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The bone marrow vasculature provides an interface between the circulation and hematopoietic tissue, 

allowing for hundreds of billions of blood cells to enter the circulation in an adult human every day. Much 

is unknown, however, about the characteristics of marrow vasculature and interactions of hematopoietic 

progenitor cells or their progeny with the endothelium. This is largely due to the cellular and architectural 

complexity in vivo and lack of appropriate in vitro hematopoietic vascular models. The following 

dissertation reports on the development of in vitro 3D human marrow microvascular platforms to study 

endothelial cells in the context of the marrow microenvironment. We describe the isolation and 

characterization of marrow-specific endothelial cells to determine their structural properties and their 

functional contributions to the marrow microenvironment. We demonstrate the co-culture of human 

marrow cells and endothelial cells to recapitulate an in vitro marrow microenvironment. To gain insight on 

thrombopoiesis, differentiating megakaryocytes were cultured in the microvessel platform observed over 

time. To examine the role of the microenvironment on the vasculature, we assessed the ability of marrow 

stromal fibroblasts to modify endothelial phenotype and demonstrated a role for fibroblasts and 



 

monocytes in directing hematopoietic cell trafficking. The effect of leukemic cells on vasculature was 

assessed in the microvessel platform to examine disease-induced vascular remodeling. Overall, these 

studies demonstrate the utility of a marrow-specific microvessel platform to examine hematopoietic cell 

interactions with vasculature. By guiding the interplay of heterogeneous cell populations, we have 

demonstrated the capacity to define distinct microenvironment spaces. Further development of this 3D 

marrow platform will further our understanding of the endothelial role in stem cell trafficking, residence, 

and differentiation in health and disease.  
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CHAPTER 1  

Introduction  

1.1  BACKGROUND 

Hematopoietic cells make up 90% of the cells in the body [1]. The bone marrow is the source of all 

these cells, where hematopoietic stem cells (HSCs) differentiate into the myeloid and lymphoid lineages to 

make up the red, white, and platelet fractions of blood. To maintain the number of cells in circulation, the 

marrow produces and mobilizes many billions of cells a day into the vasculature [2]. HSC maintenance, 

self-renewal, and differentiation is tightly controlled by not only spatiotemporal separation, but also the 

formation of distinct niche spaces within the marrow. The presence of bone marrow niches was first 

proposed by Schofield in 1978, who theorized that “specific cell-cell contact” created an environment to 

support HSC self-renewal [3]. Since then, interest in this topic has broadened alongside growing therapeutic 

usage of HSCs [4–7].  

Though defining the hematopoietic stem cell niche and its relation to marrow vasculature have 

been contentious, improved definitions of hematopoietic cell types and imaging capabilities have resulted 

in a better visualization of these spaces [8,9]. Many studies have shown that the niche consists of a 

heterogeneous cell population (including osteoblasts, perivascular cells, and non-stem hematopoietic 

cells), matrix, and vasculature [10–12]. An understanding of the cell populations and architecture of these 

niche spaces, particularly in a human context, is necessary for further insight into the vascular marrow 

space and hematopoiesis. Furthermore, understanding the composition and functionality of the stem cell 

niche is critical to improving and expanding our knowledge of how the healthy microenvironment forms and 

how it is disrupted by disease. 

This chapter reviews the components of the marrow hematopoietic niche, including the cell types 

and interactions involved in stem cell maintenance and differentiation followed by a brief summary of 

disruptions and therapeutic interventions to this microenvironment in disease.  

1.2  HEMATOPOIETIC STEM AND PROGENITOR CELLS 

HSCs are broadly defined by their ability to give rise to blood cells. HSCs in human marrow 

represent 0.01% of the nucleated marrow population, though they give rise to billions of blood cells per day 

[1,13–16]. There are two types of HSCs in the marrow, as determined by their differential ability to 

repopulate the entire hematopoietic system [13,14,17].  The most broad division of HSC populations include 

“long-term HSCs” (LT-HSCs), the most primitive and quiescent stem cells, and “short term HSCs” (ST-

HSCs) which are more differentiated progenitor cells [13,14,18].  
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In humans, the most primitive HSCs are characterized by CD34+CD38-CD45RA-Thy1+ expression 

and have the potential to repopulate the entire hematopoietic compartment from a single cell [19]. As HSCs 

mature to multipotent progenitors they lose Thy1 expression, gain CD38 expression, and are characterized 

by reduced repopulating capacity and increased cell cycling [19,20]. Advanced imaging techniques in mice 

have shown that HSCs are typically located close to the sinusoidal vasculature of the marrow [7]. In the 

course of aging, more primitive HSCs appear further from the vasculature and closer to the endosteum 

[21]. 

1.3 THE HEMATOPOIETIC NICHE 

In healthy bone marrow, HSC maintenance and differentiation are controlled by heterogeneous 

microenvironments termed niches, which can be located proximal to the bone (endosteal niche) or marrow 

vasculature (vascular niche) (Figure 1.1). Though the vascular and endosteal niches are distinctly 

described in the literature, they are not fully separated from each other in vivo [22]. Rather, each of these 

spaces contains complementary signals for HSC maintenance and activation.  

The endosteal niche is located at the border between the bone and marrow, and is described as a 

primarily osteoblast-defined space for LT-HSCs [21–24]. Studies on the endosteal niche in mice have noted 

that this space is relatively hypoxic, which has been shown to maintain the HSCs in a quiescent state [18]. 

The direct association of HSCs and osteoblasts allows direct and paracrine signaling to maintain the 

number and phenotype of HSCs in the niche [25–27]. Cytokines identified in this crosstalk include IL-6, 

GM-CSF, G-CSF, IL-1, TGFβ, and LIF, which have been associated with modulating HSC function 

[4,13,24].  

The vascular niche consists of bone 

marrow endothelial cells (BMECs), 

pericytes, and HSCs. Pericytes and HSCs 

reside on the abluminal surface of the 

BMECs within the marrow, creating a 

microenvironment that involves crosstalk 

between all three cell types [7,18,28–32]. 

Pericytes, identified by their expression of 

Nestin+ or LeptinR+ in mice, support the 

sinusoidal vasculature to create a 

supportive HSC niche. In human marrow, 

stromal reticular cells characterized by 

CD146+ (MCAM) play an analogous role in 

supporting sinusoidal vasculature and 

promoting hematopoiesis within the marrow 

Osteoclast
Stromal cells

Hematopoietic stem

cell

Endothelial cell

Megakaryocyte

Osteoblast

Hematopoietic

cells

Figure 1.1. Model of the hematopoietic niche. The 
complex microenvironment supporting hematopoiesis 
within the marrow consists of multiple cell types, 
including endothelial cells, stromal cells, osteoblasts, 
and osteoclasts.  
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[33–35]. Pericytes secrete stem cell factor (SCF) and angiopoietin-1 (Ang-1), which are important for HSC 

quiescence through anti-apoptotic signaling [7,36–38]. These pericyte populations are also responsible for 

anchoring the HSCs in this space primarily through CXCL12 (SDF-1) interactions with CXCR4, which is 

expressed on HSCs and other hematopoietic cells [4,31,39]. The full complement of cytokines, adhesion 

molecules, and cell types that comprise the HSC niche, particularly outside of the murine context, are yet 

to be understood.  

1.4 BONE MARROW VASCULATURE 

The bone marrow vasculature acts as a checkpoint for migrating hematopoietic cells, and exerts 

control over cell trafficking through its complex signaling with the hematopoietic niche [15,40]. The marrow 

vasculature branches out from central arteries to smaller, thin-walled arterioles which terminate in sinusoids 

evenly distributed throughout the marrow [41]. First described in the 1960s and 1970s, the marrow 

sinusoidal vasculature is characterized by increased fenestrae, pores, and gaps in the endothelium [42–

44]. These structural features contribute to the functional role of the marrow vasculature in supporting and 

modulating hematopoiesis. Observations of marrow endothelium notes its role in the passage of mature 

and maturing blood cells, such as erythrocytes, monocytes, and other cells (Figure 1.2) [42,44]. 

Megakaryocytes (MKs), for example, create pores through MMP secretion at the basement membrane from 

which they are able to shed platelets into the circulation [45,46]. However, whether similar processes occur 

in the case of erythrocytes or other myeloid cell types is not fully defined [47–50].  

 For resident hematopoietic cells, the low flow rate and leaky walls of the sinusoidal endothelium 

result in increased reactive 

oxygen species (ROS) levels 

near the vessel wall. For 

HSCs, increased ROS 

contributes to an activated 

rather than quiescent state, 

promoting differentiation 

towards mature blood cells 

[51,52]. Characterizing the 

role of the endothelial cell 

itself shows that when 

isolated from marrow 

aspirates and expanded in 

vitro, hBMECs directly 

support HSC maintenance 

and promote differentiation 

towards the MK and myeloid 

Figure 1.2. Scanning electron microscopic view of rat bone 
marrow. Luminal view of a sinusoid containing a proplatelet process 
(red arrow). Original magnification X900. Image from [53].  
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lineages [53,54].  

In this and similar studies, marrow endothelial cells were isolated based on binding to Ulex 

europaeus agglutinin I (UEA1) and expanded in vitro [53,55]. Further characterization of this population 

shows expression of VCAM1, ICAM1, and E-Selectin compared to a more widely used human umbilical 

vein endothelial cell (HUVEC) population [56,57]. Murine marrow has been shown to display the same 

phenotype [58]. In addition, whole mounts of mouse marrow show intervascular heterogeneity, separating 

the marrow sinusoid from the arterioles, venules, and large vessels through expression of CD31, VE-

Cadherin, and other endothelial markers [59,60]. The source of microvascular heterogeneity has been 

attributed to not only intrinsic cell phenotype but also microenvironmental influences [58]. While several 

studies have focused on the influence of endothelial cells on hematopoiesis, there has not been a reciprocal 

focus on the effect of the marrow microenvironments on endothelial phenotype [25,53,61]. An analysis of 

these complex niche contributions to endothelial phenotype would better inform the relationships between 

cellular components of the vascular niche.  

1.5 THROMBOPOIESIS 

HSC differentiation to specific lineages is compartmentalized within the marrow, as demonstrated 

through the process of megakaryocyte (MK) maturation. Differentiation of HSCs to MKs is directed by 

thrombopoietin (TPO) in the endosteal niche, which lies at the osteoblast layer near the bone. Collagen I 

secreted by osteoblasts anchors MKs 

via α2β1 integrin to the niche [62]. 

Collagen I allows for MK differentiation 

but prevents proplatelet release [62,63]. 

TPO drives the maturation of MKs 

through DNA replication without 

cytokinesis and the formation of a 

membrane reservoir for proplatelets 

[62,64–66].  

Chemokines CXCL12 (SDF-1) 

and the soluble form of FGF-4 promote 

the migration of CXCR4+ MKs towards 

the sinusoidal microvasculature and 

away from the endosteal niche [67–71]. 

These factors, along with fibrinogen, 

enhance the spatiotemporal cues for 

MK migration, maturation, granule 

formation, and platelet release [62,72–

Figure 1.3. Platelet release from megakaryocytes into 
the circulation. Multiphoton imaging shows intravascular 
shedding of a MK fragment (arrowhead) in mouse marrow. 
Numbers at top left in each panel correspond to minutes 
and seconds. Scale bar = 50 µm. Image from [85]. 

M
K

 C
D

4
1
+

 

F
IT

C
- 

D
e
x
tr

a
n

 



5 

 

74]. MKs develop an extended intercellular membrane network called the demarcation membrane system, 

from which platelets are formed [75]. Once at the vessel wall, MKs extend and release proplatelets 

fragments into the circulation (Figure 1.3) [74,76,77]. The signaling between MKs and vasculature that 

allows trans-endothelial projections and the final release of platelets into the circulation is complex, though 

recent studies have begun to visualize and characterize this process both in vitro and in vivo [45,46,74,77–

79]. Of particular interest are the mechanisms behind endothelial pore formation, which, as evidence shows, 

is mediated by MMP secretion by MKs [45,46]. Platelet release has also been shown to rely on shear stress 

experience by proplatelets extensions in the circulation, highlighting the necessity of perfused vasculature 

in any in vitro platforms aimed understanding this process [76,80]. 

1.6 LEUKEMIA AND THE VASCULAR NICHE 

Myeloid diseases disrupt the complex cell-cell signaling and architecture that control normal 

hematopoiesis. Acute myeloid leukemia is defined by the abnormal differentiation of hematopoietic cells 

within the myeloid lineages (granulocytes, monocytes, erythrocytes, megakaryocytes) coupled with 

unchecked proliferation. The accumulation of these abnormal cells within the marrow and peripheral blood 

overwhelm normal hematopoietic differentiation, and hijack the marrow microenvironment [81–84]. The 

leukemic niche is marked by malignant manipulation of CXCL12-mediated adhesion, appropriation of 

endosteal and vascular anti-apoptotic signaling, and expansion of hypoxic regions [81,84,85]. Colmone et 

al have demonstrated that leukemic cells take over the endosteal niche, then expand to the vascular niches. 

There, the leukemic cells secrete SCF and change CXCL12 expression by pericytes to disrupt normal HSC 

maintenance signals [81]. Subsequently, CXCL12 expression is downregulated and normal HSCs are no 

longer found in leukemia-corrupted vascular niches [81]. Expansion of the normal hypoxic and acidic 

regions in the bone marrow is also observed with the progression of leukemia [86]. Leukemic cells appear 

to adapt to proliferation in a hypoxic environment and induce HIF-1α production [83,86,87]. HIF-1α is known 

to control CXCR4 and VEGF, further modifying the normal marrow to create a leukemic niche. Normal 

hematopoietic differentiation fails in an overcrowded and hypoxic space created by leukemic cells. 

Leukemic cells further modify the marrow space through remodeling the marrow vasculature 

[83,88]. Angiogenic induction in the tumor context is achieved when the malignant cells overwhelm negative 

regulators of angiogenesis [89]. In leukemic marrow, HIF-1α has been shown to control the upregulation of 

VEGF expression in both the leukemic cells and endothelial cells [90]. Clinically, increased angiogenesis 

correlates with worse prognosis, but not all AML patients display this phenotype [91,92]. More insight is 

required to understand vascular remodeling in leukemic marrow. 

1.7 HEMATOPOIETIC STEM CELL TRANSPLANT 

Hematopoietic cell transplant is one of the success stories of cancer therapy. Hematopoietic cell 

transplant is a potentially curative procedure for malignancies such as leukemias, lymphomas, certain 

anemias, or myelodysplastic syndromes. In these conditions, differentiation of hematopoietic cells is 
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disrupted, leading to improper blood cell production, cytopenias, or marrow failure. Patients first undergo 

chemotherapy and/or radiation to destroy the malfunctioning hematopoietic and immune cells present in 

the body. Then, healthy HSCs are infused intravenously into the recipient in order to reconstitute 

hematopoietic lineages with healthy, donor cells.  

 HSCs are obtained from cord blood, aspirated marrow, or collection of G-CSF-mediated HSC 

enriched peripheral blood [93–95]. In these applications, it is not practical for HSCs to be purified using a 

full complement of lineage markers. Instead, the total nucleated cell fraction is infused intravenously to the 

recipient. When HSCs are infused intravenously for a bone marrow transplant, HSCs recognize the marrow 

vascular environment, preferentially adhere, and transmigrate into the marrow space. This ability of 

transplanted to HSCs to home to and engraft within the marrow underscores the microenvironment-specific 

cues sensed from the circulation. The mechanisms behind HSC mobilization and homing, particularly in the 

context of marrow transplantation, have been the subject of intense study. 

The process of HSC homing in bone marrow transplantation has been detailed using in vitro assays 

and murine in vivo experiments. Similar to leukocyte trans-endothelial migration, HSC homing occurs in 

three phases: rolling, adhesion, and transmigration through the vascular wall [6]. The initial rolling and 

tethering interactions occur primarily between CD44, P-Selectin glycoprotein ligand-1 (PSGL-1), LFA-1 

(αLβ2 integrin) and VLA-4 (α4β1 integrin) expressed on the homing HSCs. These ligands attach to E-

Selectin, P-Selectin, ICAM-1 and VCAM-1 on the endothelial cells [6,96–98]. Stromal cues support these 

interactions, as pericyte-derived CXCL12 triggers an increase in VLA-4 expression on CD34+ HSCs, which 

increases the chance of HSC-EC tethering via VCAM-1 [39,99,100]. CXCL12 gradients, along with other 

factors such as hyaluronic acid and osteopontin (expressed on osteoblasts) promote engraftment and 

adhesion within the marrow [6,101]. Increased understanding of these individual adhesive interactions 

along with the plethora of microenvironmental cues is important to better understand HSC homing and 

engraftment in marrow niche spaces. 

1.8 ENGINEERING THE MICROVASCULAR SPACE 

In vivo studies, particularly in mice, have enabled extensive and highly significant knowledge of the 

marrow microenvironment, including repopulation, homing, mobilization, and the influence of stromal cell 

populations [7,22,27,30,31,34,102,103]. Much of what is known today about human hematopoiesis has 

arisen from the study of long term bone marrow cultures in vitro [10,11]. This culture method has enabled 

detailed study of the maintenance and differentiation of hematopoietic progenitors alongside macrophages, 

stromal fibroblasts, and adipocytes, as cultures can be sustained in vitro for up to 1 year without the addition 

of serum [10,11].  

More complex 3D culture platforms have improved access to media, incorporated perfusion, or 

allowed for multicellular compositions [78,104–106]. For example, Braccini et al fabricated a porous ceramic 

scaffold seeded with human marrow cells and perfused with media, supporting HSC expansion [107]. Di 
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Buduo et al fabricated a silk microtube embedded in silk sponge that incorporates flow to study the effect 

of shear stress on platelet generation from megakaryocytes [78]. While these approaches can mimic 

specific aspects of the bone marrow space, they do not incorporate key aspects of the niche such as 

functional vasculature, natural extracellular matrix, and multicellular composition. Overall, limitations to both 

in vivo and current in vitro culture systems remain. In vitro long-term cultures are able to utilize a human 

only cell system but lack the complexity present in vivo; in vivo systems, on the other hand, can be overly 

complex, limiting cell-level examination of specific interactions in a stepwise manner.  

 
 

Attempts to model the marrow vascular microenvironment in vitro require the recapitulation of the 

3D cellular architecture present in vivo, including the vasculature. Specifically, platforms must consider 

interconnectivity, luminal geometry, and appropriate perfusion to develop more biologically relevant vessels 

in vitro. There is a burgeoning need to engineer in vitro platforms that can incorporate appropriate cell types, 

architecture, and are capable of long term culture. Our lab has developed an engineered microvessel 

platform in type I collagen that can be modified to mimic organ-specific microenvironments containing 

functional vasculature [108–110]. Microvessels are fabricated through injection molding and soft 

lithographic patterning of collagen 1 to generate embedded networks (Figure 1.4). generated microvessels 

have endothelialized lumens, defined network structure, fully perfusable, and can incorporate organ-

specific cells embedded in the surrounding matrix. Endothelial cells in this system are generally quiescent 

and form stable CD31 and VE-Cadherin junctions. These microvessels have been previous demonstrated 

to display important physiologic behaviors, such as the ability to initiate clot formation and angiogenic 

sprouting with the appropriate stimuli [108]. The incorporation of human marrow-specific cell types within 

this system enables the development of an in vitro vascular niche platform. 

Figure 1.4. Microvessel Fabrication. (A) The vessel network is formed by injection molding of 
collagen with or without embedded cells onto a patterned stamp. (B) The network is sealed with a thin 
collagen layer followed by endothelial cell perfusion. (C) Endothelial cells self-assemble into an intact 
lumen. Media from the inlet is perfused through the network.  
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1.9 DISSERTATION OVERVIEW AND SIGNIFICANCE  

The research presented in this dissertation pursues new strategies in modeling multi-cellular 

interactions of the human marrow cells with endothelium in vitro. Chapters 2 through 5 describe the 

rationale, scientific methods, and results of the four following aims:  

Aim 1: Isolation and characterization of a 3D marrow endothelial niche 

Aim 2: Development of an in vitro thrombopoietic niche 

Aim 3: Hematopoietic cell trafficking in a fibroblast-directed niche 

Aim 4: In vitro modeling of leukemia-induced angiogenic sprouting 

The work contained in the following chapters has implications for the field of marrow engineering. 

The results of aim 1 provide insight into the characteristics of primary isolated human marrow cells applied 

to in vitro vessel cultures. Further, the co-culture of complex marrow populations with endothelial cell types 

demonstrates the potential use of engineered vessels to examine hematopoietic-vascular interactions. The 

results of aim 2 detail the terminal differentiation of megakaryocytes in the context of vasculature. The 

details of this interaction provide insight into the modulation of endothelial cells during platelet release. This 

demonstrates the potential use of an engineered system to study hematopoietic differentiation in many 

contexts. The results of aim 3 demonstrate the role of marrow stromal fibroblasts and hematopoietic cells 

in generating microenvironmental cues for stem cell migration. This co-culture model can enable detailed 

studies on the functional role of marrow cellular populations within the niche. The results of aim 4 

demonstrate, to our knowledge, the first model of leukemia-induced vascular remodeling in vitro. This work 

represents significant progress in the advancement of in vitro strategies to model marrow vasculature and 

microenvironment for the study of hematopoietic cell mobilization, homing, differentiation, and disease with 

human cells. 
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Chapter 2 

Isolation and characterization of a 3D marrow endothelial niche  

2.1  ABSTRACT 

Vasculature is a key component of hematopoietic processes within the bone marrow, acting as the 

checkpoint for cells entering and exiting circulation. The specific structural and function features of 

vasculature, particularly in the human context, that define the marrow endothelium are not fully understood. 

Here, we describe the isolation and characterization of human bone marrow endothelial cells (hBMECs). 

We describe the phenotypic distinctions between hBMECs and a standard endothelial cell type, human 

umbilical vein endothelial cells (HUVECs), including the expression of hematopoietically active cytokines 

and extracellular matrix. Detailed immunofluorescence and electron microscopy reveal key structural 

features such as large gaps, fenestrae, and caveloae in hBMECs, characteristic of sinusoidal endothelium. 

Analysis of monocyte interactions shows similarities of HUVECs and hBMECs in unstimulated conditions, 

but divergent response to inflammatory conditions. Further, we demonstrate the use of a 3D microvessel 

platform, incorporating fully human marrow populations, to reveal cell-cell interactions and the recapitulation 

of an in vitro endothelial niche.  

2.2 INTRODUCTION 

The endothelium controls blood cell trafficking, filtration, homeostasis, inflammation, and 

vasomotor tone, yielding diverse structure and function for each tissue in the body. This spatiotemporal 

heterogeneity has been appreciated in vascular biology for decades, yet much remains unknown about the 

intrinsic and extrinsic signals that support diverse endothelial phenotypes [111–115]. Early studies on the 

structural differences between tissue-specific endothelia revealed variation in shape, size, thickness, and 

transport structures present in these cells [111,116]. To reflect the major structural differences, three 

categories of endothelia have been defined: continuous non-fenestrated (brain, skin, heart, lung), 

continuous fenestrated (renal tubules, gastric and intestinal mucosa, endocrine and exocrine glands), and 

discontinuous or sinusoidal endothelium (liver, bone marrow) [111,117]. Each of these categories represent 

the tissue requirements for transport and permeability. In fenestrated and discontinuous endothelial beds, 

transport is facilitated by fenestrae, or transcellular pores with a diaphragm across the opening, caveolae, 

and vesiculo-vascular organelles, which are collections of vesicles and vacuoles [43,111,118,119]. 

Discontinuous endothelia also contain large gaps in the cell body.  

The vasculature of the bone marrow acts as the gatekeeper to billions of hematopoietic cells 

released into the circulation daily [15,40]. As such, marrow endothelial cells must support hematopoiesis 

and the transmigration of mature blood cells [53]. Though studies have demonstrated isolation and culture 

of human bone marrow endothelial cells (hBMECs), the use of these cells has not been widely adopted in 
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modern vascular biology and bioengineering efforts [57,100,120]. Recent insight in the molecular 

phenotype of various mouse endothelial cells as related to both intrinsic and environmental influences 

points to a need for similar efforts in human marrow endothelial cells [58,115].  

Ongoing efforts to understand marrow vascular function and microenvironment have relied on both 

simplified 2D and complex 3D platforms, particularly when using human cells. However, the current state-

of-the-art for marrow vascular microenvironmental studies use human umbilical vein endothelial cells 

(HUVECs) [78,104,121]. These cells are from large vessels, and their native environment supports a vastly 

different function than the marrow environment. The marrow sinusoidal vasculature, contrastingly, is 

relatively smaller in diameter (50-100 µm) and are the major component to the marrow vascular niche, 

home to hematopoietic stem and progenitor cell populations [cite sinusoid size] [7,36,117]. Studies on both 

human and mouse marrow endothelial cells highlight the contribution of endothelial cells to support 

hematopoiesis and differentiation [53,60,122]. The use of hBMECs in 3D cultures and advanced in vitro 

models can allow us to gain insight into the function of the human vascular niche.   

The isolation of human marrow endothelial cells highlights the unique structural and functional 

properties of marrow-specific endothelial cells compared to a standard HUVEC cell. These differences will 

promote the use of hBMECs in human specific in vitro marrow platforms to more completely model the 

marrow space. Here, we have demonstrated our ability to isolate, maintain, and use these cells along with 

the full marrow cell fraction to create an in vitro human marrow platform. 

2.3 EXPERIMENTAL METHODS 

Marrow cell isolation 

Marrow cells were obtained from discarded filters used to strain bone marrow following marrow 

aspiration from healthy donors in compliance with Institutional Review Board protocol, approved by the 

University of Washington and Fred Hutchinson Cancer Research Institute. The screen and filters containing 

hematopoietic cells as well as marrow fibroblasts, stromal cells, bone spicules, and fat cells were reverse 

perfused with 30-60 mL of phosphate buffered saline (PBS) with 0.2 mM EDTA and was passed through a 

40 μm filter to separate out large cells, bone chunks, and fat globules from the single cells.  The collected 

cell clumps larger than 40 µm were digested with trypsin (0.05%) with EDTA. Trypsin (0.05%) with EDTA 

was also perfused to dissociate remaining cells from the filter and tubing. The resulting cell suspension was 

collected in a 50 ml conical tube and spun at 400 g.  

For endothelial cell isolation, the isolated marrow cells were plated in gelatin coated T75 flasks with 

Endothelial Cell Basal Medium (Sigma) supplemented with heparin (50 µg/mL, Sigma), endothelial cell 

growth supplement (100 µg/mL, Sigma), 10% fetal bovine serum, 1% antibiotic-antimycotic (Life 

Technologies), and VEGFA (40ng/mL, R&D Systems). Cells were expanded in a low oxygen incubator (5% 

O2) for 7-10 days with periodic removal of non-adherent cells. Cells were dissociated using Trypsin-EDTA 
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(0.05%), stained with VE-Cad (CD144)-APC and CD45-Pacific Blue (BD), and flow sorted to purify the 

endothelial population. The resulting VECAD+CD45- population was plated in gelatin-coated T25 flasks in 

normoxic conditions and allowed to reach confluence in endothelial growth media for 7-10 days.  

Mononuclear cells from the filtrate were isolated through centrifugation with Ficoll-Paque (specific 

gravity 1.077) at 450 g for 30 minutes at room temperature. For marrow mononuclear cell (hBMMC) studies, 

this fraction was resuspended and stored at 4C overnight in PBS with 10% fetal bovine serum (FBS) or 

frozen in CryoStor CS10 prior to use. 

RNA Sequencing 

Purified hBMECs were isolated and RNA was harvested from a well of a six-well plate using an 

RNeasy mini kit (Qiagen) with on-column DNase digestion to remove genomic DNA. RNA concentration 

was quantified using 2µL of total RNA with a Nanodrop 1000 Spectrophotometer. RNA Seq was performed 

using Illumina something. Processing the resulting data included the removal of reads that didn't pass 

Illumina's base call quality threshold and alignment to hg38 using TopHat v2.1.0. Counts generated for 

each gene using htseq-count v0.6.1p1 (using the "intersection-strict" overlapping mode). Genes that did 

not have at least 1 count/million in at least both samples were removed. Data was normalized and 

significance testing was performed using the GLM method in edgeR v3.18.1. A gene was considered 

significantly differentially expressed if |logFC| >= 0.585 & FDR 5%. Functional enrichment of top 200 

significantly upregulated genes was performed via ToppFun. The top GO terms in Molecular Function and 

Cellular Components were represented via heatmaps generated with MultiExpression Viewer, with means 

clustering by gene. The top 200 most significantly upregulated genes were visualized via Ingenuity Pathway 

Analysis and displayed in pathway format.   

Vessel Fabrication  

3D microfluidic networks were fabricated as described previously [108–110]. Briefly, soft 

lithography created a PDMS mold patterning a 100µm-diameter network, and injection molding over the 

PDMS mold created a 100 µm collagen I gel microvessel which was sealed with a collagen-coated coverslip 

(Figure 1A) [108–110]. For vessels with embedded marrow cells, hBMMCs were embedded within the 

collagen at 8-10million cells per mL. The channels were then perfused with either hBMECs (matched donor, 

passage 1) or HUVECs (passage 5-6), which adhered to the collagen and self-assembled into a functional 

microvessel with an open lumen. Endothelial cell culture media added to the inlet reservoir flowed through 

the network driven by gravity, undergoing approximately an 8-fold reduction in flow (~0.1 dyn/cm at 

minimum). Vessels were cultured for 2 days prior to analysis.  

Immunofluorescence Microscopy 

hBMECs were plated on gelatin coverslips and cultured for 3 days prior to fixation in 4% 

formaldehyde. After washing with PBS, cells were permeabilized with PBS and 0.05% Triton-X 100 for 10 
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minutes, then primary antibodies for von Willebrand Factor, VE-Cadherin, PV-1 or Caveolin-1 were added 

in 2% bovine serum albumin overnight at 4C. Secondary antibodies Alexa Fluor-488, -568, or -647 or 

Phalloidin-568 were added for one hour after washing with PBS along with Hoechst.  

For vessel studies, staining was accomplished through perfusion of immunofluorescence reagents 

through the microvessel network as described previously [108]. Coverslips and microvessels were imaged 

on a Nikon A1R confocal microscope with a 10X, 20X or 40x oil immersion objective. Z-projections 

generated using Image J.  

Electron Microscopy 

Cells on gelatin-coated glass coverslips were fixed in half-strength Karnovsky’s solution (2% 

paraformaldehyde/2.5% glutaraldehyde in 0.2 M cacodylate buffer) overnight. Microvessels were fixed in 

situ by perfusing half strength Karnovsky's solution overnight, then fully immersed in the same solution for 

2-3 days after disassembly to expose the luminal surface. Samples were then washed with 0.1M 

Cacodylate Buffer wash 3X for 10min. Coverslips were treated with post-fix was in 2% aqueous Osmium 

tetraoxide in 0.2 M Cacodylate Buffer (1:1) for 2 hours at 4C. All samples were washed in 0.1 M Cacodylate 

Buffer wash 3X for 10 min each prior to dehydration in graded ethanol solutions (50%, 70%, 85% and 100% 

ethanol).  

For scanning electron microscopy, coverslips were immersed in hexamethyldisilazane (HDMS) and 

dehydrated overnight in a fume hood. Microvessels were dehydrated using critical point drying. All samples 

were sputter coated with Gold/Palladium and imaged using a JSM-6610LV Series Scanning Electron 

Microscope with accelerating voltage of 5 kV, spot size 25.  

For transmission electron microscopy, samples were immersed in propylene oxide (PO), before 

1:1 PO/Epon 812 (Ted Pella Inc) immersion overnight. Fresh Epon 812 was then exchanged for 2 hours 

after which the blocks were cured for 48 hours at 60°C. Ultrathin sections (70 nm) were cut from blocks 

using a diamond (Diatome US) blade on a Leica EMUC6 ultra-microtome and placed onto grids. Grids were 

stained with uranyl acetate for 2 hours and lead citrate for 5 minutes. Sections were imaged using a JEOL 

JEM-1400 Transmission Electron Microscope (JEOL Ltd.) using 100 kV acceleration voltage. Images were 

acquired with a Gatan Ultrascan 1000XP camera (Gatan, Inc.) 

Monocyte Adhesion 

For 2D monocyte adhesion studies, hBMEC cells (passage 1) and HUVECs (passage 5) were 

seeded into 96 well plates and allowed to reach confluence for 2 days. Peripheral monocytes were obtained 

from fresh blood samples under protocols approved by the Institutional Review Board at the Fred 

Hutchinson Cancer Research Institute. Mononuclear cells were isolated from fresh blood through Ficoll-

Paque centrifugation (specific gravity 1.077) at 450 g for 30 minutes at room temperature. Monocytes were 

purified from this fraction through incubation with CD14 microbeads (Miltenyi Biotec) for 40 minutes at 4°C, 
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washed with PBS/1% FBS, and purified using magnetic cell sorting (Miltenyi Biotec). The monocytes were 

then incubated with CD14-PE, CD11b, and CD45-PE (BD Biosciences) for 20 minutes at 4C, washed twice, 

and stained with Anti-R Phycoerythrin (Texas Red) for 1 hour. After washing with PBS/2% FBS, labeled 

monocytes were resuspended to 2 million cells per mL in PBS/5% FBS.  

Cytokines IL-1β (2ng/mL) or TNFα (10ng/mL) were added to cell culture media for 2 hours and 1 

hour respectively prior to monocyte solution. Endothelial cell wells were washed once with warm media, 

and then 100uL of monocyte cell solution was added to the wells (200,000 total cells per well) and incubated 

for 30 minutes at 37C. Wells were washed with PBS/5% FBS 5X and immediately fixed in 4% formaldehyde. 

After 3 PBS washes (10 minutes each), cells were permeabilized with PBS and 0.05% Triton-X100 for 20 

minutes. Cells were stained with Hoechst and Phalloidin-647 in PBS for 40 minutes. Wells were imaged 

using a Nikon TiE Inverted Widefield Fluorescence Microscope with 10X or 20X objectives. Conditions were 

run in triplicate. Quantification of the number of monocytes was compared to the number of EC nuclei (total 

nuclei minus number of monocytes) was performed for 6 fields of view per well. Statistical differences were 

calculated using a Welch's t-test. Error bars represent standard error measurement.  

Monocyte Perfusion  

For monocyte adhesion studies in vessels, monocytes were perfused through vessels after 2 days 

of culture. Monocytes were added to the inlet of the vessel (100,000 cells in 100 μL PBS/5% FBS) and 

allowed to perfuse for 30 minutes. Any remaining cell solution was then removed and vessels were washed 

with media twice for 30 minutes each. 24 hours after perfusion with cells, vessels were fixed in 3.7% 

formaldehyde (20 minutes) and washed with PBS three times (20 minutes each). Vessels were stained with 

Hoechst and phalloidin-647 as described for 2D assay and imaged with a Nikon A1R confocal microscope 

with a 10x objective. Z-projections generated using Image J. 

Quantification of monocyte adhesion and migration with relation to the vessel wall was analyzed 

using 3-10 confocal images of each vessel (n=3). Image stacks of the vessel (120 μm depth) were z-

projected to a single plane and coordinates of vessel borders were manually selected.  Coordinates of PE-

labeled monocytes were located via particle analysis on thresholded images. Distances from cells to the 

vessel were calculated assuming that the cells migrated from the closest vessel wall. Cells that were located 

within the vessel boundaries were counted as adherent to the vessel wall. Distance from the nearest vessel 

was normalized to the vessel radius. Cell adhesion and migration data of perfused hematopoietic cells was 

calculated as a percent of estimated total perfused cells (based on the concentration and volume of cell 

suspension added to the reservoir and the gravity driven flow rate). A sensitivity analysis of high, middle, 

and low estimates (75,000; 50,000; and 25,000 cells) was performed, showing no effect of the total number 

perfused cells on significant differences between groups. Data is presented based on a low estimated 

number of perfused cells. Significant differences between groups were determined using 2 sample, 2 tailed 

student’s t-test. Error bars represent standard error measurement.  



14 

 

 
Figure 2.1. Marrow cell isolation and endothelial cell purification. (A). Filters from healthy marrow 
donors containing hematopoietic, stromal, adipogenic, and endothelial cell populations are reverse 
perfused to remove cells. (B) Ficoll-paque separation yielded a mixed mononuclear and stromal fraction. 
(C) Larger cell clumps were digested. Plated cells are heterogeneous. (D) After in vitro expansion, CD45- 
VECAD+ endothelial cell populations were purified and expanded. Scale bar = 50 um.  

2.4 RESULTS 

RNASeq reveals marrow-specific endothelial phenotype 

Marrow cells were sourced from screens used to filter marrow donations from healthy donors. The 

reverse perfusion of these screens with PBS and trypsin allowed for mechanical and enzymatic dissociation 

and isolation of complete marrow populations. These cells (Figure 2.1 C) were either frozen as a complete 

population or the adherent cell population was expanded. After 7-10 days of culture, the CD45-VECAD+ 

endothelial population was purified using fluorescence activated cell sorting (Figure 2.1 D). The resulting 

cell population displayed cobblestone morphology in culture, typical of endothelial cells.  

RNASeq was performed to examine global differences between hBMECs and a standard 

endothelial cell type, HUVECs. Functional enrichment of the top 200 genes with significantly increased 

expression in the hBMECs included genes for extracellular matrix components, including collagens (types 

22, 1, 3, 5, 6, 7, 15) and laminin A1, and versican. Matrix metalloproteinases MMP1 and procollagen 

aminopropeptidases (ADAMTS14, ADAMTS2, ADAMTS5) also have increased expression in the hBMEC 

populations suggesting an increased role for matrix remodeling by marrow endothelial cells (Figure 2.2 B).  
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Figure 2.2. Expression profile of hBMECs compared to HUVECs. (A) The top 200 most significantly 
upregulated genes in hBMECs are displayed in a heatmap. Yellow indicates higher than average 
expression and blue indicated lower than average expression. (B) Functional enrichment shows 
upregulated extracellular matrix associated genes and (C) receptor binding genes in hBMECs.  
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Figure 2.3. Pathway representation of upregulated genes in hBMECs. The top 200 significantly 
upregulated genes are represented in pathway format, separating genes operating in the extracellular 
space, plasma membrane, cytoplasm, and nucleus. Arrows between genes indicate activation 
interactions. 
 

Increased expression of hematopoietically active secreted proteins are also present in hBMECs, 

such as CXCL12, CXCL5, IL-1β, WNT5A, and WNT5B (Figure 2.2 C). Interestingly, genes involved in 

neuronal guidance such as SEMA3E, SEMA5A, NRXN2 and TENM2 are also present, reflecting the close 

relationship of marrow vasculature with the nervous system [123]. Expression of cell surface proteins such 

as PLVAP (PV-1), a protein involved in the formation of diaphragms in permeable endothelium is also 
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increased in hBMECs. These molecules have been implicated in inflammation chemoattraction, and the 

maintenance of hematopoietic cells in vivo [36,124–130]. Activation of these factors visualized in a pathway 

map illustrates the multifaceted implications on cell signaling based on the gene expression profile and 

secreted cytokines such as IL-1b, CXCL12, and CXCL5 (Figure 2.3).  

Structural characterization of hBMECs   

Characterization of hBMECs using immunofluorescence staining and electron microscopy revealed 

expression of standard endothelial markers, such as Weibel Palade bodies and VE-cadherin (Figure 2.4 

A). Bone marrow sinusoidal endothelial cells are characterized by the presence of gaps, which are large 

circular pores, and fenestrations with and without diaphragms [111]. PV-1, a protein associated with 

diaphragms and caveolae in endothelial cells, is detected throughout the hBMEC body supporting the 

RNAseq data. The co-localization of caveolin-1 and PV-1 indicates the presence of stomatal diaphragms 

on the endothelium (Figure 2.4 B) [131]. PV-1 is also detected independent from caveolin-1, suggesting 

the presence of fenestral diaphragms. In contrast, PV-1 was detected at very low levels in HUVECs, 

supporting the RNAseq data which also indicates very low expression of PV-1 in HUVECs (Appendix A, 

Supplementary Figure 1) [109]. These features are also apparent in electron microscopy images. We 

observe both strong junctional association and the presence of gaps through the cell body via scanning 

electron microscopy and transmission electron microscopy (Figure 2.4 C). Fenestrae and caveolae, both 

with and without diaphragms are also observed via transmission electron microscopy (Figure 2.4 D,E).  

Monocyte adhesion to hBMECs and HUVECs responds to inflammatory cytokine stimulation    

In vitro assessment of monocyte adhesion can indicate the adhesiveness and inflammatory status 

of endothelial cells. Immunofluorescence imaging shows the adhesion of monocytes to hBMECs, 

associated holes in the cell cytoskeleton, and the transmigration of nuclei through the monolayer (Figure 

2.5 A) [132]. These phenomena are also observed in scanning electron microscopy (Figure 2.5 B). 

Quantification of monocyte adhesion showed no differences in monocyte adhesion between unstimulated 

hBMEC or HUVEC monolayers (Figure 2.5 C). Upon stimulation with either TNFα or IL-1β, more monocytes 

adhere to both cell types compared to the baseline. In IL-1β treated conditions, monocyte adhesion 

increased by 0.71 +/- 0.11 and 4.73 +/- 0.29 fold in hBMEC and HUVEC conditions, respectively (Figure 

2.5 D). In TNFα treated conditions, a 1.11+/- 0.27 and 3.43+/- 0.44 fold increase in monocyte adhesion was 

observed on hBMEC and HUVEC monolayers, respectively. In both IL-1β and TNFα treated conditions, the 

relative increase in adhesion compared to unstimulated controls is observed to be much higher in HUVECs 

than hBMECs.  
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Figure 2.4. Immunofluorescence confocal and electron microscopic characterization of hBMECs. 
(A) Immunofluorescence staining of VE-Cadherin (ii) and von Willebrand Factor (iii). (B) 
Immunofluorescence staining of F-actin, caveolin-1 (ii), and PV-1 staining (iii). (C) (i) Scanning electron 
microscopy of hBMEC monolayers shows endothelial junctions. (ii) large gaps within the cell body are 
seen via transmission electron microscopy. (D) Fenestrae (i) with diaphragms (black arrowheads) and (ii) 
no diaphragms (white arrowhead) are indicated. (E) Caveolae with diaphragms (i, black arrowhead) and 
without diaphragms (ii, white arrowhead) are observed via transmission electron microscopy.  
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Figure 2.5. Monocyte adhesion on hBMECs and HUVECs. (A) Immunofluorescence imaging of F-actin 
shows and monocyte adhesion to endothelial cells. Zoomed views of monocytes in regions (i) and (ii) 
shows modification of endothelial actin during transmigration under the endothelial monolayer. (B) 
Scanning electron microscopy shows monocytes interacting with hBMEC monolayers. (C) quantification 
of monocyte adhesion to unstimulated hBMEC and HUVEC monolayers shows no differences in the 
ration of monocytes adhered per EC. (D-E) hBMEC and HUVEC monolayers stimulated with IL-1β 
(2ng/mL) or (E) TNFα (10ng/mL) show increases in monocyte adhesion. Fold increases to adhesion in 
stimulated HUVECs are significantly greater.  
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Figure 2.6. hBMECs in 3D microvessels. (A) Scanning electron microscopy of hBMECs in a 3D 
microvessel shows many endothelial pores. (B) zoomed view of boxed region in (A). (C) Transmission 
electron microscopy shows fenestral diaphragms. (D) Caveloae (i, arrowhead) with and (ii, arrowhead) 
without diaphragms are observed. (iii) Fenestrae with diaphragms (black arrowheads) and without 
diaphragms (white arrowheads) are observed.  
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Structural and functional features of hBMECs are maintained in 3D cultures 

To recapitulate a more biologically relevant geometry, endothelial cells were seeded into a 

collagen-based 3D microvessel network as described previously [108–110]. Briefly, soft lithography and 

injection molding allows the fabrication of perfusable embedded channels in type I collagen. Perfused 

hBMECs self-assembled into an intact lumen. Electron microscopy revealed extensive endothelial gap 

formation, both at endothelial junctions and through the cell body (Figure 2.6 A,B). Gaps averaged 8.6 +/- 

5.0 µm in diameter. Transmission electron microscopy revealed the presence of fenestral diaphragms and 

caveolae maintained in 3D perfused culture (Figure 2.6 C,D, arrowheads).  

Monocyte - endothelial interactions have been shown to change adhesion dynamics under flow 

compared to static cultures [133–135]. Freshly isolated, labeled monocytes were perfused through 3D 

microvessels to assess monocyte adhesion and transmigration events (Figure 2.7 A). The estimated 

percent of perfused monocytes that adhered to the endothelium or transmigrated into the surrounding 

matrix was calculated. Similar to 2D conditions, monocytes do not adhere significantly differently to 

hBMECs or HUVECs, as determined by a 2 sample, 2 tailed student’s t-test (Figure 2.7 B). The percent of 

perfused monocytes that transmigrated into the collagen matrix also show no difference between hBMEC 

and HUVEC vessels (Figure 2.7 C).  

 
 
Figure 2.7. Monocyte perfusion through 3D microvessels. (A) Immunofluorescence imaging of 
monocytes adhered to hBMECs in a 3D microvessel. (B-C) Quantification of the adhesion (B) and 
transmigration (C) of monocytes in hBMEC and HUVEC vessels shows no significant differences.  
 

 

Recapitulating 3D vascular marrow microenvironment  

Further efforts to develop a platform to explore the behavior of marrow endothelial cells requires 

the surrounding microenvironment, complete with the many hematopoietic cell types present in the marrow 

vascular environment. To model this space, the complete mononuclear cell fraction of cells isolated from 

marrow screens was embedded within the collagen matrix space of the microvessel platform. Either 

hBMECs from a matched donor or HUVECs were seeded within the luminal space and allowed to form 
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intact vessels. After co-culture, both the hBMEC and HUVEC-seeded vessels contained large pores in the 

endothelium as seen by immunofluorescence microcopy of junctional CD31 (Figure 2.8 A,B). Unlike 

hBMECs, HUVECs did not display these pores when cultured alone (Appendix A, Supplementary Figure 

2). Scanning electron microscopy on the lumen of these vessels confirmed the presence of these pores 

and also showed that matrix-seeded cells interact with the endothelium. In both vessel types, we observed 

cells with fibroblast morphology on the abluminal side of the endothelium, macrophage-like cells 

transmigrating through the vessel wall, and proplatelet-like clusters or strings (Figure 2.8 C,D).  

 
Figure 2.8. Marrow cell co-cultures in 3D microvessels. (A,B) Immunofluorescence imaging of 
endothelial CD31 in hBMEC (A) and (B) HUVEC microvessels co-cultured with marrow mononuclear cell 
populations. Arrowheads indicate large pores in the vessel wall. (C-D) Scanning electron microscopy 
shows various cell interactions of matrix-seeded marrow cell populations with the endothelium including 
(i) fibroblasts associated with the abluminal endothelium, (ii) endothelial pores, (iii) macrophage-like cells 
transmigrating into the lumen and (iv) pro-platelet-like structures on the lumen.  
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2.5  DISCUSSION 

Endothelial heterogeneity reflects the tissue specific structure and function of vasculature within 

different organs. Characterization of the vasculature in various organs has shown three broad types of 

endothelium: continuous non-fenestrated, continuous fenestrated, or discontinuous [111], which reflect the 

degree of filtration, transport, and transmigration occurring in the specific vascular bed. For example, in the 

brain, heart, and lung, endothelial transport is more limited than in the liver and marrow, yielding continuous 

rather than sinusoidal vasculature in those organs. The structure and function of marrow vasculature, 

particularly in the human context is not fully understood. While studies have shown the isolation and culture 

of marrow endothelial cells, there has been insufficient use of modern techniques to examine the phenotypic 

differences from more widely used endothelial populations [55,58,120]. Fewer studies employ 3D tissue 

engineering platforms to recapitulate biologically relevant geometries, matrix, and tissue-specific cellular 

populations to explore marrow endothelial function. Through the isolation of cells from healthy donors, we 

have examined marrow endothelial gene expression, structure, and function in vitro.  

RNA sequencing analysis reveals significant phenotypic differences between hBMECs and 

HUVECs. Specifically, hBMECs express more matrix-related proteins, including collagens, laminin, and 

MMPs, suggesting that hBMECs contribute to and remodel their immediate extracellular microenvironment. 

Hematopoietically active cytokines, such as IL-1β, CXCL12, WNT5A, and surface proteins such as PV-1 

are increased in hBMEC as well. These cytokines play significant roles in the hematopoietic 

microenvironment within the marrow [39,60,128,129]. Specifically, CXCL12 is widely regarded as a primary 

chemoattractant modulating the residence and migration of hematopoietic cells, including hematopoietic 

stem cells, within the marrow microenvironment. The secretion of CXCL12 by hBMECs supports the role 

of endothelial cells in hematopoiesis and the marrow niche [117,136]. The expression pattern of hBMECs 

reflects the tissue of origin as a hematopoietically active environment expected in the marrow space.  

Characterization of hBMECs using immunofluorescence and electron microscopy show expression 

of standard endothelial markers such as VECAD+ and vWF. Immunofluorescence imaging also revealed 

robust expression of PV-1 co-localized with and independent of caveolin-1. PV-1 is associated with the 

presence of diaphragms on endothelial cells on both caveolae and fenestrae [131]. Electron microscopy 

shows saw-toothed junctions, and further supports the presence of diaphragms and caveolae, both with 

and without diaphragms. When seeded in 3D perfusion cultures, hBMECs maintain these structures as 

seen via electron microscopy. Fenestrae and PV-1-rich diaphragms in endothelial cells has been shown to 

play a functional role in modulating permeability and cell trafficking [137,138]. Specifically, the presence of 

PV-1 on fenestral diaphragms has been reported to contribute to the egress of monocytes from the fetal 

liver, however, further studies are needed to determine whether a similar function is observed in the bone 

marrow [138]. Caveolae, present in many endothelial cell types and characterized by the caveolin-1 protein, 

are known to inhibit endothelial nitric oxide synthase activity [139,140]. Transport of macromolecules, 

signaling proteins, and cells through the endothelium is critical to the regulation of hematopoietic stem cell 
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maintenance and differentiation along with the release of mature blood cells into the circulation.   

Monocyte adhesion, a functional indicator for inflammatory adhesion, was not significantly different 

between unstimulated hBMECs and HUVECs in both the 2D and 3D conditions. However, in 2D, stimulation 

with TNFα or IL-1β significantly increased adhesion over baseline on both cell types, with adhesion to 

stimulated HUVECs significantly more than adhesion to stimulated hBMECs. This relatively muted 

response to IL-1β may arise from the fact that IL-1β is upregulated in hBMECs as seen through RNASeq), 

suggesting that hBMECs are not a primary location for adhesion. The lack of significant differences in 

monocyte adhesion or migration between unstimulated hBMEC and HUVEC microvessels suggest that 

despite their phenotypic differences, the two cell types support monocyte trafficking similarly.  

The addition of marrow-specific cells, including stromal fibroblast, hematopoietic, and adipogenic 

populations to the matrix support a more complex organ-specific microenvironment. After co-culture, we 

observed structural changes in HUVECs, such as the opening of large pores and discontinuities in the 

vessel wall. These pores were present in hBMECs cultured alone and co-cultured with marrow cells. In 

both HUVEC and hBMEC vessels, cells were observed to interact with the abluminal side of the vessel, 

transmigrate into the lumen, and adhere within the lumen.  

These observations support the fabrication of an in vitro marrow space, enabling further studies on 

human marrow cells and the vascular microenvironment. Currently, the state-of-the-art for in vitro marrow 

studies centers on using HUVECs to model any vascular component [78,104,121]. However, the 

importance of organ-specific cells has been underscored for decades [58,112,113,141]. Though the 

isolation and hematopoietic supporting characteristics of hBMECs have been demonstrated previously 

[55,58,117,120], their use in modern bioengineered platforms has been limited. Currently, the reasons 

behind their limited use are apparent from our study as well. The cells isolated here and in previous studies 

are sourced from healthy donors during marrow transplant procedures. This yields inconsistent tissue 

sourcing, donor-specific variation, and small populations of endothelial cells per isolation. Limitations to 

passaging and fibroblast overgrowth present challenges to long term cultures of hBMECs. Optimized 

culture parameters of hBMECs are still under investigation. In the marrow, additional extracellular matrix 

components collagen IV, fibronectin, and laminin are present around sinusoids and play a role in 

hematopoietic cell interaction with the vasculature [142,143]. The inclusion of additional matrix components, 

particularly in 3D, could provide a more amenable microenvironment for hBMECs in vitro.       

While there are some restrictions to the use of hBMECs at this stage, including limited cell number 

and expansion potential, the current work provides clues to the specific differences between hBMECs and 

other endothelial populations. We specify a robust isolation procedure for human marrow endothelial cells 

and describe their phenotype and structure in 2D and 3D culture platforms. We also show that HUVECs 

and hBMECs interact similarly to perfused monocytes and complex marrow cell populations when cultured 

in 3D microvessels. Further applications of hBMECs co-cultured with marrow cell populations can elucidate 

key interactions between cells in the vascular niche.   
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Chapter 3.  

Development of an In Vitro Thrombopoietic Niche  

 

This chapter has been submitted for publication in PLOS ONE:  

Surya S Kotha,* Sijie Sun,* et al. “Microvasculature-Directed Thrombopoiesis in a 3D in vitro 

Marrow Microenvironment.” PLOS ONE. [Under Review] *equal contribution 

 

3.1  ABSTRACT 

Vasculature is an interface between the circulation and the hematopoietic tissue providing the 

means for hundreds of billions of blood cells to enter the circulation every day in a regulated fashion. The 

precise mechanisms that control the interactions of hematopoietic cells with the vessel wall are largely 

undefined. Here, we report on the development of an in vitro 3D human marrow vascular microenvironment 

(VME) to study hematopoietic trafficking and the release of blood cells, specifically platelets. We show that 

mature megakaryocytes differentiated in culture from CD34+ cells can be embedded in a collagen matrix 

containing engineered microvessels to create a thrombopoietic VME. These megakaryocytes continue to 

mature, penetrate the vessel wall, and release platelets into the vessel lumen. This process can be blocked 

with the addition of antibodies specific for CXCR4, indicating that CXCR4 is required for megakaryocyte 

migration, though whether it is sufficient is unclear. The 3D marrow VME system shows considerable 

potential for mechanistic studies defining the role of marrow vasculature in thrombopoiesis.  Through a 

stepwise addition or removal of individual marrow components, this model provides potential to define key 

pathways responsible for the release of platelets and other blood cells.  

3.2  INTRODUCTION 

The adult human bone marrow releases nearly 500 billion cells into the blood each day  [15,40]. 

Intravital imaging techniques have made it possible to visualize these complex processes in animal models, 

and have led to the identification of several pathways that mediate transmigration of cells from the marrow 

to the blood. However, the detailed interactions between the marrow vasculature and differentiated blood 

cells, particularly at the terminal stages of maturation and blood cell release remain elusive for human cells. 

There is a growing appreciation that differences in scale between man and small animals are most likely 

not addressed by reiterating simple three dimensional cellular relationships to compensate for increased 

volume. Discrepancies in kinetics and outcomes in marrow regeneration between small animals and 



26 

 

humans underscore this point [144–147]. Therefore, in vitro models are needed to model these phenomena 

and better understand human blood cell production and release. To address this, we have developed an 

engineered in vitro platform to approximate the vascular microenvironment (VME) and examine 

megakaryopoiesis.  

The marrow is known for its complex architecture and diverse cell types. The vasculature, adipose 

tissue, fibroblasts, osteoblasts, osteoclasts, and hematopoietic cells have spatial relations that are critical 

for ordered blood cell production [29]. Recent studies, primarily from animal models, indicate that 

components of the VME can play more than one role in hematopoietic regulation [2,7,36,38,148,149]. For 

example, the endothelium contributes signals for lineage commitment, differentiation, and mobilization of 

progenitors [2,60,122]. In vitro work shows that human endothelial cells specifically support the 

development and differentiation of myeloid and megakaryocytic progenitors [53]. In small animals, 

hematopoietic stem cells (HSCs) localize in  the perivascular space and, as they differentiate into 

megakaryocytes, they are in the perfect position to release platelets into the circulation [62,64,76,150,151]. 

In large animals, the difference in scale could mean that megakaryocytes may not be restricted to 

perivascular spaces alone. The release of platelets into the blood vessels requires that the megakaryocytes 

or some part thereof to come in contact with the vessel. The model presented here suggests that 

megakaryocytes migrate to achieve this end. 

 In vitro studies in liquid culture have proven useful for identifying cytokines and chemokines that 

contribute to hematopoietic regulation, cell proliferation, maturation, and motility [11,67]. Recent studies 

suggest the importance of physical factors that cannot be recapitulated in liquid culture, but can be 

approximated in 3D cultures, such as  extracellular matrix, patent vasculature, and flow to facilitate 

processes such as platelet shedding [78,104,152,153]. Systematically addressing these components 

should allow for an optimized vascular platform. 

Here, we developed an in vitro microvessel system to investigate and identify thrombopoietic 

processes within a 3D marrow VME. We show that megakaryocytes, differentiated from hematopoietic 

progenitor cells in vitro, seeded into the matrix of the VME migrate to make contact with the vessel. Once 

in contact, they induce endothelial pore formation and release platelets into the lumen of the vessel. This 

closely approximates megakaryocyte behavior in vivo. Our study demonstrates the possibility of using such 

a 3D in vitro system to assemble the marrow microenvironment and examine complex hematopoietic 

processes.  

3.3 EXPERIMENTAL METHODS 

Generation of megakaryocytes from human umbilical cord blood and peripheral blood 

Human umbilical cord blood was purchased from BloodWorksNW blood bank. Human G-CSF 

mobilized peripheral blood CD34+ cells were purchased from the NIDDK-supported cell processing core at 
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the Fred Hutchinson Cancer Research Center (CCEH; U54 DK106829). Cord blood was processed in the 

same method as a previous publication [154].  Hetastarch 6% wt/vol (Hospira) was added to cord blood to 

a final concentration of 1.2%, and cells were processed by gravity sedimentation for 60 min. The leukocyte-

enriched component was separated, centrifuged for 10 min at 300g and the supernatant was removed. The 

cell pellet was treated with ACK lysing buffer (Invitrogen) and washed with PBS. The cells were labeled 

with anti-CD34 antibody conjugated to magnetic microbeads (Miltenyi Biotec). The CD34+ fraction of cells 

was positively selected with an autoMACS separator, yielding over 90% CD34+ cell purity, as confirmed by 

flow cytometry (FACSCaliber).  

Human cord blood or peripheral blood CD34+ cells were differentiated to megakaryocytes as 

described previously [154]. CD34+ cells were plated in 6-well plates at a density of 5x104 cells/ml and 

cultured in serum-free X-VIVO 10 medium supplemented with a cytokine combination consisting of IL3 (10 

ng/mL), IL6 (10 ng/mL), SCF (10 ng/mL) (R&D Systems), and TPO (50 ng/mL, Peprotech) [154]. The 

suspension cultures were incubated at 37oC in a 5% CO2 humidified chamber. Media was changed after 7 

days of culture. After 10 days, cells were collected and stained with PE conjugated CD41a antibody. 

CD41a+ megakaryocytes were sorted at >90% purity with a BD Biosciences FACSAria III sorter.  

Washed platelets preparation 

Fresh blood was drawn from healthy donors into 6mL ACD tubes (Solution B, BD Vacutainer) with 

written consent under protocols approved by the Institutional Review Board of the University of Washington. 

Washed platelets were isolated in a manner described previously [155]. Briefly, freshly drawn blood 

collected in 6mL ACD tubes was centrifuged at 120 x g for 15 minutes at RT medium acceleration and 

without brake. The platelet rich plasma (PRP) was transferred to a FACS tube using a transfer pipet. The 

PRP was centrifuged at 500 x g for 10 minutes at RT on slow brake and medium acceleration. The plasma 

was carefully removed leaving a pellet of platelets at the bottom of the tube. CGS buffer (13 mM Sodium 

Citrate, 120 mM Sodium Chloride,30mM Glucose, pH 6.5) was used to suspend the pellet gently and more 

CGS was added for a total volume of 10mL. Human recombinant PGI2 (Sigma-Aldrich) was added to the 

solution at 500ng/ml and the tube was inverted once to gently mix. A final centrifugation was performed at 

400 x g for 10 minutes at RT with medium acceleration and slow brake. After the supernatant was removed, 

the platelets were resuspended in Tyrode’s Buffer at half the volume of the original PRP volume.  

Culture of human umbilical vein endothelial cells (HUVECs) and bone marrow stromal cells  

HUVECs (Lonza) were cultured in endothelial cell growth media (EGM, Lonza) at 37oC in a 5% 

CO2 humidified chamber. HUVECs at passage 5 or 6 were used in experiments. Bone marrow stromal cell 

line HS5 cells were received from Dr. Beverly Torok-Storb, Fred Hutchinson Cancer Research Center, as 

a gift. HS5 cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum, sodium pyruvate 

(1 mM), L-glutamine (0.4 mg/mL), penicillin (100 U/mL), and streptomycin sulfate (100 µg/mL, Invitrogen).  
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Fabrication and culture of 3D engineered microvessels and marrow VME 

A microfluidic network was built via soft lithography using collagen gel (6-7.5mg/ml), as described 

previously [108,110]. For permeability, migration, and maturation experiments, sorted megakaryocytes 

were added to the collagen at 106 cells/mL, whereas for particle collection studies, unsorted 

megakaryocytes were added at 8-10 106 cells/mL. Cells were thoroughly mixed into collagen yielding a 

uniform distribution in devices. 

To seed the devices, HUVECs were trypsinized and resuspended at a concentration of 5 x 106 

cells/mL [108,110]. After removal of media from the inlet and outlet of the devices, 10uL of HUVEC 

suspension was added into the inlet of microvessel and allowed to attach at 37°C for 15 min. After 

attachment, media was added to the inlet reservoir for perfusion culture. In megakaryocyte vessels, 

endothelial networks were perfused with EGM supplemented with 100ng/ml TPO. Media from MK 

differentiation culture was mixed 1:1 with EGM and supplemented with 100ng/ml TPO for conditioned media 

studies. The media for all vessels was replenished every 12 hours. In gravity driven conditions, the flow 

rate peaked initially at approximately 10 µL/min and decreased with time until the inlet balanced with the 

outlet. This range of flow rates leads to a peak wall shear stress in the inlet or outlet vessels of approximately 

10 dynes/cm2 and an average of ~ 0.1 dynes/cm2 throughout the culture time.  

For particle collection studies, megakaryocyte vessels were cultured under syringe pump-driven 

flow starting 2 days after fabrication (Model 11 Plus, Harvard Apparatus). Syringes were connected to 

tubing (1/32”ID, 3/32”OD Silicon Tubing, McMaster) fit securely into the inlet with a tube-to-tube 90° elbow 

connector. The flow rate was set at 3 µL/min so that the averaged wall shear stress in the inlet and outlet 

vessels remains 3 dynes/cm2. Perfusate was collected via outlet tubing connected to a FACS tube 

containing 500 µL ACD buffer (Solution B, BD Vacutainer) and 400 µL PBS (Lonza). Every 24 hours, 

perfusate with released particles and/or cells was collected and media was refilled.  

Functional testing and FACS 

Collected particles, whole blood, and washed platelets were analyzed using flow cytometry. Half of 

each sample was activated with 3U/mL thrombin for 5 minutes. All samples were fixed in 3.7% 

formaldehyde, washed in FACS buffer (2% fetal bovine serum in PBS), and stained for CD41a, IgG (BD 

Biosciences), DAPI, and 7AAD (Beckman Coulter) for 30 minutes at RT. The cells were washed and 

analyzed on FACS CANTO2. The number of particles collected from each vessel was calculated using 

AccuCount Ultra Rainbow Fluorescent Particles (Spherotech). Analysis was performed on FLOWJO. Fixed 

quiescent and activated particles were permeabilized with Triton X-100, stained with β-tubulin (1:100, 

Abcam) overnight, washed, and incubated with Alexa Fluor 488 for 1 hour. Particles were washed, 

resuspended into a 1% agarose solution, mounted on coverslips, and imaged with a Zeiss LSM 880 

confocal microscope.  
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Immunofluorescence staining and confocal imaging 

In situ fixation and immunofluorescence staining was carried out as described previously [108]. 

After 3 to 7 days of culture, co-cultured microvessels were fixed in situ by perfusion of 3.7% formaldehyde 

for 20 minutes, followed by three 15 minute washes with PBS. The devices were then perfused with blocking 

solution containing 2% bovine serum albumin (BSA) and 0.1% Triton X-100 (Invitrogen, Carlsbad, CA) 

before immunostaining. Primary antibodies rabbit antihuman CD31 (Abcam) or VE-cadherin (Abcam) were 

diluted in the blocking solution and perfused through the vessel overnight at 4°C. The devices were washed 

three times with PBS for 15 minutes each. The secondary antibody goat anti-rabbit Alexa Fluor 647 or Alexa 

Fluor 488 (Invitrogen) and nuclear counterstain Hoechst 33342 were then perfused through the vessel for 

one hour, and washed three times for 20 minutes each. Immunofluorescence z-stack images (step size 1-

3µm) of microvessels were taken with a Nikon A1R confocal microscope with a 10x or 20x objective. Z-

projections and cross sections were generated using Image J. Zoomed views of MKs on the vessel wall 

and 3D reconstructions of confocal images were generated using contour surface creation in Imaris.  

Manual quantification of megakaryocyte migration and ploidy was performed in ImageJ. Migration 

was quantified using 5 image stacks (120 μm depth) each from 5 different vessels, with distance from the 

vessel wall normalized to the radius of each vessel. The number of lobes per megakaryocyte was quantified 

through manual lobe counting of Hoechst-stained MK nuclei from z-projected image stacks of 6 vessels. 

Data are presented as mean +/- SEM. Significant differences were determined with an unpaired Student's 

t-test, with significance considered at p < 0.05. The number of nucleus lobes in peripheral blood-derived 

megakaryocytes (Figure 3.1) and cord blood-derived megakaryocytes (Appendix B, Supplementary 

Figure 1) were reported separately. 

Scanning electron microscopy imaging 

The co-cultured devices were fixed in situ by perfusing 25% glutaraldehyde overnight before 

disassembly, where the vessel was opened to expose the luminal surface. The collagen was dehydrated 

in serial ethanol washes (50%, 70%, 85% and 100% ethanol) and critical point drying (Tousimis, SamDri-

780). The vessels and matrices were then sputter coated with gold-palladium and analyzed by a FEI Sirion 

scanning electron microscope with an accelerating voltage of 5 kV, spot size 3.  

Transmission electron microscopy imaging 

Microvessels were fixed in half-strength Karnovsky’s solution (2% paraformaldehyde/2.5% 

glutaraldehyde in 0.2 M cacodylate buffer). Microvessels were disassembled and fully immersed in the 

same fixative solution for several days. Samples were rinsed in 0.1 M cacodylate buffer then post-fixed 

using 2% OsO4 in 0.2 M cacodylate buffer followed by another rinse with 0.1 M cacodylate buffer. Sample 

dehydration was performed using immersions in graded solutions of ethanol, then propylene oxide (PO), 

before 1:1 PO/Epon 812 (Ted Pella Inc) immersion overnight. Fresh Epon 812 was then exchanged for 2 

hours after which the blocks were cured for 48 hours at 60°C. Ultrathin sections (70 nm) were cut from 
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blocks using a diamond (Diatome US) blade on a Leica EMUC6 ultra-microtome and placed onto grids. 

Grids were stained with uranyl acetate for 2 hours and lead citrate for 5 minutes. Sections were imaged 

using a JEOL JEM-1400 Transmission Electron Microscope (JEOL Ltd.) using 100 kV acceleration voltage. 

Images were acquired with a Gatan Ultrascan 1000XP camera (Gatan, Inc.). 

Measurement of microvessel permeability  

To measure barrier function of HUVEC only, megakaryocyte co-cultured, and HUVEC with 

megakaryocyte-conditioned media vessels, 40kD FITC-Dextran (Sigma) was perfused through the 

microvessels in situ. Fluorescent confocal images were acquired at 1 frame/second for 10 minutes. The 

image sequences were analyzed with Matlab to estimate the permeability coefficient of dextran in collagen 

based on the model developed in a previous publication from our group [108]. 

3.4 RESULTS  

Megakaryocytes migrate towards the vessel as they mature  

To obtain mechanistic insights into the differentiation of specific hematopoietic lineages, we 

fabricated a marrow VME to specifically study thrombopoiesis. Human CD34+ progenitors, isolated from 

either umbilical cord blood or mobilized peripheral blood, were differentiated into megakaryocytes [154]. 

After 10 days of culture, 30-70% of the cells expressed the megakaryocyte marker CD41a (Appendix B, 

Supplementary Figure 1A). CD41a+ megakaryocytes were then purified by flow sorting and embedded in 

type I collagen (7.5 mg/mL) using lithographic processes described [108–110]. HUVECs were seeded in 

the lumen of microchannels within the gel and cultured under perfusion. The endothelial cells formed a 

single-layer vessel with cobble-stone morphology and junctions at regions of cell-cell contact (Figure 3.1 

A) [108–110]. The microvessels were cultured in endothelial growth medium supplemented with 

thrombopoietin (TPO) under gravity or syringe pump driven flow for 3 to 14 days. Due to the network 

geometry, the vessel branches further away from the inlet and outlet have wall shear stress approximately 

fifty folds lower than the inlet and outlet [155]. The range of flow conditions (averaged to 0.1 dynes/cm2 in 

gravity driven conditions, and 3 dynes/cm2 under syringe pump conditions) mimics the very low wall shear 

stress in the small arterioles of the marrow, estimated in previous literature to range from 0 to 4.6 dynes/cm2 

[156–158].  

After 3 days of culture, endothelial cells formed junctions at regions of cell-cell contact, indicated 

by CD31 expression (Figure 3.1 A,B). Though the majority of CD41a+ megakaryocytes remained in the 

matrix, some moved to the abluminal side of microvessel, and others appeared on the luminal surface of 

the vessel (Figure 3.2 B). Detailed views of megakaryocytes shown interacting with the endothelial wall 

reveal intact, CD41a+ cells with internalized lobed nuclei (Appendix B, Supplementary Figure 1E). 

Megakaryocytes close to or in contact with the vessel wall had higher ploidy (3.1 ± 0.3SD) compared to 
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megakaryocytes distant from the vessel (2.4 ± 0.2 SD lobes, p<0.05; Figure 4.1 C-E and Appendix B, 

Supplementary Figure 1 B-C).  

 

 

 

  
Figure 3.1. Marrow VME for the study of thrombopoiesis in vitro. A. Z-stack projection of confocal 
fluorescence imaging of megakaryocytes co-cultured within a 3D microvascular system. Green: CD41, 
red: CD31, blue: nuclei. B. Enlarged view, z-projection of confocal fluorescence images (left panel) and 
orthogonal views (right two panels) of locations at dotted lines 1 and 2, showing megakaryocytes 
interacting with the vessel wall (stars) and in the lumen and on the abluminal vessel wall (arrowheads). 
Green: CD41, red: CD31, blue: nuclei. C. (i) Zoomed view of megakaryocyte indicated in A (arrowhead) 
showing CD41a+ (green) and nucleus staining (blue) (ii) 3D reconstruction of the nucleus lobes from the 
megakaryocyte in i. D. A TEM image showing a megakaryocyte with four nucleus lobes close to a vessel. 
E. Megakaryocyte lobe counts near and far from the vessel wall shows more mature megakaryocytes are 
located closer to the vessel wall. 
 

 

After 3 days of culture, megakaryocyte density increased over three fold near the vessel wall 

compared to the initial seeding density of 1 million cells/mL (Figure 4.2 A.i, B and Appendix B, 

Supplementary Figure 1D). Concurrently, megakaryocyte density decreased to one fifth of the original 

density at a distance greater than 300 m (3 times the vessel diameter) from the vessel wall (Figure 3.2 

B), suggesting that the megakaryocytes moved towards the vessel wall. Live imaging confirmed this 

phenomenon, as we observed megakaryocytes in the matrix actively migrating towards the vessel wall 

during culture (Appendix B, Video 1, 2, and 3). Canine megakaryocytes showed the same migration 

pattern. Megakaryocytes isolated from dog marrow were engineered to express GFP under the PF4 

promoter and cultured in the same system [159]. After 3 days of culture, the majority of these 
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megakaryocytes closely associated with the vessel wall (Appendix B, Supplementary Figure 2A-C). In 

contrast, a control human bone marrow stromal cell line (HS5) cultured in the matrix at the same cell density 

showed no significant change in cell density in relation to the vessel walls throughout culture (Figure 3.2 

B). 

 

 

 
  
Figure 3.2. CXCR4 mediates MK migration and penetration through the endothelium. A. Z-stack 
projection of confocal fluorescence image of co-cultured thrombopoietic VME in control media (i) and 
media supplemented with anti-CXCR4 (ii) after three days. Green: CD41, red: CD31, and blue: nuclei. B. 
Cell density of megakaryocytes and HS5 stromal cells in collagen with respect to distance to microvessel 
walls after three days of culture. C. Permeability coefficient (mean ± S.D., n=3) of megakaryocytes co-
cultured microvessels in control and anti-CXCR4 treated conditions. D. SEM of microvessel lumen 
showing holes in the endothelium of MK vessels in control (i), but not in anti-CXCR4 supplemented 
conditions (ii). 
 

 

 

The maturation of megakaryocytes in vivo is driven primarily by thrombopoietin (TPO) [64] and 

stromal cell-derived factor 1 (SDF-1/CXCL12) [67], among other growth factors [66]. As they mature, 

megakaryocytes upregulate expression of CXCR4 and respond to CXCL12 (SDF-1) signaling, which directs 

their migration within the hematopoietic microenvironment [62,67,72,78,160,161]. To examine the role of 

CXCR4/CXCL12 signaling in the migration of megakaryocytes in our system, we studied the effect of a 
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neutralizing CXCR4 antibody. In anti-CXCR4 treated cultures, megakaryocytes remained in the matrix with 

no migration after three days of culture (Figure 4.2 Aii., B), suggesting that CXCR4/CXCL12 signaling is 

necessary for megakaryocyte migration and their interactions with the microvessels. 

The presence of megakaryocytes in the matrix also affected microvascular permeability. FITC-

conjugated 40-kDa dextran was perfused through the microvessels to estimate the permeability coefficient 

K of the endothelium, in an approach similar to one described previously [108]. The presence of 

megakaryocytes near the vessel increased microvessel permeability, with the permeability coefficient K = 

0.31 ± 0.15 µm/s, nearly 10 fold higher than in microvessels without megakaryocytes (K = 0.032 ± 0.01 

µm/s). Megakaryocyte conditioned media in HUVEC-only vessels decreased barrier function minimally (K 

= 0.11 +/- 0.03 um/s, Appendix B, Supplementary Figure 3). Neutralizing CXCR4 antibodies restored the 

barrier function of the microvessels (K = 0.036 ± 0.014 µm/s, p<0.05) to a value similar to that of vessels 

without megakaryocytes (Figure 3.2 C) [108]. Scanning electron microscopy and confocal microscopy 

revealed that pores of 1-10 µm developed in the vessel wall during co-culture with megakaryocytes, similar 

to those seen in microvessels co-cultured with marrow aspirates. However, these pores are not seen in 

HUVEC-only vessels with or without conditioned media (Appendix B, Supplementary Figure 3 B,C). The 

pores or fenestrae likely account for the increased vessel permeability (Figure 3.2 D).  

Megakaryocytes penetrated the vessel wall and released platelet-like particles  

In the marrow, megakaryocytes must migrate across or extend processes through the vessel wall 

into the lumen to release platelets [72,76,162]. However, it is unclear when or how megakaryocytes 

transmigrate through the endothelium, mainly due to the lack of access to the marrow and complex 

microenvironment. Our system allowed for close-up examination of the interaction of megakaryocytes and 

the vessel walls in real time. Megakaryocytes were observed to develop multiple processes that extended 

towards the vessel wall, migrated into the lumen, and released platelet-like particles (Appendix B, Video 

2). Confocal and electron microscopy revealed different stages of this process (Figure 3.3). Some 

megakaryocytes resided completely on the abluminal surface of the microvessel (Figure 3.3 A). Some 

other megakaryocytes occupied both the abluminal and luminal space, apparently transmigrating through 

the endothelium while undergoing membrane demarcation (Figure 3.3 B) and fragmentation into clusters 

or pro-platelet strings on the vessel wall (Figure 3.3 C). Large megakaryocyte fragments or whole 

megakaryocytes were also found on the vessel walls (Appendix B, Supplementary Figure 4), where they 

would be expected to finalize their maturation and fragment into platelets while in circulation.  

We next examined the capacity of our marrow VME to generate platelets. We embedded 7–10 × 

106/mL differentiated megakaryocytes (unsorted after 10 days of differentiation culture) in the collagen 

matrix for co-culture with HUVEC-lined microvessels under flow. After an initial two days of culture, we 

collected the effluent perfusate every 24 hours (Figure 3.4 A). The released particles/cells ranged from the 

size of microparticles to that of red blood cells, as defined by the forward-scatter plot of washed platelets 

and whole blood, along with platelet-specific CD41a and CD42b analysis (Figure 3.4 B). Transmission 
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electron microscopy of platelet-like particles revealed heterogeneous morphology (Appendix B, 

Supplementary Figure 6). The collected perfusate contained an average of 1.82 × 106 platelet-sized 

particles, regardless of granularity, with over 550,000 CD42b+ particles in approximately 2 mL per 

thrombopoietic VME device per day. Each device contained microvessels with a surface area of 0.53 cm2 

and a volume of 1.6 μL. Considering that megakaryocytes within 100 µm of the vessel wall were able to 

generate particles and release them into the circulation, we calculated the yield of CD42b+ platelet-sized 

particles per megakaryocyte per day to be approximately 27, without counting any particles adhered on the 

vessel wall. Cytoskeletal rearrangement was evident when particles were activated with 3U/mL thrombin 

for 5 minutes by immunofluorescence staining of CD41a and β-tubulin (Figure 3.4 C-D).  

 

 

 
Figure 3.3. Megakaryocytes transmigrate through the endothelium and release platelet-like 
particles. Megakaryocytes are present in three locations relative to the microvessel wall during the 
process of transmigration: A. abluminal, B. transmigrating and C. luminal. Column i.: Schematics of the 
relative position of MKs and microvessel. Column ii.: z-stack projections and cross-sectional views of MK 
transmigration acquired through confocal fluorescence imaging. Red: CD31, green: CD41, blue: nuclei. 
Columns iii-iv.: SEM imaging of MKs interacting with the luminal endothelium at different stages, and 
pro-platelet fragments shedding platelet-like particles along the direction of flow (yellow arrowheads).  
 



35 

 

 
Figure 3.4. Characterization of generated platelet-like particles. A. Flow cytometry of whole blood, 
washed platelets, and collected particles from MK vessels at day five of culture showing granularity (SSC-
A) and size (FSC-A). Gating was based on the platelet population of the whole blood sample. B. CD41a 
and CD42b expression of gated population from whole blood, washed platelets, and collected particles at 
day five. C-D. Immunofluorescence images of un-activated and thrombin-activated particles stained for 
CD41a and β-tubulin.  
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3.5  DISCUSSION 

The bone marrow is essentially a liquid tissue with heterogeneous population and complex 

architecture. Stem cell and maturing components are not ordered in recognizable spaces as they are in 

epithelia. This poses a problem in visualizing hematopoietic differentiation, particularly in the context of 

large animals. In the past decade, advances have been made to visualize thrombopoiesis in mouse models 

via intravital microscopy. These studies show that marrow megakaryocytes released pro-platelets into the 

circulation with an estimated small number of platelets per megakaryocyte  to meet the need for 

physiological platelet turnover [76,162,163]. The process of pro-platelet formation has been recapitulated 

in vitro, and also in this case, low numbers of platelet-like particles per megakaryocyte are produced 

[78,153,164]. Recently, attention has been paid to finding approaches or mechanisms to enhance the 

number of platelets generated per megakaryocyte. Under some stress conditions, marrow megakaryocytes 

were found to generate very large numbers of platelets to meet acute platelet need, potentially releasing 

them through rupture within the blood vessels, though this phenomena is under debate [77,151].   

Here, we used hydrogel matrices to study the close interactions between megakaryocytes and 

microvessel walls. We showed that purified CD41+ megakaryocytes modified the endothelium of 

microvessels, interacted with vessel walls, and released platelet-like particles into the lumen. Although this 

system can benefit from further optimization and biological analysis, it validates the approach of using an 

engineered microvessel system to model the human marrow VME. For the first time, we detailed the specific 

interactions of human megakaryocytes with the vessel wall. The combination of three types of imaging data, 

namely live imaging, immunofluorescence, and scanning electron microscopic images, confirmed that 

megakaryocytes migrated towards the vessel and created pores in the endothelium, through which they 

either transmigrated or extended pro-platelets into the vessel lumen to release platelets. We showed that 

HUVECs, known to form continuous endothelial surfaces in both large vessels [165] and within in vitro 

microvessels [108], were modified by the surrounding megakaryocytes to become discontinuous and leaky. 

This structural phenotype is found in bone marrow endothelial cells, which are reported to be highly 

fenestrated [67,117,161,166–168].  The mechanisms behind MK-induced pore formation have been 

suggested to arise from the matrix-degrading properties of the MK podosome, which are increased in the 

presence of endothelial basement membrane and SDF1 [45,46,169] In contrast, megakaryocyte 

conditioned media alone did not change the continuity of HUVEC microvessels. This suggests that the 

microenvironment can modulate specific endothelial cell phenotypes to adapt to local functional needs, 

which may be one source of endothelial cell heterogeneity [58,111].  

We showed that megakaryocyte migration is mediated in part by CXCR4-CXCL12 signaling, as 

blocking CXCR4 led to reduced megakaryocyte migration. This provides opportunities to further investigate 

and modulate the paracrine signaling and cell-cell interactions in thrombopoiesis, particularly in a platform 

that allows for the migration of cells from large distances away from vasculature. In addition, our system 

allows for the precise control of flow and perfusion of biochemical cytokines through the microvessels and 
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particle collection from the outlets. Throughout our culture, flow has been maintained by gravity or syringe 

pump. The flow rate and resulting wall shear stress mimics a biologically relevant range, which has been 

reported as extremely low, yielding wall shear stress range between 0 – 4.6 dynes/cm2 [156–158]. 

We showed different processes of platelet release, namely pro-platelet territories, platelet-like 

blebs, and large fragments found in the vessel lumen. Mature megakaryocytes normally release pro-

platelets, which are long cytoplasmic extensions with a beaded structure that fragment into platelets in 

circulation [76,162,170]. We see CD41+ megakaryocytes localize around the vessel wall and extend 

processes through the endothelium to release particles. The generated platelet-like particles found on the 

vessel lumen or collected have similar morphology as seen via ultrastructure assessment from electron 

microscopy and marker expression from immunofluorescence microscopy. Though Nishimura et al show 

that  megakaryocytes can rupture in the presence of inflammatory cues to meet acute platelet need, this 

phenomena is not widely observed  [77,171]. Recent work by Itkin et al. identified different roles of distinct 

marrow blood vessel types in hematopoiesis: less permeable arterial vessels support a low reactive oxygen 

species environment, whereas more permeable marrow sinusoids promote the activation of hematopoietic 

progenitor cells and immature cell trafficking [60]. In our system, endothelial cells appear to be activated 

and display structural and functional changes, indicating an inflammatory environment. Megakaryocyte-

induced permeability could provide sites for immature megakaryocytes or large fragments to migrate across 

the endothelium, in combination with the lack of mature basement membrane formation. In normal marrow, 

whole megakaryocytes typically do not transmigrate from the marrow into the venous blood in vivo. This 

may impact the release of megakaryocytes and/or platelets, leading to the multiple types of megakaryocyte 

fragmentation phenomena observed in our system. 

The advantages of our system include controllable cellular composition, matrix, vascular structure, 

flow, and a 3D geometry, and preserves the capacity for high quality imaging. Nevertheless, there are still 

improvements that can address technical limitations present in our platform. For example, the vessel wall 

consists of a single layer of endothelium with a 100 µm diameter, which is larger than the marrow sinusoids. 

This diameter may induce different stresses and biophysical forces on the vessel walls and affect the 

cellular interactions between megakaryocytes and the endothelium. Future studies could examine the effect 

of vessel diameter on thrombopoiesis, ranging from 30 µm, the lower limit of our fabrication technique, to 

sub millimeter or examine the impact of vessel density on megakaryocyte migration. In addition, we 

observed large numbers of platelet-like particles adhered to the luminal wall, rather than flowing in the 

perfused media. It is unclear whether this occurs in vivo, and if so, whether physiological mechanisms exist 

to detach the platelets. It is possible that such adhesion may be an in vitro artifact due to high serum content 

in the media, which activates platelets after their release. In addition, the endothelial cells appeared to have 

become activated and fenestrated during culture. It would be interesting to re-examine this phenomenon 

with bone marrow sinusoidal endothelial cells or endothelial cells that do not require serum in vitro to better 

mimic the marrow vasculature [172]. It is also expected that bone marrow endothelial cells have a unique 

phenotype, representing a less inflammatory and adhesive surface [57,60]. Adhesion blocking reagents 
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can also be introduced through the vessel wall to allow for better release of particles. Finally, our collected 

platelet-like particles appeared to lack packaged granules present in human platelets, which could be 

improved by addition of blood proteins in the media or additional matrix components in biologically relevant 

gradients, such as laminin, fibronectin, or collagen IV. The production of proper granules could also lead to 

a more typical morphology in activated particles. These modifications to the culture system could improve 

the shortcomings of a collagen-based platform and yield more homogenous particles without pre-activation. 

Nevertheless, our system demonstrated a functional in vitro human marrow thrombopoietic VME that lends 

itself to future mechanistic studies on cell-cell and cell-matrix interactions in the marrow.  
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Chapter 4. 

Hematopoietic cell trafficking in a fibroblast-directed niche  

This chapter has been submitted for publication in the following manuscript:  

Kotha S.S. et al. “Engineering a Multicellular Vascular Niche to Model Hematopoietic Cell 

Trafficking” Stem Cell Research & Therapy [Accepted]. 

 

4.1  ABSTRACT 

The marrow microenvironment and vasculature plays a critical role in regulating hematopoietic cell 

recruitment, residence, and maturation. Extensive in vitro and in vivo studies have aimed to understand the 

marrow cell types that contribute to hematopoiesis and the stem cell environment. Nonetheless, in vitro 

models are limited by the lack of complex multicellular interactions, and cellular interactions are not easily 

manipulated in vivo. Here, we develop an engineered human vascular marrow niche to examine the 3D cell 

interactions that direct hematopoietic cell trafficking. Using soft lithography and injection molding 

techniques, fully endothelialized vascular networks were fabricated in type I collagen matrix, and co-

cultured under flow with embedded marrow fibroblast cells in the matrix. Marrow fibroblast (MSCs, HS27a, 

or HS5) interactions with the endothelium were imaged via confocal microscopy and altered endothelial 

gene expression was analyzed with RT-PCR. Monocytes, hematopoietic progenitor cells, and leukemic 

cells were perfused through the network and their adhesion and migration was evaluated. HS27a cells and 

MSCs interact directly with the vessel wall more than HS5 cells, which are not seen to make contact with 

the endothelial cells. In both HS27a and HS5 co-cultures, endothelial expression of junctional markers was 

reduced. HS27a co-cultures promote perfused monocytes to adhere and migrate within the vessel network. 

Hematopoietic progenitors rely on monocyte-fibroblast crosstalk to facilitate preferential recruitment within 

HS27a co-cultured vessels. In contrast, leukemic cells sense fibroblast differences and are recruited 

preferentially to HS5 and HS27a co-cultures, but monocytes are able to block this sensitivity. We 

demonstrate the use of a microvascular platform that incorporates a tunable, multicellular composition to 

examine differences in hematopoietic cell trafficking. Differential recruitment of hematopoietic cell types to 

distinct fibroblast microenvironments highlights the complexity of cell-cell interactions within the marrow. 

This system allows for step-wise incorporation of cellular components to reveal the dynamic spatial and 

temporal interactions between endothelial cells, marrow-derived fibroblasts, and hematopoietic cells that 

comprise the marrow vascular niche. Further, this platform has potential for use in testing therapeutics and 

personalized medicine in both normal and disease contexts. 
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4.2 INTRODUCTION 

Hematopoietic cells dynamically interact with the vasculature and the surrounding 

microenvironment during recruitment and residence in tissues. Much effort has been made to understand 

the different endothelial adhesion molecules and soluble factors that regulate recruitment of roving 

hematopoietic cells, yet it remains unclear which niche components and surrounding stromal cells create 

permissive vascular environments for transmigration [8,101,173–177]. In particular, the functional 

contribution of stromal and endothelial phenotypes to hematopoietic recruitment within marrow vascular 

niche spaces is not fully understood [8,18,32,177]. To date, many individual marrow components, such as 

mesenchymal stem cells (MSCs), macrophages, and osteoblasts, have been isolated and studied in 2D in 

vitro cultures [177–181].  However, since interactions are dependent on the context of a multicellular 

environment, more complex models are needed to recapitulate these spaces. Corresponding in vivo studies 

of the functional niche in both healthy and diseased states have been precluded by the complexity of 

marrow architecture and difficulty of systematic analysis of cell behavior in dense tissue [32,34,177,182]. 

Intravital microscopy has allowed for single cell visualization of HSPC-endothelial interactions, 

[8,21,22,182–185] though trafficking events are difficult to capture and the detailed dynamics of multiple 

niche components are still unclear. It is therefore important to develop new tools that can recapitulate 

multicellular microvascular environments and allow for functional analysis of hematopoietic cell trafficking.  

Cell extravasation across the endothelial wall has been studied extensively for leukocytes, 

[132,133,186–189] and hematopoietic stem and progenitor cell (HSPC) trafficking has been thought to 

follow a similar cascade [96,158,190–192]. After vascular inflammation, the release of cytokines signal for 

the recruitment and arrest of leukocytes on the endothelium [186,190,193]. While in vitro and in vivo studies 

have shown that leukocytes transmigrate primarily in response to inflammatory signaling, the specifics 

about the cues for HSPC trafficking are not completely understood [8,60,158,194]. In vivo, HSPCs have 

been shown to reside in perivascular niche spaces, composed of monocytes/macrophages, stromal 

fibroblasts, and proximal vasculature [7,32,36,177,178,195]. Monocytes and monocyte-derived 

macrophages not only reside within these perivascular spaces, they also interact with the endothelial cells 

and stromal fibroblasts [178,196,197]. In addition, the stromal-endothelial crosstalk results in changes to 

the local secretion of niche-associated factors to modulate HSPC recruitment 

[36,128,166,179,181,196,198].  

In the marrow, the contribution of monocytes and monocyte-derived macrophages has been noted, 

but has not been well detailed, particularly in the context of the perivascular niche [35,196,197,199–201]. 

Previous studies have shown that co-culture of monocytes with marrow derived MSCs has led to diverse 

outcomes, due to inconsistent definition of the MSC cell type and varying co-culture conditions 

[176,202,203]. Co-culture of monocytes with a defined human marrow-derived stromal fibroblast line HS27a 

in 2D cultures results in close associations between the cells, changes in MMP9 secretion, adhesion 

molecule expression, cytokine secretion, and Notch signaling when compared to each cell cultured alone 



41 

 

[199,204,205]. Meanwhile, co-culture of monocytes with another human marrow fibroblast line HS5 does 

not change monocyte or HS5 gene expression [35,199]. Taken together, these findings suggest that both 

the marrow stromal cell type and monocyte co-culture conditions must be carefully juxtaposed to 

understand cellular crosstalk. 

In this study, we utilize a perfusable 3D microvessel system to develop a marrow perivascular 

niche. We show that marrow-derived fibroblasts modify endothelial phenotype and the vascular 

microenvironment, which subsequently directs the adhesion and transmigration of perfused monocytes, 

CD34+ HSPCs, and CD34+ leukemic cells. We show that the circulating monocytes can enter the 

perivascular niche, interact with fibroblasts, and further change HSPC and leukemic cell trafficking patterns. 

Our study demonstrates the dynamic multicellular interactions in the marrow microenvironment, and our 

platform supports spatiotemporal control and monitoring of these dynamics. It also allows for the step-wise 

addition and subtraction of individual niche elements to further understand the hematopoietic 

microenvironment in health and disease.  

4.3 EXPERIMENTAL METHODS 

Cell Sourcing  

All experiments were conducted using human umbilical vein endothelial cells (HUVECs, Lonza) 

between passage 4 and 6, grown and cultured in endothelial growth media (EBM + EGM bullet kit CC-

3124, Lonza) until confluent in T-75 flasks prior to use.  

Stromal fibroblast cell lines HS5-GFP and HS27a-GFP were generously provided by the Torok-

Storb lab [205,206]. These immortalized human marrow stromal lines were cultured in RPMI 1640 medium 

(Thermo Fisher Scientific) supplemented with L-glutamine (0.4 mg/mL, SAFC Biosciences), sodium 

pyruvate (1 mM/L), penicillin-streptomycin sulfate (100 µg/mL, Thermo Fisher Scientific), and 10% fetal 

bovine serum (FBS, Thermo Fisher Scientific). Stromal fibroblasts were cultured to 70% confluence in T-

75 flasks and trypsinized prior to embedding in vessels. HS27a conditioned media was removed after 5 

days of culture and centrifuged prior to use in vessels for conditioned media experiments. Marrow MSCs 

were purchased from Lonza. MSCs were cultured in MSCGM (Lonza) in T-75 flasks, and trypsinized prior 

to use.  

Peripheral monocytes were obtained from fresh blood samples under protocols approved by the 

Institutional Review Board at the Fred Hutchinson Cancer Research Institute. Mononuclear cells were 

isolated from fresh blood through Ficoll-Paque centrifugation (specific gravity 1.077) at 200 g for 30 minutes 

at room temperature. Monocytes were isolated from this fraction through incubation with CD14 microbeads 

(Miltenyi Biotec) for 20 minutes at 4°C, washed with PBS/2% FBS, and purified using magnetic cell sorting 

(Miltenyi Biotec). The monocytes were then incubated with CD14-PE and CD45-PE (BD Biosciences) for 

20 minutes at 4°C and washed twice with PBS/2% FBS prior to use. Healthy and acute myelogenous 
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(patient-derived) leukemic CD34+ cells were purchased through the Hematopoietic Cell Processing and 

Repository (DK56465 and DK106829) at Fred Hutchinson Cancer Research Institute under protocols 

approved by the Institutional Review Board of the Fred Hutchinson Cancer Research Institute. Healthy 

CD34+ progenitor cells were isolated from GM-CSF-mobilized HSPCs in peripheral blood and stored by 

the Hematopoietic Cell Processing and Repository. Healthy and leukemic CD34+ cells were allowed to 

recover overnight after thawing in StemSpan Serum-Free Expansion Medium (StemCell Technologies) 

supplemented with 10 ng/ml IL-6, 10 ng/ml SCF, 10ng/ml FLT3, 50 ng/ml TPO, and 2 U/ml EPO 

(Peprotech). Healthy and leukemic CD34+ cells were stained with CD34-APC and CD45-APC (BD 

Biosciences) for 20 minutes at 4°C, then washed twice with PBS/2% fetal bovine serum prior to use.  

Vessel Fabrication  

The 3D microfluidic networks were fabricated as described previously [108–110]. Briefly, soft 

lithography created a PDMS mold patterning a 100 µm-diameter network, and injection molding over the 

PDMS mold created a 100 µm collagen I gel microvessel which was sealed with a collagen-coated coverslip 

(Figure 4.1 A) [108–110]. MSCs and human bone marrow derived fibroblast cell lines HS27a and HS5 

were embedded uniformly in the collagen at 1 million cells per mL. The channels were then perfused with 

HUVECs, which adhered to the collagen and self-assembled into a functional microvessel with an open 

lumen. Endothelial cell culture media added to the inlet reservoir flowed through the network driven by 

gravity, undergoing approximately an 8-fold reduction in flow (~0.1 dyn/cm at minimum). Vessels were 

cultured for 3-7 days prior to analysis.  

Hematopoietic Cell Perfusion through Microvessels 

Hematopoietic cells were perfused through vessels that had been cultured for 3-4 days. For single 

cell perfused vessels, monocytes, healthy CD34+, or leukemic CD34+ cells were added to the inlet of the 

vessel (100,000 cells in 100 μL PBS/5% FBS) and allowed to perfuse for 30 minutes. Any remaining cell 

solution was then removed and vessels were washed with media twice for 30 minutes each. In double 

perfused vessels, monocytes were perfused as above, then 24 hours later, healthy or leukemic CD34+ 

cells were added to the inlet (100,000 cells in 100 μL PBS/5% FBS) and allowed to perfuse through the 

vessels for 30 minutes (Figure 4.1 B). Excess cell solution was then removed and vessels were washed 

twice with media (30 minutes each). For VCAM blocking experiments, a VCAM1 blocking antibody 

(50µg/mL, R&D Systems, clone BBA5) was perfused through the vessels for 1 hour and vessels were briefly 

washed with media prior to HSPC perfusion. 24 hours after perfusion with cells, vessels were fixed in 3.7% 

formaldehyde (20 minutes) and washed with PBS three times (20 minutes each). 

Immunostaining & Imaging  

Prior to immunofluorescence staining, nonspecific binding was blocked with 2% bovine serum 

albumin (BSA)/0.5% Triton X-100 for 1 hour. Staining for CD31 (Abcam), VE-Cadherin (VE-Cad, Abcam), 
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von Willebrand Factor (vWF, Abcam), and α-smooth muscle actin (αSMA, Thermo Fisher Scientific) was 

accomplished through perfusion of immunofluorescence reagents through the microvessel network as 

described previously [108]. Secondary antibodies with fluorochromes Alexa Fluor 488, 567, or 647 were 

used. Vessels were imaged on a Nikon A1R confocal microscope.  

Scanning Electron Microscopy 

After immunofluorescence images of microvessels were taken, microvessels were re-fixed in situ 

with 25% glutaraldehyde for 20 minutes and rinsed three times with PBS. The microvessels were then 

dissembled into top and bottom parts. The thick top portion of the collagen microvessel was dehydrated in 

serial ethanol washes (50%, 70%, 85% and 100% ethanol) and further dehydrated by critical point drying 

(Tousimis). The vessel was then sputter coated with gold-palladium and analyzed by a FEI Sirion scanning 

electron microscope with an accelerating voltage of 5 kV, spot size 3. 

RT-PCR 

To harvest RNA lysate from vessels, RLT Buffer was perfused through the network and collected 

continuously from the vessel outlet for 2 minutes. RNA lysate from the vessels was purified using an RNA 

purification kit (Qiagen). RNA purification was completed following the provided protocol and quantified 

using Nanodrop (Thermo Fisher Scientific). RT-PCR was performed (see Appendix C, Supplementary 

Table 1 for primer details) and results were normalized to RPL32 expression [207]. Significant differences 

were determined using Welch’s 2 sample, 2 tailed t-test with Bonferroni correction (= 0.1, n = 3).  

Adhesion & Migration Quantification  

Quantification of stromal fibroblast location and hematopoietic adhesion and migration with relation 

to the vessel wall was analyzed using 3-10 confocal images of each vessel (n=3) (Fiji, NIH). Images 

analyzed were selected from the low flow regions of the vessel (non-inlet or outlet regions). Image stacks 

of the vessel (120 μm depth) were z-projected to a single plane and coordinates of vessel borders were 

manually selected. Marrow fibroblast coverage of vessels is presented as percentage of projected vessel 

area that is masked by fibroblasts. Coordinates of PE-labeled monocytes or APC-labeled CD34+ cells were 

located via particle analysis on thresholded images. Distances from cells to the vessel were calculated 

assuming that the cells migrated from the closest vessel wall (Figure 4.1 C). Cells that were located within 

the vessel boundaries were counted as adherent to the vessel wall. Distance from the nearest vessel was 

normalized to the vessel radius. Cell adhesion and migration data of perfused hematopoietic cells was 

calculated as a percent of estimated total perfused cells (based on the concentration and volume of cell 

suspension added to the reservoir and the gravity driven flow rate). A sensitivity analysis of high, middle, 

and low estimates (75,000, 50,000, and 25,000 cells) was performed, showing no effect of the total number 

perfused cells on significant differences between groups. Data is presented based on a low estimated 
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number of perfused cells. Significant differences between groups were determined using 2 Sample, 2 tailed 

student’s t-test. Error bars represent standard error measurements.  

  
Figure 4.1. Co-culture of marrow fibroblasts with engineered vessels create perfusable marrow 
microenvironments. (A) Schematic of microvessel platform shows a perfusable network that is then (B) 
perfused with hematopoietic cells. (C) Perfused hematopoietic cells are identified as migrated (1,3) or 
adhered (2) within a portion of the vessel network. (D) Quantification of percent vessel coverage by 
hMSCs and marrow fibroblast types show that hMSCs and HS27a cells coat vessels more than HS5 
fibroblasts. **** p < 0.0001, ** p < 0.005. (E) Co-cultured hMSCs and marrow fibroblasts interact with 
endothelial vessel walls. Scale bars = 100 μm. (F) 3D reconstruction and orthogonal views of co-cultured 
microvessels show surface renderings of MSCs, HS5, and HS27a cells interacting with the endothelial 
wall. Scale bars = 50 μm. 
 

 

4.4 RESULTS 

Stromal cells differentially interact with perfusable microvessels  

To recapitulate a 3D perivascular niche in vivo, we engineered a 3D microvessel network in 

collagen gel combining lithography and injection molding processes as described previously [108–110]. 

The embedded lumens were seeded with human umbilical vein endothelial cells (HUVECs) to form a fully 
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endothelialized vessel network. Three different stromal fibroblasts, namely MSCs, HS5, and HS27a cell 

lines, were embedded separately in the collagen gel surrounding the lumen. These co-cultured microvessel 

devices were maintained in culture under gravity driven flow for up to a week. MSCs are a heterogeneous 

fibroblast population from the marrow, and have been widely studied for their ability to interact with both the 

vasculature and hematopoietic cells to define a microenvironment [174,177,178,208]. Here, we consider 

their function as a stromal fibroblasts sourced from an MSC population. HS5 and HS27a are two marrow-

derived stromal fibroblast cell lines that identify distinct functional phenotypes in vitro (see Appendix C, 

Supplementary Figure 1). The HS27a cell line is CD146 positive and expresses stem cell niche-

associated proteins (SDF-1, angiotensin, osteopontin, and VCAM1, among others) whereas the HS5 line 

(CD146-) secretes ample amounts of GM-CSF, G-CSF, IL1, IL-8, MCP3, and MIP1a [205,206].  

When co-cultured with microvessels under perfusion, the three stromal fibroblasts interact 

differently with the endothelial cells (Figure 4.1 D-F). After six days of culture, both MSCs and HS27a cells 

displayed pericyte-like close association with the microvessels such that they extended processes and 

wrapped around the endothelium (Figure 4.1 D,E.i-ii, F.i-ii). In contrast, HS5 cells did not associate closely 

with the microvessels (Figure 4.1 E.iii, F.iii), but remain in the matrix. The vessel coverage was significantly 

increased in the MSCs and HS27a co-cultured microvessels (9.95 ± 0.76% and 7.21 ± 0.35%, respectively) 

over the HS5 co-cultured vessels (3.18 ± 1.0%) (Figure 4.1 D). In all three conditions, the endothelium 

remained intact with robust junctions at regions of cell-cell contact. We therefore selected the well-defined 

HS27a and HS5 cell lines in this platform to represent specific marrow stromal contribution (see Appendix 

C, Supplementary Figure 1).  

Stromal cells modify endothelial cell phenotype 

In addition to differences in coating, the two fibroblast cell lines around the microvessels appeared 

to modify endothelial phenotypes differently. Endothelial cells displayed uniform cobblestone structure in 

HS27a co-cultured vessels with homogeneous expression of CD31 and VE-cadherin at regions of cell-cell 

contact (Figure 4.2 A). In HS5 co-cultured microvessels, however, endothelial cells had irregular and 

heterogeneous shape with varying CD31 and VE-cadherin expression, and were more elongated along the 

direction of flow (shape index: 0.55 compared to 0.62 with HS27a co-culture, p<0.05, Figure 4.2 A). In both 

stromal modified vessels, Von Willebrand Factor expression was low compared to endothelial cell – only 

vessels, as shown by decreased appearance of Weibel Palade bodies (Figure 4.2 Aiii, see Appendix C, 

Supplementary Figure 3) [155].  

RT-PCR on microvessels comparing the HS27a and HS5 stromal co-cultures to vessels with ECs 

alone showed significant reduction in vWF (75% and 57% reduction in HS5 and HS27a vessels compared 

to EC only vessels, respectively) and CD31 (59% and 58% reduction in expression in HS5 and HS27a 

vessels, respectively) expression in microvessels after co-culture. In HS5 co-cultured vessels, TIE2 levels 

were significantly reduced by 52% from EC only vessels. This combination suggests an activated or 

inflamed endothelium when co-cultured with HS5 (Figure 4.2) [209–212]. No significant change in VCAM1 
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RNA expression was seen between conditions. Further expression analysis of vessels show that other 

inflammatory cytokines and endothelial surface markers are modified with co-culture (see Appendix C, 

Supplementary Figure 2). Together, the stromal fibroblasts around the microvessels modify the 

endothelial status and direct the formation of a specific tissue microenvironment.  

 

 
  
Figure 4.2. Endothelial phenotype changes with stromal cell co-culture. (A) Endothelial staining of 
HS27a and (B) HS5 co-cultured vessels shows differences in (i) CD31, (ii) VE-cadherin, and (iii) von 
Willebrand Factor. (C) RNA expression within the co-culture shows differences in endothelial junctional 
expression and inflammatory marker expression. *p < 0.05, **p < 0.01, *** p <0.001, ****p<0.0001. 
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Figure 4.3. Microenvironment cues change perfused monocyte localization. (A) and Monocytes 
(red) perfused through unmodified, HS5, and HS27a-modified vessels adhere to the endothelium (not 
stained) and transmigrate into the matrix. Scale bars: 100 µm. (B) Monocytes from (A) are shown alone 
along with outlines of vessel walls. Scale bars: 100 µm. (C) Quantification of monocyte adhesion and 
migration shows percentage of cells adhered and migrated within vessels. *p < 0.05, **p < 0.01, *** p 
<0.001. (D) An HS27a cell wraps around a monocyte that has transmigrated into the matrix. 
 

 

Perfused monocytes adhere and transmigrate preferentially in HS27a-modified microvessels 

Monocytes are known to circulate through the bloodstream and extravasate through the 

endothelium towards inflamed regions or tissue repair [213]. To test the functional contribution of the 

fibroblast-driven endothelial phenotype on monocyte interaction with vasculature, we perfused 

CD45+/CD14+ labeled monocytes, isolated from human peripheral blood, through the vessels and 

monitored their adhesion and extravasation in EC only or co-cultured microvessels (Figure 4.3). At 24 
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hours after perfusion, the percentage of monocytes adhered on the vessel wall was significantly more in 

HS27a co-cultured vessels (1.69 ± 0.40% of perfused cells) than in unmodified (0.26 ± 0.18%) or HS5 co-

cultured vessels (0.11 ± 0.04%) (Figure 4.3 A,B,C). The percentage of monocytes that transmigrated into 

the matrix was also significantly increased in the HS27a co-cultured vessels (0.28 ± 0.07% of perfused 

cells) compared to EC only (0.04 ± 0.02%) and HS5-co-cultured vessels (0.02 ± 0.01%) (Figure 4.3 C). In 

addition, some monocytes that extravasated into the HS27a-seeded matrix appear to make deliberate 

contact with HS27a cell projections (Figure 4.3 D). To examine the source of this interaction, monocyte 

adhesion within HS27a co-cultured vessels was compared to EC vessels with HS27a-conditioned media 

(see Appendix C, Supplementary Figure 4). Monocytes adhered more in HS27a co-cultured vessels than 

in those with HS27a-conditioned media, suggesting that the contact-dependent cues rather than soluble 

factors modulate monocyte adhesion (see Appendix C, Supplementary Figure 4). This behavior has been 

seen in vivo, where marrow biopsy samples show the in vivo counterpart of HS27a cells, the CD146+ 

fibroblast, wrapped around marrow vessels and in contact with monocytes/macrophages [33,199]. The 

direct interaction between monocytes and HS27a fibroblasts indicates cell-cell crosstalk for the 

development of a complex tissue microenvironment. 

Monocytes modify HSPC adhesion and trafficking 

During tissue regeneration, HSPC recruitment may be directed by the local microenvironment. We 

next examined HSPC trafficking across the fibroblast modified microvessels. Labeled CD34+/CD45+ 

HSPCs were perfused through the microvessel system in EC-only, HS5, and HS27a co-cultures (Figure 

4.4 A,B,C). Surprisingly, we found no significant differences in adhesion (0.45 ± 0.06%, 0.40 ± 0.08%, and 

0.41 ± 0.07% of perfused cells in EC only, HS5, and HS27a vessels respectively) or extravasation (0.10 ± 

0.03%, 0.11 ± 0.01%, and 0.10 ± 0.01% for EC only, HS5, and HS27a vessels) among vessels 24 hours 

post-perfusion. This pattern suggests that the fibroblast-endothelial microenvironments alone do not 

strongly influence HSPC trafficking (Figure 4.4 C). However, when monocytes were perfused 24 hours 

prior to HSPCs in these same vessel co-cultures, the pattern of HSPC adhesion and extravasation was 

modified (Figure 4.5). When monocytes were present, HSPCs preferentially adhered within the EC and 

HS27a co-cultured vessels over the HS5 co-cultured vessels (0.35 ± 0.12% and 0.20 ± 0.03% in EC and 

HS27a vessels, respectively, over 0.05 ± 0.01% in HS5 vessels) (Figure 4.5 A,B,C).  

Further analysis of data from Iwata et al shows that the direct co-culture of monocytes with HS27a 

fibroblasts, but not HS5 fibroblasts or conditioned media, resulted in an overall increase in VCAM1 

expression, which may partially explain the increased retention of HSPCs in HS27a vessels (see Appendix 

C, Supplementary Figure 5) [199]. The baseline of HSPC adhesion and migration in the EC only context 

did not change with the inclusion of monocytes (0.45 ± 0.06% HSPCs adhered, 0.10 ± 0.03% migrated 

without monocytes compared to 0.35 ± 0.12% HSPCs adhered, 0.06 ± 0.02% migrated with monocytes). 

In contrast, HSPC adhesion within HS5 and HS27a co-cultured vessels was reduced when monocytes 

were present compared to the corresponding vessels without co-perfused monocytes: adhesion was 
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reduced from 0.40 ± 0.08% to 0.05 ± 0.01% in HS5 vessels, and from 0.39 ± 0.07% to 0.20 ± 0.04% in 

HS27a vessels. To explore the role of VCAM1 in HSPC adhesion in these co-perfused vessels, we perfused 

a VCAM1 blocking antibody after monocyte perfusion in the HS27a co-cultured vessels and prior to HSPC 

perfusion (Figure 4.6 A,B). However, after perfusion of monocytes, blocking VCAM1 did not change 

adhesion or migration patterns of HSPCs in HS27a co-cultured vessels (Figure 4.6 C,D). This data 

suggests that while monocytes and stromal fibroblasts play a role in modulating HSPC adhesion, VCAM1 

is not the adhesion molecule that significantly directs HSPC trafficking. We show that monocytes interact 

with stromal cells and modify the microvascular environment, which in turn changes HSPC trafficking.  

 
Figure 4.4. Microenvironment cues do not change CD34+ HSPC localization. (A) CD34+ HSPCs 
perfused through unmodified, HS5, and HS27a-modified vessels adhere to the endothelium (not stained) 
and transmigrate into the matrix. Scale bars: 100 µm. (B) CD34+ cells from (A) are shown alone with 
outlines of vessel walls (yellow dotted lines). (C) Quantification of CD34+ HSPC adhesion and migration 
shows percentage of cells adhered and migrated within vessels. (D) Scanning electron microscopic 
image of an HSC adhered and transmigrating through the endothelium in a vessel construct. 
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 Figure 4.5. When perfused after monocytes, CD34+ cells preferentially adhere in EC and HS27a-
modified vessels. (A-C). Healthy CD34+ cells (white) are perfused 24 hours after monocytes (red) in 
each vessel type. Healthy CD34+ cells and monocytes appear to cluster. Blue = nuclei. (B) Locations of 
healthy CD34+ cells are seen relative to vessel wall (yellow dotted line). Scale bars: 100 µm. (C) 
Quantification of CD34+ cells adhesion and migration in vessels. *p < 0.05, **p < 0.01. 
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Figure 4.6. Monocytes, not VCAM1, determine HSPC trafficking in HS27a vessels. (A) HSPCs were 
perfused through HS27a co-cultured vessels (i) alone, (ii) after monocyte perfusion, or (iii) after monocyte 
and VCAM1 blocking antibody perfusion. (B) HSPCs are shown with the vessel boundary (yellow dotted 
line). Scale bars: 100 μm. Quantification of (C) HSPC adhesion and (D) migration behavior from these 
vessels show that monocytes change HSPC adhesion and migration but blocking VCAM1 in the presence 
of monocytes does not significantly change adhesion and migration. *p < 0.05, **p < 0.01, *** p <0.001. 
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Leukemic cells show heightened response to fibroblasts without monocytes 

The establishment of a fibroblast niche further enables the examination of leukemic cell behavior 

within the in vitro marrow space. The differences between leukemic cells and healthy HSPCs with respect 

to their interactions with the endothelium are not well understood. In order to examine the affinity of leukemic 

cells in the fibroblast-directed microenvironments presented here, patient-derived acute myeloid leukemic 

cells were perfused through unmodified, HS5, or HS27a co-cultured vessels (Figure 4.7). The adhesion 

and migration of leukemic cells was significantly increased in HS27a co-cultured vessels, with 0.77 ± 0.14% 

of perfused cells adhered in HS27a vessels compared to 0.14 ± 0.04% and 0.33 ± 0.07% of cells perfused 

through EC only and HS5 co-cultured vessels respectively (Figure 4.7). A smaller but significant increase 

in adhesion was also present in leukemia cells perfused in HS5 co-cultured vessels over EC only vessels 

(Figure 4.7 C). The same trend was present in migrated cells, with significant increases from EC only 

vessels (0.01 ± < 0.01%) to HS5 vessels (0.02 ± < 0.01%) and from HS5 vessels to HS27a vessels (0.19 

± 0.04%) (Figure 4.7 C). Unlike HSPCs perfused alone, patient-derived CD34+ leukemic cells showed a 

strong fibroblast-directed adhesion and migration pattern (Figure 4.7 C).  

When leukemic cells are perfused after monocytes, the distribution of leukemic cells is changed 

compared to perfusion of either cell type alone (Figure 4.8). Co-perfused leukemic cells showed no 

differences in adhesion between the vessel conditions (0.37 ± 0.06%, 0.21 ± 0.05%, 0.45 ± 0.01% in EC 

only, HS5, and HS27a vessels, respectively) (Figure 4.8 C). Transmigration of leukemic cells also showed 

no significant differences among vessel conditions (0.09 ± 0.02%, 0.04 ± < 0.01%, and 0.05 ± 0.01% in EC, 

HS5, and HS27a vessels, respectively) (Figure 4.8 C). In combination, this suggests that, when monocytes 

are present, patient-derived leukemic cells lose their responsiveness to fibroblast-specific environments. 

This system thus differentiates the niche components responsible for dictating patterns of cell adhesion and 

extravasation.  

4.5  DISCUSSION  

The vascular microenvironment plays an integral role in hematopoietic cell adhesion, 

transmigration, and engraftment [31,101,173,191,194,195,214]. Detailed exploration of the dynamics 

between niche components and the contribution of the fibroblasts, endothelial, and hematopoietic cells is 

needed to understand marrow function and tissue regeneration [101,215]. Here, we have utilized an 

engineered microvascular platform to show that fibroblast-directed crosstalk alters hematopoietic cell 

adhesion and transmigration into the extravascular space. 

Through the use of this multicellular co-culture with a perfusable vascular network, we first 

demonstrated the influence of specific marrow fibroblasts on the endothelium, which subsequently 

influences monocyte adhesion and extravasation. HS27a and HS5 represent functionally distinct marrow 

components [205,216]. In 2D cultures, analysis of multicellular interactions with these cells is limited due to 

overgrowth. However,  fibroblasts in 3D collagen are relatively non-mitotic, more closely approximating their 
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in vivo behavior [215,216]. In our system, both MSCs and HS27a fibroblasts wrapped around the vessel 

wall while the HS5 fibroblasts did not. The co-cultured vessels displayed different RNA expression, and the 

interaction of these cells with the endothelium creates a fibroblast-defined vascular niche. Though the use 

of marrow sinusoidal endothelial cells would be ideal, the availability of this cell type is limited. Here, we 

show that HUVECs are able to adapt in response to microenvironmental influences from stromal fibroblasts. 

Functional evidence of these changes are shown through the differential adhesion of monocytes in the 

fibroblast co-cultured vessels.   

 
 
Figure 4.7. Leukemic cells perfused alone respond to microenvironmental cues. (A) Leukemic 
CD34+ cells perfused through unmodified, HS5, and HS27a-modified vessels adhere and migrate. (B) 
Visualization of the leukemic cells with regards to the vessel walls (yellow dotted lines). blue = nuclei, 
scale bars 100 μm. (C) Quantification of adhesion and migration of leukemic cells. Significant differences 
are shown between unmodified (EC) and stromal conditions unless marked. * p < 0.05, ** p < 0.01. 



54 

 

 

 
Figure 4.8. Leukemic cells perfused after monocytes do not adhere based on stromal cues. (A) 
Leukemic CD34+ cells perfused after monocytes in unmodified, HS5, and HS27a-modified vessels. Blue 
= nuclei. (B) Adhesion and migration of leukemic cells are shown in relation to the vessel walls (yellow 
dotted lines). Scale bars 100 μm. (C) Quantification of leukemic CD34+ cell adhesion and migration.  
 

 

 

Our data further shows that crosstalk between circulating monocytes and fibroblasts modifies the 

vascular microenvironment. Perfused HSPCs showed no preferential adhesion or extravasation among any 

co-culture conditions. However, after the perfusion of monocytes, HSPCs demonstrated preferential 

recruitment into HS27a co-cultured vascular space. Leukemic CD34+ cells, contrastingly, had the opposite 

trend compared to the healthy HSPCs. Alone, leukemic cells did show preferential migration towards the 

HS27a co-cultures. Monocyte perfusion removed the leukemic cell preference towards a fibroblast-modified 

microenvironment. The ability of these cells to sense and respond to differences in the vascular 
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microenvironment demonstrates the necessity of a specific co-culture system to study hematopoietic 

recruitment and the niche space.  

Previous studies have identified that monocytes/macrophages create a permissive niche for HSPC 

residence in the marrow, such that the combination of these cells with stromal fibroblasts are necessary to 

maintain marrow HSPC populations [34,85,175,176,200,201]. Thus, these results suggest that the 

monocytes recruited to the extravascular space modulate HSPC and leukemic cell adhesion and 

extravasation through cellular crosstalk [33,85,204]. Healthy HSPCs, then, rely on monocytes to regulate 

their extravasation in the presence of stromal co-cultures, but not solely through VCAM1-mediated adhesive 

interactions. However, monocytes block leukemic cell sensitivity to stromal contexts, perhaps due to a loss 

of adhesive integrin interactions or prevention from adhesive interactions by monocytes that occupy the 

same binding sites. In vivo studies also suggest opposing niche spaces for leukemic and HSPC cells, 

indicating different components are required to support leukemic or healthy niche spaces [84,217]. The use 

of three separate acute myeloid leukemia patient samples in this study could have contributed to a wide 

variation in leukemic cell behavior. Overall, the functional crosstalk between hematopoietic cells and the 

vascular microenvironment is evident in this platform. Improved microphysiological models for human 

marrow can greatly mitigate challenges to examining multicellular interactions in hematopoietic biology.  

Here, we have shown that different vascular microenvironments created by functionally divergent 

fibroblast cell types affect hematopoietic trafficking across the vasculature. Understanding these 

multifaceted cellular interactions within a vascular system provides insight to the endothelial niche. In 

disease contexts, microenvironmental aberrations have been implicated in the induction of disease 

phenotypes, particularly in leukemia and other hematopoietic malignancies [81,217–219]. There is 

significant potential for a tunable system such as this to be used as a tool in preclinical therapeutics testing 

and precision medicine. With this platform, it is possible to study in further detail the mechanisms behind 

dynamic spatial and temporal cell-cell interactions within the vascular niche, in both healthy and disease-

remodeled marrow spaces. 
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Chapter 5 

In Vitro Modeling of Leukemia-Induced Angiogenic Sprouting 

 

5.1  ABSTRACT 

Angiogenesis in the context of cancer occurs in response to nutrient demands and disruption of 

normal vascular patterning by expanding malignant cells. However, the mechanisms underlying these 

phenomena have proven to be complex and vary among different cancer types and patients. In myeloid 

leukemia, examination of patient marrow has shown that some patients have extensive marrow 

angiogenesis at diagnosis. Therapeutic efforts to block major angiogenic pathways have yielded 

heterogeneous results, largely due to the variation in leukemia mutation profiles among patients. Increased 

efforts are needed to understand the varying mechanisms present. Here, we demonstrate, for the first time, 

in vitro platforms to gain insight into leukemia-induced angiogenic sprouting. We demonstrate that out of 

four malignant cell lines (U937, HL-60, K562, and KG1a), only two (K562 and KG1a) consistently induce 

sprouting in a monolayer angiogenesis assay. In a 3D microvessel model, we demonstrate the VEGFR2-

dependence of KG1a-induced sprouting but not K562-induces sprouting. We demonstrated the utility of 3D 

culture platforms for examining leukemia-induced sprouting in vitro. Further use of such platforms can yield 

insight into the varying mechanisms present in hematological malignancies and potentially direct 

therapeutic interventions.  

5.2 INTRODUCTION 

Acute myeloid leukemia (AML) occurs when neoplasms arise within the myeloid progenitor lineage, 

preventing the maturation of hematopoietic cells. The abnormal progenitor cells proliferate, accumulate in 

the marrow and peripheral blood, and inhibit normal hematopoiesis [81–84]. Disordered interactions of AML 

cells with healthy hematopoietic cells drives changes to the marrow microenvironment such as disrupted 

cell-cell interactions and cytokine secretion [81,84,85]. Of particular interest is the ability of leukemic cells 

to modify the marrow space by remodeling the marrow vasculature [83,88]. Though tumor–induced 

neoangiogenesis has been observed in great detail for many cancer types, this phenomenon within the 

marrow is not well understood [220,221].  

Analyses of patient biopsies and high contrast MRI on marrow has revealed that marrow vascularity 

is markedly increased in a large proportion of AML patients [91,92,222–224]. Detection of marrow 

angiogenesis at diagnosis is used as an indicator of clinical outcome. However, the presence or degree of 

vascularity do not seem to correlate directly to cell burden or progression stage [91,92]. Detailed 

characterization of patient cell isolates has revealed that mRNA of pro-angiogenic factors such as VEGF, 
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bFGF, HIF1α, IL-8, and MMPs are expressed at varying levels among patients [90,223,225,226]. However, 

the relationship between AML cell factor expression and the amount of vascularity is not seen. Further, the 

morphology of marrow sprouts in AML marrow is varied, with large dilated vessels found in some biopsies, 

but smaller, immature sprouts found in others [224]. This heterogeneity in presentation, cell phenotype, and 

vessel morphology suggests varied mechanisms of leukemia-induced vascular remodeling based on 

variations in the cytogenetic profile of the AML.  

Angiogenesis in the diseased marrow provides nutrient support for leukemic cells, and potentially 

enables their release into circulation [92,227]. Anti-angiogenic therapeutics blocking VEGFA, VEGFR2, and 

associated factors have had significant clinical impact in many cancer types [228,229]. However, efforts to 

prevent AML-induced vascular remodeling have been largely mixed. Initial studies on the inclusion of the 

anti-VEGFA antibody bevicazumab in therapeutic regimes reported improved overall and progression-free 

survival [230,231]; however, other reports suggest that these antibodies imparted little effect [232,233]. 

Targeting of other angiogenesis-associated pathways has yielded some improvement [229]. As such, a 

more detailed understanding of the variation in leukemia-induced angiogenesis can help identify key 

mechanisms to prevent angiogenic remodeling, potentially allowing for more targeted and effective 

treatment strategies.   

To date, most research on leukemia-induced angiogenesis has occurred through analysis of bone 

marrow aspirates and biopsies [90–92,234]. Though these provide great insight into the progression and 

characterization of disease progression, controlled manipulation of cell behavior in this context is not 

possible. In vitro studies on the cancer microenvironment have increasingly begun to rely on 3D cell culture 

techniques, allowing for the use of human cell types cultured in biologically-relevant geometries [235–239]. 

Current 3D culture approaches for AML utilize cell spheroids or scaffold-based systems to model the tumor 

microenvironment [240–242]. Examination of endothelial responses to AML cells largely rely on conditioned 

media and chemotaxis assays, which measure the migration of endothelial cells across a mesh and not 

actual sprout formation within a native matrix [223,238,243]. To our knowledge, no platform has been 

developed to recreate this phenomenon in vitro and investigate the interaction of leukemic cells with 

vasculature.  

Here, we present two 3D culture systems with 4 leukemic cell lines to model leukemic influences 

on endothelial cells and vasculature: a 2D monolayer sprouting assay and a 3D perfusable microvessel 

platform (Figure 5.1) [108–110]. A monolayer angiogenesis assay consists of endothelial cells seeded on 

top of collagen I matrix embedded with leukemia cells. The endothelial cells can sense secreted cytokines 

from the leukemia cells in the matrix and are able to remodel the collagen matrix to form sprouts in a natural 

matrix substrate. This platform has the advantage of high throughput fabrication and culture of leukemia 

cells in a 3D matrix. The microvessel platform incorporates perfusable vasculature embedded in a collagen 

matrix [108]. Here, endothelial cells are seeded within the network where they self-assemble into a lumen. 

Leukemia cells are seeded within the matrix on one side of the vessel, allowing for close cell-cell interactions 
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and signaling. The advantage of this system lies in the geometry and laminar flow, providing a biologically 

relevant context for endothelial cells [110].   

 
 

 
Figure 5.1. In vitro platforms to examine leukemia-induced angiogenesis. (A) A monolayer of 
endothelial cells seeded above a leukemia cell embedded collagen matrix allow sprouting angiogenesis 
into the matrix. (B) An engineered microvessel platform containing a perfused vascular network contains 
embedded leukemia cells to visualize angiogenesis from patent vessels. 
 

 

 

 We demonstrate that the co-culture of leukemic cells in a 3D collagen matrix with a 2D endothelial 

monolayer (Figure 1A) in conjunction with leukemic cells surrounding a perfused 3D microvessel network 

(Figure 1B) can induce VEGF-dependent angiogenic sprouts. These 3D platforms are the first to visualize 

leukemia-induced vascular remodeling in vitro, and have the potential to provide significant insight to the 

mechanisms involved. 

5.3 EXPERIMENTAL METHODS 

Leukemia Cell Lines 

Leukemia cell lines U937, HL-60, K562, and KG1a were provided as a generous gift from the Torok-

Storb lab. All cell lines were transduced to express the mCherry fluorescent protein under the PGK 

promoter. Viral packaging was performed in 293T cells transfected with 2µg VSV-G (Addgene # 12259), 5 

µg (Addgene # 12260), and 10 µg mCherry (modified from Addgene #12252) plasmids per 10cm plate with 

a standard calcium phosphate transfection protocol. Media was conditioned from 24-48 hours post-

transfection and collected, then centrifuged at 4,000g for 24 hours at 4°C. Supernatant was removed, the 

viral pellet was resuspended, and frozen at -80°C. Protamine sulfate was added to leukemia cell lines to a 

final concentration of 8µg/ml (4µl/ml) along with the virus. Media (IMDM + 10% fetal bovine serum) was 

replaced after 16 hours. After 2-3 days of culture, cells were sorted for mCherry expression (BD FACS Aria 

II). All mCherry-expressing cell populations were expanded and frozen prior to use.  
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Expression Analysis  

RNASeq expression data for U937, HL60, K562, and KG1 leukemia cell lines were obtained from 

the Cancer Cell Line Encyclopedia (CCLE, Novartis). Pathway enrichment of the top 130 angiogenesis-

associated genes was performed via ToppFun Pathway enrichment. Heatmaps of normalized mRNA reads 

were visualized with MultiExpression Viewer (Center for Cancer Computational Biology, Dana-Farber 

Cancer Institute). Hierarchical clustering was performed with Pearson’s Correlation to measure similarity of 

genes. RNA from K562 and KG1a cells cultured in collagen for 3 days at 5 million cells per mL was collected 

through direct lysis of cells in collagen using RNeast Miniprep kit (Qiagen). Synthesis of cDNA was 

performed using iScript cDNA Synthesis kit (Bio-Rad). Quantitative PCR was performed using Power SYBR 

Green PCR mix using the 7900HT Fast-Real-time PCR system (Applied Biosystems). Fold change in 

expression for each primer pair is quantified relative to GAPDH.  

Angiogenesis Assays and Microvessel Fabrication  

For monolayer angiogenesis assays, leukemic cell lines were embedded in a collagen matrix (6 

mg/mL) at 5 million cells/mL and 20 million cells/mL and plated into 4mm PDMS wells. Human umbilical 

vein endothelial cells (HUVECs) were seeded as a monolayer on the top surface. Well devices were 

fabricated in triplicate and fed with endothelial growth media (EGM, Lonza).  

For microvessel assays, soft lithography and injection molding of collagen I was used to fabricate 

perfusable networks. Leukemia cells were seeded at 5 million cells/mL on the bottom half of the vessel. To 

seed microvessels, HUVECs were trypsinized and resuspended at a concentration of 8 x 106 cells/mL 

[108,110]. After removal of media from the inlet and outlet of the devices, 10uL of HUVEC suspension was 

added into the inlet of microvessel and allowed to attach at 37°C for 15 min. After attachment, media was 

added to the inlet reservoir for perfusion culture. Microvessels were perfused with EGM from the inlet 

reservoir. Media was replaced every 12 hours.  

For VEGF blocking studies in angiogenesis assays and microvessels, initial endothelial cell seeding 

was done with EGM. 24 hours after fabrication, media was changed to EGM supplemented with soluble 

recombinant human VEGFR2-Fc chimera (200 ng/mL).  

Immunofluorescence staining and sprout quantitation  

All devices were fixed in situ at 3 or 7 days after fabrication with 4% formaldehyde followed by three 

15 minute washes with PBS. Immunofluorescence staining of both the angiogenesis assay devices and 

microvessels were performed to visualize endothelial sprouting. A blocking solution of 2% bovine serum 

albumin (BSA) and 0.1% Triton X-100 (Invitrogen) was added for 1 hour prior to the addition of rabbit anti-

human CD31 (Abcam) primary antibody, which was incubated overnight at 4°C. The devices were washed 

three times with PBS for 15 minutes each. The goat anti-rabbit Alexa Fluor 647 or Alexa Fluor 488 

(Invitrogen) secondary antibody and Hoechst 33342 nuclear counterstain were then added and incubated 
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at room temperature for one hour, then washed three times for 20 minutes each. 

Immunofluorescence z-stack images of angiogenesis assays (step size 3µm, 150µm depth) and 

microvessels (step size 10µm, 150µm depth) of microvessels were taken with a Nikon A1R confocal 

microscope with a 10x objective. For angiogenesis assays, z-stacks were resliced to view the y-z plane and 

z-projections of 20 slices each were created using Image J (National Institutes of Health). Sprouts from 

each projection were manually quantified. For microvessels, a large image z-stack was acquired to show 

the full side of the vessel grid. Sprouts were manually quantified from a z-projection. Significant differences 

between control and anti-VEGF treated conditions were determined using Welch’s t-test.  

5.4  RESULTS 

Leukemic cell lines express varied pro-angiogenic genes 

Leukemia cell lines K562, HL-60, and KG1 are derived from patients with different myeloid 

leukemias, while cell line U937 is derived from histiocytic lymphoma [244–247]. KG1a, the cell type used 

in further experiments within this study, is a subtype of KG1 discovered after in vitro expansion of this cell 

line [247]. Examination of the mRNA expression profile of the U937, HL60, K562, and KG1 cell lines was 

performed from RNASeq data made available by the Cancer Cell Line Encyclopedia (Novartis). Pathway 

enrichment and hierarchical clustering of angiogenesis-associated genes showed varied expression of 

potent angiogenic regulators such as VEGFA, VEGFB, angiopoietin 1, and angiopoietin 2, and inflammatory 

cytokines such as IL-1β, IL-6, and IL-8 (Figure 5.2). VEGFA, known to signal through endothelial VEGFR2, 

and VEGFB, which signals through VEGFR1, are known as the primary regulators of sprouting 

angiogenesis [228]. Angiogenic factors are known to induce changes to EC function and sprouting [228]. 

Preliminary data on KG1a (a subtype of the KG1 cell line) and K562 cells cultured in collagen further 

demonstrate differences in proangiogenic factor expression (Appendix D, Supplementary Figure 1). 

KG1a cells express more VEGFA and VEGFB but less ANGPT2 and MMP2 than K562 cells. Variation in 

pro-angiogenic factors could determine the mechanisms inducing endothelial remodeling and sprouting by 

the leukemic cell lines in this study. Leukemia cell lines that express high levels of angiogenic factors have 

the potential to induce endothelial sprouting in vitro.  

Leukemia cell lines induce varying amounts of angiogenesis 

To investigate the effect of leukemic cells on endothelial remodeling, each cell line (U937, HL60, 

K562, and KG1a) was co-cultured with endothelial cells in an angiogenesis assay. Prior to seeding, 

leukemia cell lines were transduced to express the mCherry fluorescent protein for ease of visualization. 

The cells were then embedded within a collagen I matrix at 5 million cells/mL and 20 million cells/mL, with 

a human umbilical vein endothelial cell (HUVEC) monolayer seeded on the top of the matrix. Collagen 

matrices with endothelial cells but no leukemia cells embedded were used as controls. After 3 and 7 days 
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of co-culture, constructs were fixed and stained for CD31, an endothelial junctional marker, to examine 

angiogenic sprouting into the matrix.  

 
Figure 5.2.  Hierarchical clustering of angiogenesis-associated genes in U937, HL60, K562 and 
KG1 cell lines. Yellow indicates higher than average expression, while blue indicates lower than average 
expression.   



62 

 

After 3 days, all four leukemia cell lines seeded at 5 million cells/mL induced a significant number 

of sprouts per field of view compared to the EC only condition (Figure 5.3 A). At day 7, U937, K562, and 

KG1a maintained a significant increase in sprout number compared to the EC-only condition, while HL60 

did not induce a significantly higher number of sprouts (Figure 5.3B). Confocal imaging of the constructs 

at day 3 showed intact endothelial CD31 junctional staining in the EC-only condition, but heterogeneous 

and diffuse CD31 expression in the KG1a constructs. This pattern of expression suggests an unstable and 

inflamed endothelium [248,249].  

 

 

 

 

 
Figure 5.3. Leukemic cell lines induce endothelial sprouting into the matrix. (A) Leukemic cells 
seeded at 5 million cells per mL induced endothelial sprouting at day 3 and (B) day 7 of co-culture. (C) 
immunofluorescence confocal imaging shows CD31 junctional staining on EC-only cultures and (D) 
sprouting in KG1a -EC co-cultures. cross sectional views around the dashed lined are shown. Yellow 
arrowheads indicate KG1a cells co-localized with a sprout. * p < 0.05,    ** p < 0.01, *** p< 0.001. 
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Leukemia cells seeded at a high density in collagen matrix (20 million cells/mL) also induced 

endothelial sprouting after 3 and 7 days. At 3 days, K562 and KG1a induced more sprouts per field of view 

than in the EC condition (Figure 5.4 A). After 7 days of culture, HL60, K562, and KG1a induced a 

significantly increased number of sprouts from the EC-only condition (Figure 5.4 B). The overall number of 

sprouts induced by these cell lines nearly doubled compared to the 5 million cells/mL condition. 

Immunofluorescence staining of endothelial CD31 shows strong junctions in ECs cultured alone, but diffuse 

staining in KG1a-EC co-cultures (Figure 5.4 C,D). In addition, within the KG1a co-cultures some EC lumens 

appear within matrix, suggesting sprouts that may have become disconnected from the monolayer. These 

co-cultures reveal the varied effects of myeloid leukemia and lymphoma-derived cell lines on an in vitro EC 

monolayer. 

 

 

  

Figure 5.4. Leukemic cell lines seeded at high density induce endothelial sprouting into the 
matrix. (A) Leukemic cells seeded at 20 million cells per mL induced endothelial sprouting at day 3 and 
(B) day 7 of co-culture. (C) immunofluorescence confocal imaging shows CD31 junctional staining on EC-
only cultures and (D) sprouting in KG1a -EC co-cultures. Cross sectional views around the dashed lined 
are shown. ** p < 0.01, *** p< 0.001. 
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VEGFR2 blockade does not change sprouting in monolayer angiogenesis assays 

To gain insight into the mechanisms behind the leukemia cell-induced sprouting, we performed a 

VEGFR2 blocking study. The two cell lines that displayed sustained increases in angiogenic sprouts, K562 

and KG1a, were seeded at 5 million cells/mL in the monolayer angiogenesis assay platform. The media 

was supplemented with a recombinant soluble VEGFR2/Fc chimera (200 ng/mL) known to block the 

VEGFR2 receptor and inhibit VEGFA-induced angiogenesis [229]. After 3 days of culture, there was a 

significant decrease in the number of sprouts in K562 co-cultured endothelial monolayers but, surprisingly, 

no change in the number of KG1a-induced sprouts when the VEGFR2 blocking antibody was added to the 

media (Figure 5.5 A). After 7 days of culture, the effect of the antiVEGFR2 on K562 was lost, and KG1a 

maintains no change to the number of sprouts (Figure 5.5 B). These results show that blocking VEGFR2 

can have varying effects that are not only based on cell type, but also over time.  

 

 

 
Figure 5.5. K562 and KG1a co-cultured endothelial monolayers show muted response to VEGFR2 
blocking. (A) After 3 days of co-culture, K562 co-cultured endothelial cells treated with a VEGFR2 
antibody show decreased numbers of sprouts per field of view. (B) K562 and KG1a show no differences 
between VEGFR2 blocked co-cultures and control after 7 days. * p < 0.05. 
 
 
 

VEGFR2 mediates KG1a-induced sprouting in microvessels  

In vivo, leukemia-induced vascular remodeling and angiogenesis occur in the marrow vasculature, 

which are continually perfused. As such, leukemia-induced angiogenesis would be more optimally studied 

in a 3D culture system that allows for intact, perfusable vasculature. Engineered microvessels were 

fabricated as described previously [108–110]. Briefly, injection molding of collagen I onto a PDMS stamp 

forms a top piece with an imprinted network pattern. A flat layer of collagen was seeded with leukemia cell 

lines K562 or KG1a at 5 million cells/mL. After collagen gelation, the PDMS stamp was removed from the 
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top piece and the imprinted network was sealed with the cell-embedded flat collagen layer to create 

perfusable, cell-seeded microvessels. Previous work with this system has shown that the microvessels 

respond to inflammatory stimuli and can sprout when exposed to VEGF [108]. 

 

 

 
 
Figure 5.6. KG1a induced microvessel sprouting is reduced with VEGFR2 blocking. Confocal 
immunofluorescence imaging shows endothelial CD31 junctions in (A) EC only vessels (B) KG1a co-
cultured vessels, and (C) KG1a co-cultured vessels with VEGFR2 blocking. Zoomed views of boxed 
regions from A, B, and C are shown in i, ii, and iii, respectively. Orthogonal views are shown below, 
showing lateral and downward sprouts towards the leukemia-seeded collagen. (D) Quantification of the 
number of sprouts per segment in EC only, K562 co-cultured, and KG1a co-cultured vessels shows a 
significant decrease in KG1a induced sprouts in VEGFR2 blocked vessels. **** p < 0.0001. 
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Vessels seeded with or without leukemia cell lines K562 or KG1a were cultured in the microvessel 

platform for 3 to 7 days (Figure 5.6 A-C). In the microvessels, unlike the monolayer assays, endothelial 

CD31 remained at the junctions, and heterogeneous or membrane expression in KG1a co-cultures was not 

observed (Figure 5.6 A-C). At either time point, K562 co-cultured vessels displayed no significant 

differences in the number of sprouts per segment of the grid network in control or antiVEGFR2-treated 

vessels (Figure 5.6 D). In contrast, the KG1a co-cultured vessels demonstrated a significant decrease in 

the number of sprouts per segment with antiVEGFR2 at both 3 and 7 days of culture (Figure 5.6 D). The 

microvessel platform represents a more physiologically relevant geometry for the assessment of leukemia-

induced angiogenesis and highlights divergent responses to VEGFR2 blockade in leukemic cell line co-

cultures.  

5.5  DISCUSSION 

In this study, we demonstrate the first use of in vitro platforms to model leukemia-induced 

angiogenesis with two collagen-based systems: a monolayer angiogenesis assay and 3D microvessel 

platform. Four leukemic cell lines, U937, HL60, K562, and KG1a were shown to induce angiogenic 

sprouting in endothelial monolayers. When leukemia cells are seeded at high concentration in the matrix, 

lines K562 and KG1a induced consistently high numbers of sprouts per FOV. This platform demonstrates 

endothelial sprouting from a monolayer into a collagen matrix induced by leukemia cell-secreted signaling.  

 When a neutralizing antibody to VEGFR2 was introduced to the media, the effects on the K562 

and KG1a-induced sprouts were varied. In the monolayer angiogenesis assay, we observed an initial 

decrease in sprouts induced by K562 on day 3, but the effect was not present by day 7. In contrast, there 

appeared to be no effect on KG1a-induced sprouting. This can potentially be explained by a reduction in 

endothelial viability due to a destabilized monolayer after 7 days, but further analysis is needed to confirm 

this hypothesis. In the microvessel platform, however, the effect of a VEGFR2 antibody was much more 

pronounced. K562 co-cultured vessels showed no significant differences between treated and untreated 

vessels at days 3 and 7, while KG1a co-cultured microvessels demonstrated a significant reduction in 

sprouting with VEGFR2 blockade at both 3 and 7 days.  

The varied outcomes with the K562 and KG1a cell lines demonstrates the complexity of angiogenic 

signaling and the type of culture platform used. Expression data from the CCLE and RT-PCR data from cell 

lines cultured in collagen can potentially indicate mechanistic differences leading to the sprouting outcomes 

observed. KG1a cells expressed more VEGFA than K562 cells, though blocking VEGFR2, the receptor for 

VEGFA, did not consistently block endothelial sprouting in monolayer co-cultures. Both cell lines also 

express VEGFB, a factor that signals through endothelial VEGFR1 to induce migration and sprouting 

[228,229]. It is possible that blocking VEGFR2 alone was not sufficient to prevent pro-angiogenic effects 

on endothelial cells, as sprouting was not completely abrogated in either the monolayer or microvessel co-

cultures. The differences in results from the monolayer angiogenesis assay and 3D microvessel cultures 
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highlight the importance of relevant culture platforms. Further, in the microvessel platform, orthogonal views 

of the lumen clarify that the induced sprouting is directional, with the majority of sprouts extending laterally 

or down into the leukemia cell-seeded collagen layer. While 2D angiogenesis platforms provide a 

convenient screening platform, detailed examination of endothelial behavior may be better studied in a 

more in vivo-like setting incorporating laminar flow through a lumen.  

Though studies on the role of VEGF in AML disagree on the relationship between marrow 

angiogenesis and progression stage [91,92], there is broad agreement that increased marrow angiogenesis 

is an independent indicator for poor outcomes [222–224,250]. Clinical efforts to pursue treatments using 

VEGFA antibodies or VEGFR2 inhibitors have had varied success in AML, particularly due to the 

heterogeneity of cytogenetic abnormalities and the complex microenvironmental effects of hematopoietic 

angiogenic factor crosstalk. Improvements to the 3D culture platforms outlined in this study could enable 

more detailed analysis of clinically relevant phenomena, such as alternate mechanisms responsible for 

angiogenic sprouting or mobilization potential. For example, though antiVEGFR2 caused a significant 

decrease in the number of sprouts per segment in KG1a co-cultured microvessels, a baseline number of 

sprouts remained. Alternate receptors for proangiogenic pathways such as VEGFR1 or FGFR could be 

examined for their contribution to sprouting observed in these co-cultures [91,223]. Additionally, factors 

involved in endothelial destabilization, proliferation, and migration such as MMPs and angiopoietins could 

also be explored to better understand endothelial remodeling in leukemic cell co-cultures. With increased 

insight into potential pathways responsible, patient cells could also be seeded in these platforms to examine 

their effect on endothelial cells in vitro. This would be particularly useful for both exploratory research into 

the diversity of mechanisms present in different leukemias and in the context of personalized medicine. 

Combinations of relevant therapeutics, including antibody therapies, can be tested within this platform to 

inform clinical care.  

Here, we demonstrate that the co-culture of various leukemic cell lines from myeloid malignancies 

(HL60, K562, an KG1a) and histiocytic lymphoma (U937) can induce angiogenic sprouting from endothelial 

monolayers and microvessels. We further demonstrate variable responses to VEGFR2 blockade from K562 

and KG1a co-culture. With this platform, the influence of leukemic cell types on endothelial morphology and 

remodeling can be examined in vitro, allowing for a controlled comparison of AML cell subtypes. Further, 

these platforms have to potential to provide patient-specific characterization of angiogenesis, which could 

subsequently direct personalized treatment strategies.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

The platforms outlined in this dissertation describe 3D microvessels studying the interaction of 

marrow endothelial cells, stromal fibroblasts, hematopoietic stem cells, and terminally differentiated 

hematopoietic cells. This work addresses challenges in the recapitulation of the marrow microenvironment, 

with a focus on the interaction of endothelial cells with surrounding cells. In chapter 2, we demonstrate the 

fabrication of an organ-specific vascular microenvironment and characterize marrow-derived endothelial 

cells. In chapter 3, close examination of megakaryocyte migration and differentiation shows endothelial 

structural changes during platelet release. In chapter 4, the influence of stromal fibroblasts on perfused 

hematopoietic cells demonstrates the role of microenvironment on HSPC trafficking. In chapter 5, leukemic 

cells are shown to modify intact vasculature and induce angiogenesis.  

The major advantages of the microvessel model for recapitulation of the marrow lie in the matrix 

and the perfusable network geometry. Matrix-embedded cells are able to remodel their surroundings, 

migrate through the matrix, and interact with other cells present. Endothelial cells seeded within the network 

can sense surrounding cells and their structure can be altered in response to microenvironmental signaling. 

Hematopoietic cell egress into the circulation can rely on shear stresses for proper release, as in proplatelet 

and platelet formation, supporting the use of perfusion culture conditions similar to the sinusoidal regions 

of the marrow. The branched network geometries further enable examination of higher and lower shear 

stresses within a single platform.  

In each of these co-culture systems, further improvements in the cell types used, culture conditions, 

and manipulation of signaling could enable deeper insight into the cell-cell interactions present. 

Optimization of the endothelial cell populations used is necessary for organ-specific recapitulation of the 

marrow space. In chapter 2, hBMECs are compared to HUVECs in both monolayer and microvessel 

cultures. However, limitations exist currently to the use of hBMECs in broader applications due to donor 

variability and limited expansion potential of isolated cells. Methods to prevent senescence or immortalize 

the isolated hBMEC cell populations would allow for the use of all marrow-specific cells in microvessel co-

cultures. This type of manipulation has been demonstrated in HUVECs, where adenoviral E4ORF1 enables 

long term survival through MAPK-independent activation of Akt signaling [172]. These cells maintain their 

angiogenic potential and can be cultured in the absence of serum. Similar manipulation of isolated hBMECs 

would allow cell expansion and promote their broader use.  

Serum-free culture conditions are particularly important in hematopoietic stem and differentiation 

cultures, where the presence of chemically undefined components can alter cell fate and phenotype. For 

example, platelets are activated by components in serum. In chapter 3, HUVECs were used in the creation 

of a thrombopoietic niche, necessitating the use of serum during co-culture. Collected platelet-like particles 

from this thrombopoietic niche were partially pre-activated. Though there may be other causes, including 

activation from exposed collagen, the presence of serum could have contributed to platelet-like particle 
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activation. The use of serum-free culture conditions could allow better particle collection and more 

appropriate culture conditions for stem and progenitor cells.  

The extracellular matrix composition of the marrow includes collagen IV, fibronectin, laminin, and 

other components that line the marrow vasculature and play roles in hematopoietic differentiation. RNASeq 

results from chapter 2, comparing the expression of extracellular matrix associated genes in hBMECs and 

HUVECs show significantly higher expression of various collagens and laminin, suggesting that hBMECs 

contribute directly to their surrounding matrix environment. hBMEC expression patterns suggest key roles 

for extracellular matrix and matrix-associated factors not only in vessel structure, but also in interactions 

with hematopoietic cells. For example, matrix composition has been demonstrated to impact 

megakaryocyte maturation and platelet granule formation during thrombopoiesis. Inclusion of additional 

matrix components to the collagen I microvessel platform can be accomplished through perfusion of 

collagens through the vessel network prior to cell seeding, manipulation of endothelial cell populations to 

allow additional matrix secretion at the vessel wall, and incorporation of additional matrix components 

directly in the collagen. Gradients in matrix composition can more accurately recapitulate differences in 

hematopoietic niche spaces in the marrow. Advancements in patterning matrix within the platform could 

enable further understanding of hematopoietic cell-matrix interactions during migration and differentiation.  

Improvements in the control of cell-cell interactions could further the utility of an in vitro human 

marrow niche. We have demonstrated that treatment of the system with antagonists such as CXCR4 or 

VEGFR2 antibodies yields insight into major signaling pathways between cell types in the context of 

thrombopoiesis and leukemia-induced vascular remodeling. Further analysis of hematopoietic trafficking 

can be performed through manipulation of CXCR4 signaling in other contexts. For example, in chapter 2, 

unfractionated marrow cell populations are co-cultured within the microvessel platform and migration into 

the lumen is visualized via scanning electron microscopy. More detailed examination of CXCR4 or other 

signaling pathways in this context could provide more insight into how specific cell populations are retained 

or released from the marrow space. Cell responses to additional mobilization factors, such as G-CSF, which 

is used clinically in hematopoietic stem cell mobilization for transplant, can also be explored. Signaling can 

also be manipulated through overexpression or knockdown of genes in the endothelial population. In the 

studies described here, manipulation of chemoattractants and hematopoietically active cytokines could 

provide additional insight into endothelial contributions to cell function, maturation, and migration. Additional 

biochemical manipulation of specific cell types or vascular regions within a complex cell population would 

yield insight into cell-cell interactions within the vascular niche.  

Overall, this dissertation demonstrates the functionality of multiple in vitro marrow platforms in 

examining marrow cell interactions. With additional spatiotemporal control of matrix interactions and cell-

cell signaling, these co-culture platforms can improve our understanding of the role of vasculature in the 

marrow.  
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Supplementary Figure 1. Immunofluorescence staining of HUVECs. 

Supplementary Figure 2. HUVECs co-cultured with marrow mononuclear cells in microvessels.
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Supplementary Figure 1. Immunofluorescence staining of HUVECs. (A) Immunofluorescence 
staining of VE-Cadherin (ii) and von Willebrand Factor (iii). (B) Immunofluorescence staining of F-ac-
tin, caveolin-1 (ii), and PV-1 staining (iii). 
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Supplementary Figure 2. HUVECs co-cultured with marrow mononuclear cells in 
microvessels. (A) Scanning electron microscopy shows an overview of the co-culture. 
(B-C) SEM images of the endothelium of the bone marrow cell co-cultured vessels showing 
holes from abluminal side (B). The luminal side of the endothelium with no co-cultured cells 
shows an intact, continuous endothelium.
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Supplementary Figure 1. Megakaryocytes differentiation and interaction with microvessels.

Supplementary Figure 2. Canine PF4-GFP megakaryocytes migrate to the vessel wall. 

Supplementary Figure 3. Endothelial barrier function in co-cultured vessels. 

Supplementary Figure 4. Whole megakaryocytes penetrate into the vessel lumen. 

Supplementary Figure 5. Flow Cytometry Controls for generated particles. 

Supplementary Figure 6. Variation in morphology of generated particles. 

Supplementary Video 1. MK migrating towards the lumen.

Supplementary Video 2. MK at the endothelial wall.

Supplementary Video 3. Whole MK migrating into the lumen.
 



Supplementary Figure 1. Megakaryocytes differentiation and interaction with microvessels. A. 
An example flow analysis chart showing CD34+ cells after day 9 of differentiation in suspension had 
approximately 36% CD41+ megakaryocytes. Unstained population in gray, CD41+ stained cells in 
green. B. (i) TEM image of MKs far from the vessel wall within the collagen matrix shows low nucleus 
lobe number. (ii) 3D reconstruction of confocal image from a megakaryocyte nucleus 3 radius-lengths 
from the vessel wall also shows low nucleus lobe number. C. Quantification of nucleus lobe number 
for peripheral blood-derived and cord blood-derived MKs on the vessel wall and far from the vessel 
wall shows decreased lobe number in cord-blood derived MKs. D.i-iii. Human MKs line the vessel 
walls after 3 days of culture. E. (i) Zoomed view of MKs shown in cross section in Figure 2B confirm 
the CD41a+ cells contain nuclei. Cells shown are from (i) cross section 1 and (ii) 3 from the top panel, 
and cross section (iii) 2 and (iv) 3 from the bottom panel. 
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Supplementary Figure 2. Canine PF4-GFP megakaryocytes migrate to the vessel wall. A. 
MKs from canine marrow with PF4-driven GFP expression were isolated and seeded into the 
collagen matrix surrounding the microvessels. Canine MKs, similar to human MKs, migrated to the 
vessel wall after 3 days of culture. B. Quantification of canine MK distance from the vessel shows a 
nearly five-fold increase in MK concentration at the wall. Error bars indicate standard error. C. SEM 
images of the endothelium in co-culture with canine MKs shows a pore in the vessel wall with an 
MK behind it (i) and a pro-platelet cluster with MK fragments on the endothelium (ii). 
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Supplementary Figure 3. Endothelial barrier function in co-cultured ves-
sels. A. 40kD-FITC-Dextran was perfused through the MK co-cultured (control) 
vessels (i) and MK vessels treated with antiCXCR4 (ii) to visualize barrier func-
tion of the vessels. (iii) FITC-Dextran was als perfused through vessels fed with 
MK-conditioned media to test barrier function. B. Junctional staining (i) and 
scanning electron microscopy (ii) do not show holes in MK-conditioned media 
cultured vessels. 
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Supplementary Figure 4. Whole megakaryocytes penetrate into the vessel lumen. A-C. 
Scanning electron microscopy of a human thrombopoietic VME shows ultrastructure of 
whole megakaryocytes or large fragments within the vessel lumen.
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Supplementary Figure 5. Flow Cytometry Controls for generated particles. A. Corre-
sponding plots to whole blood, washed platelet, and generated particle CD41a and CD42b 
staining show unstained populations, confirming lack of autofluorescence artifacts.  
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Supplementary Figure 6. Variation in morphology of generated particles. A-D. Trans-
mission electron microscopy shows variation in particle morphology and contents. 
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Supplementary Figure 1. Expression of CD146 by 
HS27a, HS5, and MSCs is shown via RT-PCR. MSC 
expression of CD146 is variable compared to the 
HS27a and HS5 cell lines. 

Appendix C. Supplementary Figures to Chapter 4.
Supplementary Figure 1. 96



   0.000
   0.001

   0.002
   0.003

   0.004
   0.005

   0.006
   0.007

EC HS5 HS27a

P-Selec�n

   0.000

   0.001

   0.002

   0.003

   0.004

   0.005

EC HS5 HS27a

E-Selec�n

   0.000

   0.020

   0.040

   0.060

   0.080

   0.100

   0.120

EC HS5 HS27a

ICAM-1

   0.000

   0.000

   0.000

   0.001

   0.001

   0.001

EC HS5 HS27a

CXCL12

   0.000

   0.200

   0.400

   0.600

   0.800

   1.000

   1.200

EC HS5 HS27a

L32

   0.000

   0.005

   0.010

   0.015

   0.020

   0.025

   0.030

EC HS5 HS27a

CXCR4

*

m
R

N
A

m
R

N
A

m
R

N
A

m
R

N
A

m
R

N
A

m
R

N
A

m
R

N
A

m
R

N
A

   0.000
   0.001

   0.001
   0.002

   0.002
   0.003

   0.003
   0.004

EC HS5 HS27a

FLT4

   0.000

   0.005

   0.010

   0.015

   0.020

EC HS5 HS27a

Angpt 1

   0.000

   0.002

   0.004

   0.006

   0.008

   0.010

EC HS5 HS27a

FLT3

m
R

N
A

m
R

N
A

m
R

N
A

*

   0.000

   0.010

   0.020

   0.030

   0.040

   0.050

   0.060

EC HS5 HS27a

HIF1-a

   0.000

   0.050

   0.100

   0.150

   0.200

EC HS5 HS27a

hMCP-1

   0.000

   0.010

   0.020

   0.030

   0.040

   0.050

EC HS5 HS27a

DKK3

m
R

N
A

Supplementary Figure 2. RT-PCR of endothelial and stromal cells from microvessels. Similar expression of 
CXCR4, CXCL12, E-Selectin, ICAM-1, FLT-3, Angiopoietin-1, IL-6, DKK3, MCP-1, HIF-1a, IL-1b, TFGb, MIP1, 
and GM-CSF, IL-1a (normalized to L32 ribosomal protein) is shown in co-cultured vessels. KDR, P-Selectin, 
Angiopoeitin2, and FLT4 have increased expression in the endothelial-only vesels. IL6, IL1b, and IL1a have 
increased expression in the HS5 co-cultured vessels. *p < 0.05, **p < 0.01, *** p <0.001, ****p<0.0001.
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Supplementary Figure 3. 
Immunofluorescence staining 
of von WIllebrand Factor in an 
EC only vessel after 6 days of 
culture. Scale bar = 50 µm.

vWF Nuclei 
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Primers used for RT-PCR Sequence
L32 – for normalization AGTTCCTGGTCCACAACGTC

TTGGGGTTGGTGACTCTGAT
cMYC ex3 /hMYC Ex3 AAGGACTATCCTGCTGCCAA

CGCCTCTTGACATTCTCCTC
ICAM1 ex7 GTACCTCTATAACCGCCAGC

GCTTGTGTGTTCGGTTTCAT
VCAM1 ex9 ATGCCCATCTATGTCCCTTG

GCAGTTACTGTTCTTCAGGC
MCP1 ex3 AAACCCAAACTCCGAAGACT

ATAAAACAGGGTGTCTGGGG
TEK ex23 AGCCAGTCCCGTTTCATTTA

TGTTAGCATCCTGGACTGAC
VWF ex52 ACCAATGGCTCTGTTGTGTA

CTCACTTGCTGCACTTCCT
PECAM1 ex2 ACAACCCAGTAGAGATGCAG

ATTTTCCACCATGACGCTTG
KDR ex 30-1 GCCCCATCCTCAAAGAAGTA

CGAACACTTACATTGCCTGG
Angpt1 ex9 TCTGCCTGTAAGTGTCCAAG

GGAGGCCCAGTAGCTTTATT
Angpt2 Ex9 TCTTATGAGCGAGAATGGGG

AAGCTCCTCTCAGCAAAACT
cFOS ex4 TTCCTCTGACTCGCTCAGCTC

AGTCCTTGAGGCCCACAGC
Egr1 ex2-2 ACTCCTCTGTTCCCCCTGCT

GTCCTGGGAGAAAAGGTTGCT
CXCR4 ex2 GGCCAAGTTCTTAGTTGCTG

GATTCACTACACGCTCTGGA
CXCL12 ex4 TCTGTGAGATCCGTCTTTGG

AGACTTGTCTTTTGCGGGTA
FLT3 ex24 GGATTTGGGGCTACTCTCTC

TAGGGATAGGTGGAGGGATG
FLT4 ex30 CGGTCTGGTTCTTCCCTTTA

TCTCTCATGAGCTGGTTCAC
IL6 ex5 GGCACCTCAGATTGTTGTTG

CATAAGTTCTGTGCCCAGTG
IL8 ex4 GTGTTGGTAGTGCTGTGTTG

ATTGACTGTGGAGTTTTGGC
NFKB ex24 GCAAACTCAGCTTTACCGAG

GTCCTTCCTGCCCATAATCA
RELA ex11 AGCCCACAAAGCCTTATCAA

CTGGTATCTGGGGCGTTATT
DKK3 ex14 CCCTGTCCAGATTATTGGCT

CATCTCCTCCCCTCAAACAA
SELE ex4 AGCAAAGGTGAAGAGACCAA

TGTGCCAAGATTTTACAGCG

Supplementary Table 1. Primer information for RT-PCR analysis.
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CSF2 Ex4 TTCCTGTGCAACCCAGATTA
AAGGGGATGACAAGCAGAAA

HIF1a ex15 TTAGCATGTAGACTGCTGGG
GCTGCCTTGTATAGGAGCAT

IL1a ex7 CCATCACAGGTAGTGAGACC
AACAAGTTTGGATGGGCAAC

IL1b ex7 AGAGAGTCCTGTGCTGAATG
AGACAACAGGAAAGTCCAGG

IL3 ex5 CGGAGGAAACTGACGTTCTA
TGGACGTTGGACTCAAAAGA

IL1 ex4 GAAGGAAGCCAACCAGAGTA
TCAGCTCGAACACTTTGAAT

TGFb ex7 ATGGGGGCTGTATTTAAGGA
GCAGTCCTCTCTCCATCTTT

TGBS1 ex22 TCAAACCAGTGTAAGGCAGT
TTCCTGCTACATCTGCACAA

TIMP1 ex6 CCCAGATAGCCTGAATCCTG
AAAGATGGGAGTGGGAACAG

TIMP3 ex5 TGAGCCCAGACTTGATGTTT
AGGGAACTTGTGTAGGTTGG

CHRDL1 ex12 TCAGCCAGATGTGTTCAAGT
GCCCTTTTCAGATCTCTCCA

KITLG ex10 GCTTTGCACCTCTTTGGTAG
TCACTCAGGAGGCAACATTT

MIP1a ex3 AAGCCACCAGACTGACAAAT
TTATTATTTCCCCAGGCCGA

Notch1 ex34 TCCACCAGTTTGAATGGTCA
AGAGGGTTGTATTGGTTCGG

OCLN ex9 ACAGCAATGGAAAACCACAC
CCAAAGGAATGGGAAACGAC

PDGFb ex7 CGTTTTGAAGACGTGGACTC
ACTCCATCTCTAACCCACCT

ROBO4 ex18 TGCCAAACAAAGGGTTCAAG
TGACAACAGTACGAGGATGG

SELP ex17 CAGTGGTTGCTGTTGATGAG
CTTGATTCTTGGCCTTCTGC

CDH5 ex5 GCCAATCCATGCTCTCTTTC
TAAAGGCCACATCTTGGGTT

CSPG4 ex10 ACCAGGGTAACCTCCTACAT
CCTTCTCCTTGCCCTCTTAG

FLT1 ex30 TAAGGTCAAGGGAAAACCCC
AAACGTGACTGACTTCCTGT

Primers used for RT-PCR Sequence

Appendix C. Supplementary Figures to Chapter 4.
Supplementary Table 1. (continued)

Supplementary Table 1 (Continued). Primer information for RT-PCR analysis.
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Supplementary Figure 4. Monocytes perfused through EC, EC with HS27a-conditioned media, or HS27a-co-cultured 
vessels. Quantification of monocyte adhesion shows no changes  in adhesion between EC only and EC with 
HS27a-conditioned media but an increase within the HS27a-co-cultured vessels. Scale bars = 100 µm.
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Supplementary Figure 5. Expression of VCAM1 in monocytes co-cultured 
with stromal fibroblasts and conditioned media. Microarray expression 
analysis of (A) monocytes from two different donors alone. (B) Expression of 
VCAM in HS5 cells, Monocytes cultured with HS5 conditioned media, and 
Monocytes co-cultured with HS5 cells. (C) Expression of VCAM in HS27a cells, 
Monocytes cultured with HS27a conditioned media, and Monocytes co-cultured 
with HS27a cells. Expression values extracted from microarray data from Iwata 
et al. (www.ncbi.nlm.nih.gov/geo/; accession numbers GSE9390 and 
GSE10595, gene ID: 203868_s_at)
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Supplementary Figure 1. RT-PCR of Leukemic cell 
lines KG1a and K562 cultured in collagen. RNA isolated 
from cell lines cultured in collagen shows significant 
differences in angiogenesis-associated genes. KG1a 
has increased expression of VEGFA and VEGFB, key 
ligands for the induction of angiogenic sprouting. K562 
has increased expression of ANGPT2 and MMP2, 
genes involved in endothelial destabilization.
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