cell surface proteins important for cell-cell 

signaling and adhesion 7. This process inhibits the efficacy of cell therapies and requires a 

better understanding of the basic cellular processes to enable proper targeting of cells to 

areas of injury. Furthermore, the process of stem cell homing introduces the possibility of 

using molecular cues for stem cell homing as drugs to enhance endogenous stem cell 

release and migration to areas of inflammation or injury, potentially obviating the need 

for stem cell culture prior to treatment. The mechanisms involved in transmigration of 

MSCs are not fully understood, in contrast to the well-characterized leukocyte 
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transendothelial migration (TEM). While many similarities between leukocyte and stem 

cell transmigration exist, there are mechanistic differences in their responses 8. Both the 

timing of migration and the morphologic changes during transmigration differ between 

the cell types. Interestingly, MSCs exhibit morphology more akin to metastatic tumor and 

embryonic germ cell transmigration than to leukocyte migration 9. A better understanding 

of these processes opens the potential that differential homing of stem cells rather than 

leukocytes to areas of inflammation could be achieved, allowing a reduced inflammatory 

response, and enhanced regenerative response for these injuries. Luu et al. showed that 

MSC secretion of interleukin-6 (IL-6) suppressed cytokine production after endothelial 

cell activation and inhibited leukocyte TEM 10. Understanding the crosstalk between cell 

types will aid in elucidating these processes. 

Most studies investigating homing have used animal models of disease, or 

simplified migration assays using filter-based co-culture systems. Boyden chambers or 

transwell assays are commonly used to study adhesion, migration and invasion on various 

endothelial cell types 11-17. Smith et al. used human brain microvascular endothelial cells 

to mimic the blood brain barrier and human adipose-derived MSCs with conditioned 

medium as the chemoattractant in a transmigration invasion assay. This system provided 

a method to study enhancement of MSC transmigration for engraftment to brain tumors 

18. Other studies investigated various signaling pathways involved in cytoskeletal 

organization and regulation of cell migration towards a chemoattractant. For example, 

migration studies showed that SDF-1 stimulates the activity of the PI3K and Jak/Stat 

signaling pathways 19. Gao et al. provided evidence for SDF-1 activation of Jak2/Stat3, 

Erk1/2 and NFκB signaling pathways resulting in activation of focal adhesion kinase 



	 124	

(FAK) and cytoskeletal changes inducing MSC migration 20.  

Homing studies have used growth factors, chemokines, or a combination of the 

two to mimic inflammation and injury to promote chemotaxis to activate adhesion and 

transmigration 21. Chemokine (C-X-C motif) ligand 12 (CXCL12), also known as SDF-1, 

has been extensively studied for its influence on mechanisms of stem cell homing and 

healing 4,22,23. Another study showed that chemokines were most effective at chemotaxis 

of MSCs between concentrations of 10 – 100 ng/ml 24. Zhao et al. used a combination of 

SDF-1 and cytokines to show an increase in bone marrow-derived progenitor cell homing 

to ischemic transplanted heart and provided evidence for the regeneration of 

myocardiocytes and blood vessels 25. Additionally, growth factors including platelet 

derived growth factor-AB (PDGF-AB), insulin growth factor-1 (IGF-1), hepatic growth 

factor (HGF), and epidermal growth factor (EGF) have shown to be potent for MSC 

chemotaxis 26. MSC trafficking to sites of injury and inflammation has been studied in 

musculoskeletal tissue for promoting healing and enhancing regeneration 3. Osteoarthritis 

(OA) and rheumatoid arthritis (RA) are examples of chronic inflammation affecting the 

synovium of joints that leads to degradation of cartilage and bone. Synovitis induces 

pathogenic changes in the endothelium, leading to the transendothelial migration of 

inflammatory cells 27. Several chemokines are found in the RA synovium and joint fluid, 

including SDF-1 28 and synergistic effects of cytokines and growth factors 29. 

In this study, we used a modified transwell system to mimic the vasculature for 

elucidating the underlying mechanisms involved in transmigration of MSCs towards 

inflammation. Synovial endothelial cells were used to line the membrane and MSCs were 

loaded into the upper chambers while chemokine was loaded into the lower chamber. 
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Bovine serum albumin (BSA) was used in culture media to implement macromolecular 

crowding (MMC) 30 to promote cell growth and increase physiological relevance of the 

model. Our hypotheses were 1) human bone marrow-derived MSCs will transmigrate 

through the monolayer of human synovial microvascular endothelial cells after SDF-1 

exposure, 2) gene and protein expression will differ between migrated and nonmigrated 

MSCs, and 3) PI3K-Akt, MAPK, and Jak/Stat pathways will be activated in MSC 

transmigration in response to an inflammatory environment. This vascular model could 

be used to study MSC transmigration for use in strategies to inhibit inflammation while 

promoting regeneration, as well as for small molecule screening to identify molecules 

that attract endogenous stem cells and inhibit leukocyte recruitment to areas of injury or 

inflammation. 

Materials and Methods 

Experimental Design 
	

Transwell systems were used for studying MSC homing to identify potential 

target molecules to enhance MSC transmigration for therapeutic applications. Transwell 

fibronectin-coated inserts were lined with a monolayer of human synovial microvascular 

endothelial cells. Monolayer integrity was tested using a lucifer yellow (LY) rejection 

assay, confocal microscopy, and ELISA. Human bone marrow-derived MSCs were 

loaded into the upper chamber and 100 ng/ml SDF-1 was loaded into the lower chamber 

of the transwell. Control transwells contained serum-free medium without 

chemoattractant in the lower chamber. One MSC line and one endothelial cell line were 

used in this study in triplicate. Migrated cells were collected for cell quantification from 

each compartment of the transwell; apical chamber, top and bottom of the membrane, and 
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the basal chamber. Nonmigrated cells were collected from the apical chamber and 

migratory cells from the top of the membrane for gene expression and protein analyses. 

Twelve transwell samples were pooled per population subset, migrated and nonmigrated 

MSCs for qPCR; three transwell samples were pooled per population subset for western 

blotting. Three transwell samples were used for each transmigration assay with inhibitors 

for PI3K-Akt, MAPK, and Jak/Stat signaling pathways to quantify their effect on MSC 

transmigration.  

Cell Lines and Cell Culture 
	

Human bone marrow mesenchymal stem cells were obtained from American 

Type Culture Collection and cultured in mesenchymal stem cell basal medium with 

growth kit (Manassas, VA). All MSCs in this study were used at passage 4. Human 

synovial microvascular endothelial cells were obtained from Angio-Proteomie and 

cultured in ENDO-Growth Medium (EGM) (Boston, MA). All endothelial cells in this 

study were used at passages 7-8. Cells were expanded in culture at 37°C, 5% CO2 and 

90% humidity and fed every other day until 80% confluent. 

Preparation of Transwell Permeable Supports 
	

Polyester terephthalate (PET) transwell membranes of 8 um pore size in 24 well 

plates were used to study cell transmigration (Corning, NY, #3464). Membranes were 

coated for 1 hour with 20 µg/mL human fibronectin (Corning, NY). Endothelial cells 

were seeded < 70% confluency onto the inserts at a density of 2 x 105 cells/membrane in 

100 ul of complete endothelial cell medium supplemented with 42.0 g/L BSA (Sigma, 

Missouri). Apical chambers were placed in 600 ul of complete endothelial cell growth 

medium (EGM) supplemented with 42.0 g/mL BSA for 48 hours. 
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Lucifer Yellow Rejection Assay 
	

Integrity of the endothelial cell monolayer was validated using the LY Rejection 

Assay 31. Endothelial cells were incubated in 60 uM LY CH, potassium salt (Sigma, 

Missouri) for one hour to measure apical and basal chamber fluorescence at 480 nm with 

a HIDEX Chameleon V microplate reader (HIDEX, Finland). Percent LY rejection was 

calculated with the following equation.  

% LY Rejection = 100 * (1-RFU basal / RFU apical) 32 

Mesenchymal Stem Cell Transmigration Assay 
	

MSCs were loaded in the apical chamber of the transwell at a density of 1x105 

cells in serum free (SF) MSC medium supplemented with 42.0 g/mL BSA. For SDF-1 

exposure, basal chambers were loaded with the same medium with and without human 

recombinant stromal cell-derived factor-1 alpha (SDF-1α) (Thermo Fisher, Waltham, 

MA) at a concentration of 100 ng/mL. For inhibitor treatment, 2.1 nM Crenolanib, 

PDGFR inhibitor (Thermo Fisher); 11 nM A-674563, Akt inhibitor (Selleckchem); 20 

µM Tyrphostin 490, Jak inhibitor (Sigma); and 50 µM ALX-166; Grb2 inhibitor (ENZO) 

were added to SF medium supplemented with BSA. MSCs were pre-treated with 

inhibitors for 1 hour before loading into the apical chamber of the transwell. Cells were 

collected from each compartment of the transwell; apical chamber, top of the membrane, 

bottom of the membrane, and the basal chamber and identified as nonmigrated and 

migrated cells. Cell number was quantified using a Quant-iT dsDNA Assay kit, broad 

range (Thermo Fisher, Waltham, MA), referencing human MSCs as the standard. 

Fluorescence Microscopy and Confocal Microscopy 
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MSCs were incubated in 10 µM Vybrant CFDA SE Cell Tracer for 30 minutes, 

washed, and loaded into the upper chamber. Transwell membranes were stained with 20 

µM CellTracker Red for 30 minutes, washed, and fixed in 4% PFA for fluorescence 

confocal imaging to visualize the endothelial cell monolayer and MSC morphology. 

Fluorescence microscopy was performed with an AMG EVOS fl digital inverted 

fluorescence microscope or a Nikon TE2000 Widefield and C2si laser scanning confocal 

microscope (Light Microscopy and Imaging Facility, James Madison University, VA).  

Endothelial Cell and Mesenchymal Stem Cell Separation 
	

Cultures were placed on ice and cells were collected from the apical chamber and 

the top of the membrane with 0.05% trypsin-EDTA (Thermo Fisher, Waltham, MA) after 

4 hours of SDF-1 exposure. Mixed cell populations were incubated with human anti-

CD31 microbeads (Milteni Biotec), loaded into the MS columns, collected on ice, and 

washed with chilled degased buffer according to the manufacturer’s instructions.  

RNA Isolation, Quantification, and Quantitative PCR 
	

After MSC isolation, MSCs were lysed in TRIzol and RNA was isolated using 

phenol. (Thermo Fisher Scientific, Waltham, MA). An RNeasy Mini Kit (Qiagen, USA) 

was used to purify the RNA; this procedure includes an on-column DNase treatment to 

reduce genomic template contamination. RNA quantification was performed using a 

NanoDrop 2000c (Thermo Fisher Scientific, Waltham, MA). RNA was converted to 

cDNA using RT2 PreAmp cDNA synthesis and RT2 PreAmp cDNA synthesis primer mix 

for human PI3K-Akt and Jak/Stat signaling pathway PCR arrays following the 

manufacturer’s instructions (Qiagen, Germantown, MD) and Thermal Cycler (Eppendorf, 

Hauppauge, NY). A Real Time 7500 PCR System (Thermo Fisher Scientific, USA) was 
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used to run quantitative PCR (qPCR) of RT2 Profiler PCR Arrays for human PI3K-Akt 

(PAHS-0553) and Jak/Stat  (PAHS-0331Z) signaling pathways (Qiagen) at 50 ng of 

cDNA per 25 µl PCR reaction. Relative quantitation was calculated using the 

Comparative CT method (2^-ΔΔCT) 33. All array controls were in the acceptable range. 

Gene expression was normalized to MSC apical control samples using RPLP0 and 

compared to MSC membrane samples.  

Western Blotting Analysis 
	
  Samples were collected from the apical chamber and top of the insert membranes 

in cold RIPA buffer (Thermo Fisher) with protease and phosphatase inhibitor cocktails 

(Sigma). A Bradford assay kit (Thermo Fisher) was used to quantify proteins from the 

apical chamber and top of the insert membranes according to the manufacturer’s 

instructions. Twenty micrograms of total protein per lane were loaded in a Mini-

PROTEAN TGX stain free pre-cast gels of 4-12% polyacrylamide with Precision Plus 

Dual Color standards and transferred to immune-blot low fluorescence PVDF. All 

western blotting supplies were from Bio-Rad (Hercules, CA) unless noted otherwise. 

Phospho-PDGF-RA pTyr754 antibody (1:1000), phospho-AKT pSer473 antibody 

(1:1000), phospho-Jak2 antibody (1ug), phospho-GRB2 antibody (1ug), and α-tubulin 

(1:500) primary antibodies and Pierce goat anti-rabbit IgG peroxidase conjugated 

secondary antibody (1:10000). All antibodies were from Thermo Fisher. Clarity Western 

ECL substrate was used for chemiluminescence detection with an Alpha Innotech 

FluorChem SP. Spot densitometry analysis was performed in AlphaView Software 

(ProteinSimple). Samples were normalized to α-tubulin for densitometric analysis for 

membrane top and apical samples.  
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Enzyme-Linked Immunosorbent Assay  
 

Transwells were prepared as previously described. A Human CXCL12/SDF-1α 

Quantikine ELISA kit (Thermo Fisher, USA) was used to measure the SDF-1 gradient 

across the transwell insert membrane. Media samples were collected from the apical and 

basal chambers at 0, 4, 8, 12, and 16 hours. A Human PDGF-AB Quantikine ELISA kit 

(Thermo Fisher, USA) was used the measure endothelial cell production of PDGF in 

response to SDF-1 after 4 hours. Media samples were collected from the apical chambers, 

both with and without SDF-1 exposure. Media without SDF-1 supplementation was used 

as the control. 

Statistical Analysis 
	

Quantitative data was reported as mean +/- standard deviation (SEM). 

Comparisons were made between groups and within groups by analysis of variance 

(ANOVA) with Tukey’s post hoc test. A Wilcoxon Rank Sum test was used to compare 

gene expression of migrated and nonmigrated MSCs. A priori significance was 

determined using p value < 0.05. 

Results 

Synovial Microvascular Endothelial Cells Form and Maintain Barrier Function 
 

Monolayer integrity was evaluated via LY rejection and SDF-1 concentration 

(Fig. 4.1). An increase in LY rejection was observed at 6 hours between the samples with 

no BSA supplementation and with BSA supplementation. At 6 hours, no BSA resulted in 

a 46.3% average LY rejection and 56.3% average LY rejection. LY rejection levels 

peaked at 24 hours in both treatment groups and were maintained through 96 hours (Fig. 
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4.1A). LY rejection and SDF-1 concentration were measured at 0, 4, 8, 12, and 16 hours. 

Monolayer integrity was maintained at 90.1% with and without SDF-1 exposure at 0 

hours through 12 hours without and with SDF-1 exposure. At 16 hours, percent LY 

rejection decreased to 87.4% after SDF-1 exposure (Fig. 4.1B). No detection of SDF-1 

was observed in the apical chambers. However, the concentration of SDF-1 decreased in 

the basal chamber by 4 hours and continued to decrease at 8 hours to 29.7 ng/ml. SDF-1 

concentration levels began to increase at 12 hours and 16 hours to 35.0 ng/ml (Fig. 4.1C).  

Figure 4.1: Human synovial microvascular endothelial cell monolayer barrier 
integrity. Transwell membranes were seeded with synovial microvascular 
endothelial cells with no BSA supplementation of the endothelial growth media 
and with BSA supplementation of endothelial growth media. Monolayers were 
then tested with the lucifer yellow rejection assay at 6, 24, 48, 72, and 96 hours. 
Data not connected by the same letter are significantly different. (A). Human 
synovial microvascular endothelial cell monolayer barrier integrity was tested 
with the lucifer yellow rejection assay at 0, 4, 8, 12, and 16 hours. Significance 
denoted with an asterisk (*) (B). ELISA was used to measure the SDF-1 gradient 
across the seeded membrane. Media samples were collected from the apical and 
basal chambers after 0, 4, 8, 12, and 16 hours of SDF-1 exposure. Significance 
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denoted with an asterisk (*) (C). Error bars represent SEM. A p value ≤ 0.05 was 
considered significant.  

 

MSCs Migrate Through Synovial Endothelium After SDF-1 Exposure 
 

Cytoplasmic staining of MSCs was visualized by fluorescence microscopy (Fig. 

4.2A). MSCs migrated through the endothelial cells towards the bottom of the membrane 

without SDF-1 and with SDF-1; however, cell number was greater with SDF-1 exposure. 

Additionally, MSC number was quantified in each of the four transwell compartments 

and divided into upper compartments for nonmigrated cells and lower compartments for 

migrated cells (Fig. 4.2B). An increase in cell number was observed for migratory MSCs 

when SDF-1 was loaded compared to migratory MSCs without SDF-1. Without SDF-1 

exposure, 65.1 +/- 2.38% of the cells were located on the top of the membrane and 34.9 

+/- 2.1% were on the bottom of the membrane. After SDF-1 exposure, 59.8 +/- 1.32% of 

the cells were nonmigratory and 40.2 +/- 0.8% were migratory. 
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Figure 4.2: Transendothelial migration of human MSCs through human synovial 
microvascular endothelium in response to SDF-1. Fluorescence staining of human 
MSCs adhered to the bottom of the membrane with and without loaded SDF-1. 
Semi-quantification of MSC number/field was performed with ImageJ from 
fluorescence images (A). Cell number was quantified for the apical chamber, 
membrane, and basal chamber without and with loaded SDF-1. (B). Upper, 
nonmigrated MSCs from the apical and membrane top; Lower, migrated MSCs from 
beneath the membrane and basal chamber. Error bars represent SEM. Scale bar = 
400 um. A p value ≤ 0.05 was considered significant and denoted with an asterisk 
(*). 

 

MSC Transendothelial Migration Peaked at 4 hours in the Vasculature Model 
 

Endothelial cell-seeded membranes were loaded with MSCs and exposed to SDF-

1 as previously described for 0 - 16 hours for the co-culture group (Fig. 4.3). Stained 

endothelial cells and MSCs were visualized with fluorescence microscopy. The top of the 
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the adhered MSCs. MSCs were capable of migration through the endothelium and 

membrane. The bottom of the membrane showed MSCs in the process of transmigration 

as the membrane pores were filled with the MSCs and completion of transendothelial 

migration (Fig. 4.3A). Additionally, fluorescence confocal Z-stacked images were 

compiled from images from the top of the transwell membrane, through the membrane, 

and to the bottom of the membrane (Video S4.1). MSC migration through the endothelial 

membrane was similar between the four transwell compartments as previously described 

at 0, 4, 8, 12, and 16 hours. At 0 hours 94.3 +/- 4.1% of the cells were located in the upper 

compartments and 5.7 +/- 0.4% were in the lower compartments. By 4 hours, 58.3 +/- 

10.8% of the cells were located in the upper compartments and 41.7 +/- 6.1% were in the 

lower compartments (Fig. 4.3B).  
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Figure 4.3: Transmigration of human MSCs through human synovial microvascular 
endothelium. Representative fluorescence confocal images of stained human MSCs 
(green) and human endothelial cells (red) from the top (left) and bottom (right) of the 
membrane with loaded SDF-1 at 4 hours. 20x magnification (A). Cell number was 
quantified for the apical chamber, membrane, and basal chamber with loaded SDF-1 
for 0, 4, 8, 12, and 16 hours (B). Top, top of the membrane; Bottom, bottom of the 
membrane, Upper, nonmigratory MSCs from the apical and membrane top; Lower, 
migratory MSCs from beneath the membrane and basal chamber. Error bars 
represent SEM. Data not connected by the same letter are significantly different. 
Data not connected by the same letter are significantly different. A p value ≤ 0.05 
was considered significant. 

 

PI3K, MAPK, and Jak/Stat-associated Genes are Expressed in Migratory MSCs 
 

All genes for the PI3K-Akt and Jak/Stat signaling pathway arrays were expressed 

in transmigrating MSCs, specifically upregulation of 33 genes of the PI3K-Akt signaling 

array and upregulation of 15 genes of the Jak/Stat signaling array were observed. Several 

of these PI3K-associated genes regulate cytoskeletal organization, MAPK signaling, 

migration, and other cell processes. Four key genes were selected for further investigation 

(Fig. 4.4, Fig. 4.7). Migrating MSCs showed a 19-fold increase in gene expression of 

akt1, a 4-fold increase in gene expression of grb2, and a 10-fold increase in gene 

expression of pdgfra relative to nonmigrated control MSCs. Several genes regulating cell 

growth, migration, and other cell processes in Jak/Stat signaling were upregulated 

relative to nonmigrated control MSCs. Migrating MSCs had a 26-fold increase in gene 

expression of jak2. 
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Figure 4.4: qPCR of genes involved in the PI3K-Akt, MAPK, and Jak/Stat signaling 
pathways were investigated in MSC transmigration. RPLPO was used as the 
reference gene. Fold change was calculated relative to control nonmigratory cells. 
Error bars represent SEM. A p value ≤ 0.05 was considered significant. 

 

SDF-1 Stimulated Endothelial Cell PDGF Production and MSC PI3K-Akt, MAPK and 
Jak/Stat Signaling 
 

Endothelial cell production of PDGF was measured in the media of the apical 

chambers (Fig. 4.5A, Fig. 4.7). PDGF was not detectable in media from the apical 

chamber of endothelial cells not exposed to SDF-1. Media samples from apical chambers 

with SDF-1-stimulated endothelial cells and media samples from apical chambers with 

SDF-1-stimulated endothelial cells and MSCs resulted in increased levels of PDGF. Spot 

densitometry analysis was performed for cells from the top of the membrane relative to 

control samples (Fig 4.5B). Two bands were observed for tubulin membrane top samples 

in all three groups. Increased phosphorylation was observed for PDGFRA, Akt1, and 
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Jak2 in the migratory MSCs. Additionally, phosphorylation of Jak2 showed the greatest 

increase (Fig.4 .7). Results were inconclusive for Grb2. 

 

 
Figure 4.5: PDGF production and phosphorylation of target proteins. ELISA for 
SDF-1-stimulated endothelial cell production of PDGF (A). Western blot analysis of 
p-PDGFR, p-Akt, p-Jak, and p-Grb2 signaling in cells collected from the top of the 
membrane and the apical chamber after SDF-1 exposure. Densitometry analysis was 
calculated for apical and membrane top samples, relative to alpha-tubulin (B). Top, 
cells collected from the top of the membrane; Apical, cells collected from the apical 
chamber. Data not connected by the same letter are significantly different. A p value 
≤ 0.05 was considered significant. 
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Mesenchymal Stem Cell Transmigration is Regulated by PDGFRA, Akt1, Jak2, and Grb2 
 

Transmigration assays were performed for co-culture of endothelial cells with 

MSCs in response to inhibitors of the three signaling pathways (Fig. 4.6). Decreased 

MSC transmigration was observed with inhibitor treatment with Crenolanib, A-674563, 

Tyr 490, and ALX-166 (Fig 4.6A). ALX-166 showed the greatest decrease, followed by 

Tyr 490, and Crenolanib compared to the No SDF-1 treatment group. A-674563 

decreased MSC transmigration compared to the DMSO treatment group. MSC 

transmigration through the endothelial membrane was quantified for each of the four 

transwell compartments and calculated for the upper and lower compartments as 

previously described (Fig. 4.6B). All inhibitors showed decreased cell transmigration to 

the membrane bottom compared to the DMSO treatment group. Cell transmigration after 

inhibitor treatment was similar to basal levels of transmigration. Decreased cell 

transmigration after inhibitor treatments was similar to basal levels of transmigration, 

except for Crenolanib.  
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Figure 4.6: Transmigration of human MSCs through human synovial microvascular 
endothelium in response to inhibitors. Fluorescence images of stained human MSCs 
adhered to the membrane bottom after inhibitor treatment. Semi-quantification of 
MSCs per field. (A). Cell number was quantified for the apical chamber, membrane, 
and basal chamber with SDF-1 and inhibitor treatment for co-culture of endothelial 
cells and MSCs (B). Crenolanib, PDGFR inhibitor; A-674563, Akt inhibitor; Tyr 
490, Jak inhibitor, ALX-166, Brb2 inhibitor; Upper, nonmigrated MSCs from the 
apical and membrane top; Lower, migrated MSCs from the membrane bottom and 
basal chamber. Error bars represent SEM. Scale bar = 400 um. Data not connected 
by the same letter are significantly different. A p value ≤ 0.05 was considered 
significant. 
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Figure 4.7: Model showing the downstream effects of SDF-1 exposure to human 
synovial microvascular endothelial cells on MSCs. SDF-1 binds to CXCR4 on 
endothelial cells and produces PDGF. PDGF binds to PDGFR on MSCs and 
activates the PI3K-Akt, MAPK, and Jak/Stat signaling pathways. Blue arrows 
indicate and increase in gene expression and green indicates protein activation via 
phosphorylation.   
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Homing of exogenous and endogenous MSCs is a multi-step process activated by 

chemokines and cytokines from inflammatory sites 34. Studies have investigated MSC 

homing in comparison to the leukocyte cascade; however, co-culture models involving 

MSC and endothelial cell interactions are limited. A complete endothelial monolayer 

barrier was achieved in our transwell system and allowed for transmigration of MSCs. 
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rejection of the endothelium compared to monolayers cultured without BSA. Perhaps this 

is due to increased synthesis of ECM proteins, resulting in promotion of endothelial cell 

proliferation and increased cell-matrix adhesions. MMC has been used in other studies 

that showed increased matrix production, 30 cell proliferation, metabolism, and 

differentiation of MSCs in vitro 35. Maijenburg et al. supplemented media with 0.25% 

BSA; 36 however, MSC migration was studied in the absence of endothelial cells and its 

effects were not reported. We then tested barrier integrity after SDF-1 exposure and 

measured SDF-1 concentration in the chambers. Results showed that barrier integrity was 

maintained through 16 hours of SDF-1 exposure and no SDF-1 was detected in the apical 

chambers, confirming barrier integrity. Smith et al. also used 100 ng/ml SDF-1 in a 

similar system without detrimental affects 37. Decreased SDF-1 concentration in the basal 

chamber may be due to degradation or immobilization of SDF-1 on endothelial cells 38 

and appeared to increase again over time. This may be due to endothelial cell and/or 

MSC production of SDF-1 as studies have shown that PDGF may stimulate SDF-1 

production as well 39,40. The increased MSC transmigration that was observed after the 

addition of SDF-1 was not due to chemotaxis towards SDF-1 because SDF-1 was 

contained in the basal chamber by the endothelial barrier. Therefore other possibilities 

were examined. After model validation, we examined the kinetics of MSC transmigration 

over time with SDF-1 exposure.  

 The timing of cell collection has an effect on the stage of migration, collecting 

MSCs too early may capture the earlier stages before transmigration changes occur and 

collecting MSCs too late may capture MSCs in the later stages and miss critical changes 

involved in transmigration. No time-course has been investigated for these purposes. 



	 142	

However, another study has distinguished between these steps of transmigration, 

quantifying MSC migration as not started, in progress, and completed transmigration 41. 

It was expected that cell number would decrease in the upper compartments (nonmigrated 

cells) of the transwell system and increase in the lower compartments (migrated cells) of 

the system over time; however migrated MSCs peaked at 4 hours and remained constant 

through 16 hours. One possible explanation for these results is that a chemotactic SDF-1 

gradient was not established; therefore there was no correlated increase of migratory 

MSCs in response to SDF-1. Fluorescence confocal microscopy allowed visualization of 

MSC transmigration through the endothelial cell barrier at 4 hours. Teo et al. showed 

similar images of MSC transmigration at 60 minutes on a two-dimensional surface 41. It 

was also unexpected that endothelial cells would migrate along with MSCs; however, 

endothelial progenitor cells have been shown to migrate towards SDF-1 42. Results 

showed that our transwell modifications supported complete monolayer growth and 

barrier integrity of endothelial cells that could be maintained up to 16 hours with SDF-1 

exposure and induce MSC transmigration through a synovial endothelium. 

Differences in gene expression of PI3K-Akt and Jak/Stat-associated genes were 

observed between migrated and nonmigrated MSCs. Fluorescence staining showed 

adhered MSCs on the membrane top and the MSCs viewed from the bottom of the 

membrane filled the pores, providing evidence that transmigration was initiated. For this 

reason, it was determined that 4 hours was an appropriate time for cell collection as it 

captured MSCs in the process of transmigration and potentially decreased irrelevant 

changes in gene expression not correlated to initiation of transmigration. It was 

unexpected that transmigration would occur this quickly. Previous studies have 
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investigated migration at 4 hours with endothelial cells and transmigration at 12-48 hours 

7,43,44. Other studies report MSC transmigration completion at 60-120 minutes in vitro; 41 

however, this does not account for adhesion time. Several genes were upregulated at 4 

hours suggesting that other cell processes are occurring simultaneously and may not be 

specific to transmigration or endothelial cell interactions. Additionally, MSCs may be at 

different steps of the transmigration stage at time of collection. These results also suggest 

that multiple pathways may be activated.  

In addition to gene expression, we investigated activation of signaling pathways 

in migrated versus nonmigrated MSCs. There was an increase in fold change for many of 

the growth factor receptors, i.e. PDGFR. We measured PDGF levels in the media and 

found that PDGF was present after 4 hours in samples with endothelial cells only and 

endothelial cells loaded with MSCs. The results showed low level production of PDGF 

by endothelial cells and/or MSCs. Ponte et al. showed more efficient migration of MSCs 

towards growth factors when compared to chemokines/cytokines, with PDGF-AB 

promoting the greatest chemotaxis 26. In another study, mouse iPSCs migrated towards 

glioma conditioned media via tumor growth factor secretion 45. This evidence suggests 

that MSCs migrated in response to PDGF, produced by SDF-1-stimulated endothelial 

cells. Hamdan et al. showed that the SDF-1/CXCR4 axis controls PDGF-BB expression, 

resulting in pericyte differentiation and expansion of tumor vasculature 46. Western blot 

analysis showed two bands for membrane top tubulin. This could be explained by post-

translation modifications, specifically acetylation observed in migratory cells 47. The 

increase in PDGFR phosphorylation observed in each groups was expected and provided 

evidence towards activation of PDGFR signaling in MSC transmigration. However, while 
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the changes in Akt phosphorylation between migrated and nonmigrated cells within each 

group were significant, the low signals for p-Grb2 made results inconclusive. Gene 

expression data, in addition to western blot analysis, suggested that endothelial cell-MSC 

interaction may activate PDGFRA/Akt1, PDGFRA/Grb2 and/or PDGFRA/Jak/Stat 

signaling.  

Inhibiting key targets of these pathways demonstrated decreased MSC 

transmigration. The inhibitors of PDGFRA, Akt1, Jak2, and Grb2 inhibitors showed 

decreased transmigration to varying degrees, suggesting differences in effectiveness and 

regulation by multiple signaling pathways.  Although our study showed similarities in 

migration of the different cell types, this suggests involvement of similar molecular 

mechanisms in migration between MSCs and endothelial cells. Similarly, Lin et al. 

studied inhibition of ROCK, PI3K, and PKC to show decreased MSC transmigration in 

response to PI3K and ROCK inhibitors, suggesting a role for PI3K and cytoskeletal 

pathways in involvement 48. These findings corroborate previous reports of multiple cell 

signaling pathways involved in transmigration. Another study proposed a model 

demonstrating the involvement of the MEK/ERK, Jak/Stat3, cytoskeletal organization, 

and NFκB signaling pathways and their relationship to one another in SDF-1-stimulated 

MSC migration 20. Thus, our findings suggest that MSC transmigration involves the 

interaction of PI3K/Akt, Jak/Stat, and MAPK signaling pathways. Specifically, Jak2 has 

the potential for use as a therapeutic target in enhancing MSC homing to inflammation. 

Conclusions 
  

Our study validates a vascular model that demonstrates the differences between 

migratory and nonmigratory MSCs and the mechanisms of MSC transmigration. This 
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was the first study using a modified transwell system for investigation of human MSC 

transmigration through a synovial microvascular endothelium to show activation of 

multi-pathway signaling. MSC transmigration may be driven by activation of 

PDGFRA/PI3K/Akt, PDGFRA/MAPK/Grb2, and PDGFR/Jak2/Stat signaling, as a result 

of SDF-1 stimulated endothelial cell production of PDGF. Future studies are needed to 

fully investigate the effects of endothelial cell growth factor and cytokine production on 

MSC transmigration and the complex interactions between signaling pathways. The 

development of relevant in vitro models will aid in our understanding of the interactions 

between vessel endothelium and stem cells and the mechanisms involved in 

transmigration. Therapeutic applications of MSCs may be developed to control the 

inflammatory process through interference of the leukocyte cascade and immune 

regulation for tissue healing.  
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Chapter 5: Conclusions and Future Directions 
 

Summary of Results  
 
 The occurrences of tendon injuries are on the rise and there is currently no cure. 

Regenerative medicine strives to harness the full potential of stem cells that have great 

potential for development of new therapeutics for tendon healing. Knowledge of the 

microenvironmental factors influencing cell behavior and the ability to mimic these in in 

vitro studies hold the key to elucidating cellular and molecular mechanisms of tissue 

injury and repair. This dissertation introduces two important processes of MSCs; cell 

differentiation for tissue repair and MSC homing towards inflammation and tissue injury 

(Fig 5.1).  

In the first study, manufactured STEP scaffolds were used to study whole cell 

populations towards tenogenesis. Scaffolds of highly aligned organization where used to 

mimic the alignment of collagen and spatial distribution of tenocytes found in native 

tendon. It was hypothesized that scaffold of aligned orientation would promote MSC 

differentiation towards tenogenesis. Scaffolds promoted an elongated tenocyte-like 

morphology, increased gene expression of tendon-associated biomarkers, and increased 

production of collagen and GAG. Together, these results provided evidence of 

tenogenesis and emphasized the importance of appropriate scaffold parameters in 

mimicking native tissue and the control of cellular behaviors. 

 In the second study, we examined the mechanisms of MSC homing, specifically 

the process of transmigration towards inflammation or injury. While many studies have 

investigated MSC migration, very few have studied MSC transmigration with the 

involvement of endothelium. A co-culture system, using modified transwell chambers 
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was used to mimic the vasculature to determine the mechanisms of MSC transmigration. 

Human synovial microvascular endothelial cells were seeded on the top of the permeable 

membrane and human bone marrow-derived MSCs were loaded in the upper chamber as 

SDF-1 was loaded in the lower camber. We hypothesized that cells would adhere to and 

migrate through the endothelial cell lining of this vasculature model with SDF-1 exposure 

and that gene and protein expression changes related to PI3K, MAPK, and Jak/Stat 

signaling would be observed between migratory and nonmigratory cells. Results showed 

complete barrier integrity and maintenance in this vasculature model. Gene expression 

changes of several genes involved in the PI3K, MAPK, and Jak/Stat signaling pathways 

between migrated and nonmigrated MSCs were observed, specifically pdgfra, akt1, jak2, 

and grb2. Evidence showed that SDF-1 was not directly involved in MSC transmigration, 

rather SDF-1 stimulated endothelial cell production of PDGF and pathway activation. 

Furthermore, decreased cell migration in the presence of PDGFR, Akt1, Jak2, and Grb2 

inhibitors suggested activation and control of transmigration through multiple signaling 

pathways after PDGFR activation. It was concluded that human bone marrow-derived 

MSC transmigration through human synovial microvascular endothelial cells is partially 

regulated by PDGFRA, PI3K-Akt, MAPK, and Jak/Stat signaling.  

The number of potential stem cell therapies and the different approaches that can 

be used to develop stem cell therapies is vast. These two studies highlight the need to 

understand the microenvironmental cues that control cell signaling for the processes of 

MSC migration, engraftment, and regenerative/trophic effects. This knowledge of the 

interactions between microenvironmental factors and MSCs will provide the answers for 

development of therapeutic treatments. 
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Figure 5.1: Stem cell therapies using primary stem cells. 

Manufacturing	3D	structures	to	mimic	native	tissue	structure	for	support	of	
differentiated	stem	cells	for	implantation	and	administration	of	stem	cells	through	
intravenous,	intra-arterial,	or	local	injection	are	two	methods	of	cell	therapies.					
 

Future Directions 
 

Chapter 2 describes a study using aligned, MSC-seeded STEP scaffolds that 

promoted an elongated tenocyte-like morphology, increased gene expression of tendon-

associated biomarkers, and increased deposition of matrix proteins. Evidence suggested 

that alignment was the dominant factor influencing tenogenic differentiation as both 

scaffold designs resulted in similar cell responses. Modifications to scaffold design, 

including fiber diameter, density, and architecture, could be implemented to further study 

MSC response to topographical cues. Additionally, this study focused on the cellular 

responses to topography. Future studies using STEP-manufactured scaffolds include 

examination of the underlying molecular mechanisms of topographical cues on MSCs 

towards tenogenic differentiation.  

 Chapter 4 describes a study using a modified Transwell system to investigate the 

molecular mechanisms of MSCs through synovial endothelium in response to SDF-1 

exposure. Further experiments using this Transwell system include investigation of SDF-

1 induced PDGF and PDGF-induced SDF-1 signaling between endothelial cells and 

MSCs, investigation of the relationship between other endothelial cell and MSC growth 

3D	structure	 Homing	Primary		
stem	cells	
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factors and chemokine signaling pathways, and 3) the cross-talk between multiple 

signaling pathways involved in MSC transmigration. Additionally, this model lends itself 

to several modifications including media composition and further investigation of the 

affects of bovine serum albumin (BSA) within the vasculature, composition of 

extracellular matrix proteins for endothelial cell adhesion and MSC invasion, and 

additional cell populations to include direct comparisons to leukocytes and interactions 

with other cells of the vasculature or immune system to be tailored to the target tissue.  
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Appendix A: STEP Aligned Nanofibers 
 

Seeding Density and Scaffold Preparation 
 

 
Figure A.1: Nanofiber seeding of equine bone marrow-derived mesenchymal 
stem cells. Nanofibers seeded with 100,00, 200,000, and 400,000 equine bone 
marrow-derived MSCs on UV and fibronectin-coated fibers, plasma-treated and 
fibronectin-coated fibers, and culture-treated plastic controls. UV, ultraviolet 
light; PM, plasma-treated. Error bars represent SEM. Data not connected by the 
same letter are significantly different. p value ≤ 0.05 was considered significant.  
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Appendix B: Mesenchymal Stem Cell Homing  
 

Human Umbilical Vein Endothelial Cell Seeding Density and Barrier 
Integrity 
 

 
 

 
Figure B.1: Human umbilical vein endothelial cell seeding density affected barrier 
integrity. HUVECs were seeded onto fibronectin-coated Transwell membranes at 
1x105 and 2x105 cells per membrane. TEER measurements were calculated at 24, 
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48, and 96 hours (A). Percent Lucifer Yellow rejection was calculated at 24, 48, and 
96 hours (B). Error bars represent SEM. Data not connected by the same letter are 
significantly different. p value ≤ 0.05 was considered significant. 

 

Human Umbilical Vein Endothelial Cell Barrier Integrity 
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Figure B.2: Human umbilical vein endothelial cell monolayer barrier integrity 
changed over time. HUVECs were seeded onto fibronectin-coated Transwell 
membranes at 2x105 cells per membrane. TEER measurements were calculated at 6, 
24, 48, 72, and 96 hours (A). Percent lucifer yellow rejection was calculated at 6, 24, 
48, 72, and 96 hours (B). Human umbilical vein endothelial cell (HUVEC) 
monolayer barrier integrity via fluorescence microscopy on day 2. HUVECs seeded 
at 2x105 per Transwell membrane were stained with Cell Tracker Red and SP-
DiOC18(3) (green) and visualized with fluorescence microscopy. Scale bar is 400 µm 
(C). Error bars represent SEM. Data not connected by the same letter are 
significantly different. p value ≤ 0.05 was considered significant.  

 
 
 
 
 
 
 

	

	
	

Fibronec)n-coated	membrane	 Day	2	

Day	2	
CellTracker	Red	

Day	2	
SP-DiOC18(3)	

C		
Fibronec+n-coated	 HUVECs	

Cell	Tracker	Red	 SP-DiOC18(3)	



	 158	

Human Synovial Microvascular Endothelial Cell Barrier Integrity 
 

 
Figure B.3: Human synovial microvascular endothelial cell monolayer barrier 
integrity changed over time. HSynMEC monolayer integrity +/- BSA 
supplementation measured via TEER measurements at 6, 24, 48, 72, and 96 hours. 
Error bars represent SEM. Data not connected by the same letter are significantly 
different. p value ≤ 0.05 was considered significant.  
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Chemokine and Cytokine Treatment on Barrier Integrity 
 

 
Figure B.4: Human synovial microvascular endothelial cell monolayer barrier 
integrity with BSA supplementation, TNF-α, and SDF-1. Monolayer integrity was 
measured via lucifer yellow rejection assay at 0, 4, 8, 12, and 16 hours. Control was 
untreated monolayer. Error bars represent SEM. p value ≤ 0.05 was considered 
significant.  
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Cell Collection Methods 

 
Figure B.5: Human bone marrow-derived mesenchymal stem cells were collected 
from transwell membranes. Methods included trypsin, EDTA, collagenase, and 
Accutase, followed by a cell scraper and % viability calculation. Percent viability 
greater that 90% (red line) was required for experimental conditions. Error bars 
represent SEM.  
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Time-course Transmigration Assay 
 
Human	Synovial	Microvascular	Endothelial	Cells		

 
Human Mesenchymal Stem Cells 

 
Figure B.6: Time-course transmigration assay. Human synovial microvascular 
endothelial cells were seeded on top of the membrane. Human bone marrow-derived 
mesenchymal stem cells (MSCs) were loaded into the apical chamber and SDF-1 
into the basal chamber. Endothelial cells (A) and MSCs (B) were collected at 0, 4, 8, 

0	

20	

40	

60	

80	

100	

0	 4	 8	 12	 16	

%
	C
el
l	M

ig
ra
+o

n	

Time	(Hours)	

Upper	

Lower	
A	

B	 B	 B	 B	

A	

0	

20	

40	

60	

80	

100	

0	 4	 8	 12	 16	

%
	C
el
l	M

Ig
ra
+o

n	

Time	(Hours)	

Upper	

Lower	

A	

B	 B	 B	
C	

B	



	 162	

12, and 16 hours using Quanti-iT dsDNA assay kit. Upper, apical chamber and 
membrane top; Lower, basal chamber and membrane bottom. Error bars represent 
SEM. Data not connected by the same letter are significantly different. p value ≤ 
0.05 was considered significant.  

 

MACS Cell Separation 

 
Figure B.7: MACS cell separation. Human anti-CD31 microbeads were used to 
separate human synovial microvascular endothelial cells from human bone marrow-
derived mesenchymal stem cells (MSCs). 
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RT2 Profiler qPCR Signaling Pathway Arrays 
 
     Cytoskeletal regulators 

 
    PI3K-Akt signaling pathway 
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Figure B.8: MSC gene expression analysis. Migratory and non-migratory MACS-
separated human bone marrow-derived mesenchymal stem cells were used for qPCR 
analysis of cytoskeletal regulators (A), PI3K-Akt signaling (B), and Jak/Stat 
signaling (C). Samples were normalized to RPLP0 and gene expression represents 
the increase of migratory cells relative to non-migratory cells. Key genes are 
highlighted in the red boxes. Error bars represent SEM. p value ≤ 0.05 was 
considered significant. 
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Western Blotting and Densitometry Analysis 
 

 
Figure B.9: Western blot analysis of migratory and non-migratory cells. Western 
blot analysis of p-PDGFR, p-Akt, p-Jak, and Grb2 signaling in cells collected from 
the top of the membrane and the apical chamber after SDF-1 exposure. Densitometry 
analysis was calculated for apical and membrane top samples, relative to alpha-
tubulin. Top, cells collected from the top of the membrane; Apical, cells collected 
from the apical chamber. Data not connected by the same letter are significantly 
different. p ≤ 0.05 was considered significant. 
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Transmigration Assay with Inhibitors 
 
Human Synovial Microvascular Endothelial Cells 

 
Human Bone Marrow-derived Mesenchymal Stem Cells 

 
Figure	B.10:	Transmigration	assay	with	inhibitors.	Transmigration of human MSCs 
through human synovial microvascular endothelium in response to SDF-1 and inhibitors. 
Cell number was quantified for the apical chamber, membrane, and basal chamber with 
SDF-1 and inhibitor treatment for endothelial cells only (A) and MSCs only (B). Upper, 
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nonmigrated MSCs from the apical and membrane top; lower, migrated MSCs from the 
membrane bottom and basal chamber. Crenolanib, PDGFR inhibitor; A-674563, Akt 
inhibitor; Tyr 490, Jak inhibitor; ALX-166, Grb2 inhibitor. Error bars represent SEM. 
Data not connected by the same letter are significantly different. p value ≤ 0.05 was 
considered significant. 
 

 
 
 

 
 


