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Bone marrow microenvironment has been suggested to be critical for platelet generation. 

Understanding the environmental cues that regulate megakaryocytes development and platelet 

production remains a major goal of developmental and clinical biology. My thesis projects focus 

on understanding interactions between bone marrow microenvironment and thrombopoiesis, so 

as to develop a novel method to produce platelets in vitro. 

I first investigated soluble factors affecting megakaryopoiesis and thrombopoiesis by performing 

a genome-wide search to identify plasma membrane receptors whose ligands may play important 

functional roles in this developmental process.  Thirty-night transmembrane receptor genes were 

identified.  The robustness of this dataset was tested by selecting 7 receptor-associated genes and 

examining the ability of their matched-ligands to modulate megakaryocytopoiesis. Overall, 6 of 

7 of the plasma membrane receptors have functional roles in megakaryocyte (MK) and platelet 

biology. These data also indicate for the first time that adiponectin plays a regulatory role in MK 

development.  Most importantly, these results support the notion that there is a strong likelihood 
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that the 40 transmembrane genes constitute a MK receptome that will be an important resource 

to the research community for deciphering the complex repertoire of environmental cues that 

regulate megakaryocytopoiesis and/or modulate platelet function.  

I also reconstituted an in vitro 3D microvascular niche, which allowed me to study the final 

maturation of MKs and the close interactions between MKs and endothelium. MKs migrate 

toward microvessels via CXCR4-mediated pathways, transmigrate across endothelium and 

release functional platelets into vessel lumen. I observed two transmigration modes: paracellular 

transmigration through cell-cell junction and pericellular transmigration directly through 

endothelial cells. Transmigration of MKs leaves pores in the endothelium and makes the 

microvessel leaky. This study suggests that big MK fragments may leave bone marrow and enter 

the blood steam. A stage of MKs with platelet territories was discovered in our study, indicating 

a transit stage between demarcation membrane system and proplatelet. Collectively, by 

developing 3D MK-microvessel coculture system, we successfully study the crosstalk between 

MKs and microvessel and produce and collect platelets from microvessel. This system would 

serve as an alternative human thrombopoiesis model, complementing animal models and clinical 

studies, and potentially serve as a platform for large-scale productions of platelets for transfusion. 
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Chapter 1 Introduction 

1.1 Motivations and research objectives 

Although only 100 years ago people considered platelets as the “dust of the blood”, now the 

understanding of thrombopoiesis has grown rapidly and the importance of platelets is widely 

accepted. Human platelets, which are derived from bone marrow megakaryocytes, are small 

(~2.5um), plate-like anuclear cells. Approximately 150 billion platelets are produced every day 

in human adults at steady state [1]. In addition to their primary function of preventing and 

arresting hemorrhage, platelets also play important roles in regulating vascular integrity, 

angiogenesis, inflammation, and the immune response [2-4]. The importance of 

megakaryopoiesis and thrombopoiesis is apparent. Dysregulation of megakaryocyte development 

and platelet generation leads to severe thrombocytopenia with significant bleeding and mortality. 

About 2.5 percentage of normal population have got thrombocytopenia, which is a condition in 

which your blood has a lower than normal number of platelets [5]. The main causes of 

thrombocytopenia are decrease of platelets generation, increase of platelet destruction or trapping 

of platelets in the spleen [5]. Morbidity and mortality from bleeding due to moderate to severe 

thrombocytopenia are major problems facing a wide range of patients. One of the major 

treatments to severe thrombocytopenia is platelet transfusion. In the United States, 

approximately 1.5 million platelet transfusions are administered yearly to patients to reduce their 

risk of bleeding [1]. Unfortunately, platelet transfusion faces big problems. At least 30% of the 

transfusions are associated with medical complications, usually by immune or cytokine-mediated 

febrile reactions [1]. And platelet transfusions are expensive partially because the short storage 

time at room temperature and high risk of bacterial contamination.  
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Thus, a better understanding of megakaryopoiesis and thrombopoiesis and better strategies to 

treat severe thrombocytopenia and to accelerate platelet count are urgently needed. The goal of 

my PhD research is to understand the effect of microenvironment on thrombopoiesis and to 

develop a novel method to produce platelets in vitro. This objective is broken down into two sub-

projects: 

1.1.1 Identify novel soluble factors affecting megakaryopoiesis and thrombopoiesis. 

 

Megakaryocyte (MK) development is critically regulated by plasma membrane-localized 

receptors that integrate a multiplicity of environmental cues. We performed a genome-wide 

search to identify plasma membrane receptors whose ligands may play important functional roles 

in this developmental process.  Forty transmembrane receptor genes were identified.  The 

robustness of this dataset was tested by selecting 7 receptor-associated genes and examining the 

ability of their matched-ligands to modulate megakaryocytopoiesis. Overall, 6 of 7 of the plasma 

membrane receptors have functional roles in MK and platelet biology. These data also indicate 

for the first time that adiponectin plays a regulatory role in MK development.  Most importantly, 

these results support the notion that there is a strong likelihood that the 40 transmembrane genes 

constitute a MK receptome that will be an important resource to the research community for 

deciphering the complex repertoire of environmental cues that regulate megakaryocytopoiesis 

and/or modulate platelet function.  
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1.1.2 Investigate the megakaryocyte and microvessel interplay by developing a 3-D bone 
marrow niche biomimetic microdevice. 

A 3-D microdevice has been developed to mimic bone marrow niche for thrombopoiesis, which 

contains microvessel network, extracellular matrix and bone marrow stromal. MKs have been 

co-cultured in the 3-D system with endothelial cells. We observed the migration and 

transmigration of MKs to microvessel, release of platelets into vessel lumen. We also first 

observed the MK-induced endothelial fenestration and sprouting angiogenesis. VEGF has been 

demonstrated to play a role in both endothelial fenestration and angiogenesis. 

 

1.2 Background 

1.2.1 Cellular origins of megakaryopoiesis and thrombopoiesis 

Megakaryocytes (MKs), like other hematopoietic cells, are derived from hematopoietic stem 

cells (HSCs) in the bone marrow (Figure 1.1)[6]. Megakaryopoiesis can be divided into 4 

stages[7].  The first stage is characterized by primitive HSCs capable of self-renewal. During 

MK maturation, HSCs give rise to different committed progenitor cells (stage 2), including 

colony forming units granulocytes, erythrocytes, monocytes, and megakaryocytes (CFU-

GEMM), burst forming-MK (BFU-MK) and colony forming units-megakaryocytes (CFU-MK).  

The BFU-MK is a highly proliferative cell producing up to hundreds of MKs per cell while the 

CFU-MK, the more differentiated cell of the MK progenitors, produces about 3-50 cells per 

colony[1]. Intermediate between proliferating progenitor cells and mature MKs are the immature 

MKs (stage 3), including transitional pro-megakaryoblasts, megakaryoblast with a high nuclear 

to cytoplasmic ratio and promegakaryocyte with increased cytoplasmic volume and number of 
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platelet-specific granules. The final stage of MK development is the platelet-shedding 

megakaryocytes. 

 

Figure 1.1 Overview of four stages of megakaryopoiesis.  

Stage 1: Hematopoietic stem cells capable of self-renewal; stage 2: Committed megakaryocyte 
(MK) progenitors; stage 3: immature MKs; stage 4: platelet shedding MKs. Adapted from [7]. 

 

The mechanism of thrombopoiesis has been a matter of debate for several years. There are two 

models of thrombopoiesis. Proplatelet model and cytoplasm fragmentation model [8]. Proplatelet 

model proposed that mature MKs extend long, branching proplatelet into bone marrow sinusoid 

and release proplatelets or platelets into bloodstream. This model is supported by multiple 

ultrastructure images of proplatelets extending into bone marrow sinusoid [9, 10]. The cytoplasm 
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fragmentation model proposed that platelets are released by fragmentation of the cytoplasm 

without proplatelet formation. This model was supported by several electron micrographs of 

internal membrane of mature MKs [11, 12] and in vitro and in vivo observations of explosive 

fragmentation of the entire cytoplasm of MKs [13-15]. 

More evidence has indicated that in addition to bone marrow, lung might be another important 

location of thrombopoiesis. Lung is the first capillary bed entered by any cells leaving bone 

marrow [10]. Furthermore, MKs infused into mice by tail vein are mostly located to the 

pulmonary vasculature [16]. In human, 10 times more intact MKs are found in pulmonary 

arterial blood than in blood from aorta [17].  

1.2.2 Bone	
  marrow	
  niche	
  of	
  megakaryopoiesis	
  and	
  thrombopoiesis	
  

Bone marrow niche provides physical support, soluble factors and cell-mediated interaction to 

regulate the proliferation and maturation of MKs, and thrombopoiesis. 

1.2.2.1 Soluble	
  factors	
  
Thrombopoietin (TPO) is the main regulator of MK development. It stimulates MKs to increase 

in cell size, ploidy and proplatelet formation [18]. In addition to TPO, other cytokines, including 

interleukin (IL) 3, IL6, IL11, stem cell factor (SCF), Fms-like Tyrosine Kinase-3 (FLT3), 

fibroblast growth factor (FGF) and erythropoietin (EPO) have also been reported to stimulate 

megakaryopoiesis alone or combined with TPO [8, 14, 19]. Transforming growth factor β1 (TGF 

β1)[20], platelet factor 4 (PF4) [21] and IL4 [22] are negative regulators of megakaryopoiesis [8]. 

Stromal cell-derived factor 1(SDF1), whose main receptor is CXCR4, is a key chemokine 

involved in hematopoietic cells in bone marrow. SDF1 is synthesized mainly by bone marrow 

stromal cells, endothelial cells, MKs and dendritic cells [23, 24]. SDF1 and FGF-4 restore 
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platelets production in TPO-/- and c-mpl-/-. SDF1 enhances the MK movement to junctions 

between sinusoid, while FGF-4 promote the adhesion of MK to bone marrow endothelial cells 

[25]. 

1.2.2.2 	
  Non-­‐cellular	
  factors	
  in	
  the	
  bone	
  marrow	
  niche	
  
	
  

Oxygen tension. MKs grow and mature in proximity to the BM sinusoid. Platelet shedding 

occurs either in BM sinusoid or lung vasculature, where oxygen tension is relative higher than 

BM endosteal niche where HSCs reside. Peripheral blood CD34+ cells produced more CD41+ 

cells [26] and CD41+ cells and yielded higher ploidy MKs [26] under 20% pO2 than under 5% 

pO2. In contrast, More CFU-MK was produced under 5% pO2 [27], indicating mature MKs 

prefer higher oxygen tension, while MK progenitors prefer lower oxygen tension. 

Shear force. Human mature MKs were perfused at a high shear rate on von Willebrand factor 

(VWF) coated surface. Higher percentage of proplatelets and platelets was formed [28]. 

Extracellular matrix in bone marrow niche. Extracellular matrix proteins are the main 

component of bone marrow niche. Vitronectin, collagen [29], VWF [30] and fibrinogen [31] 

have been shown to promote proplatelet formation. GPIIb/IIIa and GPIb both play a role in 

thrombopoiesis. Mutation of GPIIb/IIa induced proplatelet formation in the presence of 

fibrinogen [32]. GPIb deficiency in human or mice causes thrombocytopenia with an increased 

size of platelets [33, 34]. 
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1.3 In vitro production of platelets 

Platelets have been reported to be produced from different sources of HSCs: human cord blood 

derived stem cells [35-39], bone marrow derived stem cells[40, 41], mobilized peripheral blood 

derived stem cells[42, 43] and embryonic stem cells[44, 45].  

2-step strategy was mostly used for large amount production of platelets [38-40, 42, 43]. HSCs, 

with or without stromal cells, were cultured in one culture condition to promote proliferation. 

After 3-10 days culture, cells were moved to another culture condition with different cytokine 

combination to facilitate differentiation of MKs. Some groups added one more step to enhance 

the terminal differentiation of MKs and release of platelets [37]. 

In addition to traditional 2D culture, 3D bioreactors were also developed to facilitate platelet 

production. Sullenbarger et al grew cord blood CD34+ cells in surgical-grade woven polyester 

fabric or hydrogen scaffolds and continuously produce platelets for more than 32 days [46]. 

Pallotta et al developed a 3D bioreactor using a silk-based vascular tube and generate platelets 

from cord blood stem cells [47]. 

In order to characterize culture derived platelets, most of the studies tested platelet-specific 

surface markers (CD41, CD42b), fibrinogen binding and morphology change and P-selectin 

expression change with agonist. Although these studies indicated that culture derived platelets 

share similar morphological and functional characteristics with human nature platelets, no in vivo 

assay has been performed to test their hemostatic function. 

Because of the low yield of platelet production and questionable quality of culture derived 

platelets, another strategy was also been studied to replace standard platelet products: expanding 

MKs instead of platelets in vitro. Infusion of murine mature MKs into mice yield function 
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platelets [16]. Human cord blood derived megakaryocytic progenitors has been infused into	
  

patients with advanced hematological malignancies [48]. With one year follow-up, acute and 

chronic GVHD had not been observed among patients, even without ABO blood group and HLA 

typing matching.	
  These initial results suggested that infusion of megakaryocytic progenitors 

appears safe and feasible for treatment of thrombocytopenia. 
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Chapter 2 Establishment of an in vitro megakaryopoiesis and 

thrombopoiesis culture system 

2.1 Abstract 

One of the main therapies for severe thrombocytopenia is platelet transfusion. However, platelet 

transfusion is not ideal due to the related medical complications, cost and consumed time. 

Researchers tried to develop alternative methods to treat sever thrombocytopenia. One of them is 

to produce functional platelets from hematopoietic stem cells. Although several publications 

indicated the success, the quality of produced platelets has not been confirmed. In this chapter, I 

established an in vitro culture system to obtain megakaryocytes (MKs) and platelets. Interleukin 

(IL) 3, IL6, stem cell factor (SCF) and thrombopoietin (TPO) were used as a cytokine cocktail to 

enhance both proliferation of stem cells and differentiation of stem cells into MK lineage. 

Proplatelet formation was achieved by culturing MKs on VWF-coated surface. Although the 

differentiation of cord blood CD34+ cells into MKs occurs efficiency, terminal maturation of 

MKs appears to be precluded. Cord blood CD41+ platelet-like particles could be obtained from 

culture supernatant, but the number of platelets produced by each MK was low. Although the 

limitation of the 2-D suspension culture system requires better culture system to produce 

functional platelets, it still can be used as a platform to produce MKs and platelets in vitro for 

further research. 

2.2 Introduction 

In the United States, approximately 1.5 million platelet transfusions are administered yearly to 

patients to reduce their risk of severe bleeding and the demand is steady increasing[49]. However, 
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the platelet transfusion therapy is way from ideal. It is expensive, time-consuming and of limited 

efficacy. Thus an alternative therapy is urgently needed. One of the solutions is to produce 

platelets of clinical quality in vitro for transfusion. Hematopoietic stem cells from bone marrow, 

peripheral blood, umbilical cord blood and embryonic stem cells have been cultured and 

differentiated into MKs successfully[7]. Most of the culture system uses a two-stage strategy: 

first stage to amplify hematopoietic stem and progenitors, the second stage to differentiate them 

into MKs[7]. Although a number of studies indicate that platelets produced in vitro have a 

similar morphology, surface markers and function as blood platelets. A considerable portion of 

produced particles is cell debri from MKs, activated platelets or non MK cells. In this chapter, I 

would introduce a culture strategy to produce MKs and platelets from cord blood. This strategy 

would be the platform to generate MKs for research and for the following chapters. 

2.3 Materials and Methods 

2.3.1 Cytokines and antibodies 

Recombinant human cytokines interleukin (IL) 3, IL6, SCF were purchased from R&D Systems 

(Minneapolis, MN). Phycoerythrin (PE) conjugated anti-human antibodies CD41a and mouse 

IgG1 isotype control were purchased from BD biosciences (San Jose, CA, 

http://www.bdbiosciences.com). Human VWF was purified from commercial cryoprecipitate 

prepared at Puget Sound Blood Center as described in [50].  

2.3.2 Enrichment of human cord blood CD34+ cells 

Human umbilical cord blood (UCB) was donated after obtaining informed consent.  UCB was 

processed by adding 6% (wt/vol) Hetastarch (Hospira, Lake Forest, IL) to a final concentration 
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of 1.2%, and gravity sedimented over 60 min. [51] The leukocyte-enriched supernatant was 

removed, centrifuged for 10 min at 300 x g, and the leukocyte-poor supernatant was removed. 

The cell pellet was treated with ACK lysing buffer (Invitrogen, Carlsbad, CA), followed by a 

wash with PBS. To obtain highly purified CD34+ cells, leukocyte-enriched fractions were 

labeled with anti-CD34 antibody conjugated to magnetic microbeads (Miltenyi Biotec, Bergisch 

Gladbach, Germany). CD34+ cells were positively selected with an autoMACS separator 

according to the manufacturer’s instruction. Greater than 90% of the enriched cells were CD34+ 

cells as determined by flow cytometry (FACSCaliber; Becton Dickinson). 

2.3.3 Culture derived megakaryocytes 

UCB CD34+ cells were seeded 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), and TPO (50 ng/ml) (Day 0). The suspension cultures were incubated 

and fed every week at 37oC in a 5% CO2 humidified chamber. 

2.3.4 Surface marker expression by flow cytometry 

Cells were collected by centrifugation and re-suspended into phosphate-buffered saline 

(PBS)/2% Bovine Serum (BS). Cells were then stained with FITC or PE conjugated antibodies, 

or the corresponding isotype controls and incubated for 15 minutes. Cells were washed and 

analyzed on a FACSCalibur flow cytometer.  For indirect labeling, after labeling cells with a 

primary antibody, cells were stained with a FITC or PE conjugated secondary antibodies. Cells 

were then analyzed on a FACSCalibur flow cytometer. 
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2.3.5 Proplatelet formation 

UCB CD34+ cells were 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), and TPO (50 ng/ml) 

for 7 days. Day 7 cells were stained with FITC conjugated anti-CD41 antibody and CD41+ cells 

were sorted by BD FACSCalibur cell sorter (San Jose, CA). CD41+ cells were then placed on 

12-well plate containing a VWF coated glass coverslip.  

2.4 Results 

2.4.1 Differentiation of megakaryocytic lineage cells 

A cytokine combination – interleukin (IL) 3 (10ng/ml), IL6 (10ng/ml), stem cell factor (SCF) 

(10ng/ml) and thrombopoietin (TPO) (50ng/ml)- was used to generate MKs from CB CD34+ 

cells. After 10 days culture, the total nucleated cells number was increased by 24 times, and 74% 

± 9% of cells expressed CD41 antigen which is the specific surface maker for MKs. There are 

clearly two populations of MKs based on the expression level of CD41 antigen and cell size 

(forward scatter) according to flow cytometry analysis (Figure 2.1A). Most of the CD41+ MKs 

expressed CD41 antigen at lower lever and remained smaller at day 5, while higher 

CD41expressing larger MKs started occurred at approximately day 8. The percentage of highly 

CD41 expressed larger MKs is increased during the incubation, indicating that MKs in culture 

become more mature.  To optimize the culture condition, we compared two cytokine 

combination – IL3 (10ng/ml), Il6 (10ng/ml), SCF (10ng/ml), TPO (50ng/ml) (36ST) and 

IL6(10ng/ml), SCF(10ng/ml), TPO(50ng/ml), Flt 3(10ng/ml) (6STF). CB CD34+ cells were 

cultured with each of the two cytokines for 16 day. Cells were fed each week and CD41 antigen 

expression was analyzed every day since day 5. The maximum percentage of cells expressing 
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low quantities of CD41+ was 53% ± 0.7% and 72% ± 2% when CB CD34+ cells were cultured 

with 36ST or 6STF respectively, both occurring on day 15 (Figure 2.1B). Highly CD41 

expressed cells reached the maximum percentage on day 11 (19% ± 1%) and day 12 (27% ± 

2%), when CB CD34+ cells were cultured with 36ST or 6STF respectively (Figure 2.1B). 

 

Figure 2.1 Kinetics of in vitro megakaryocytes (MK) development.  

(A) The flow cytometry dot plots compare CD41 expression and FSC during MKs development. 
(B) Percentage of CD41lo (left) expression and CD41hi (right) expression during MKs 
development. N=3. 
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2.4.2 Generation of platelet-like particles from in vitro culture 

Small particles released from culture derived MKs were collected and analyzed (Figure 2.2A). 

FACS analysis data of plasma-derived fresh platelets from the healthy volunteers is shown in 

Figure 2.2B. Gate 1 was considered as platelet-sized particles. Only CD41+ gate 1 particles were 

considered as platelet-like particles (PLP), while the other CD41- particles were surmised to be 

cell debris. The number of CD41+ platelet-sized particles (platelet-like particles) was compared 

to mature CD41hi megakaryocytes (cells in gate R4 and R5 as in Figure 2.1A). Approximately 

76, 45 and 6 platelet-like particles were released from each mature megakaryocyte on days 10, 

12 and 14, respectively (Figure 2.2C). 

 

 

Figure 2.2 Platelet-like particles (PLP) released from in vitro megakaryocyte (MK) culture. 
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(A) Light micrograph of MKs and released PLPs. (B) The flow cytometry dot plots compare 
human fresh platelets and in vitro culture derived PLPs. (C) PLPs produced per CD41+ cells 
produced in culture. 

2.4.3 Generation of proplatelet 

MKs tend to be suspended in 2-D culture system. Thus few proplatelets could be observed. 

However, MKs could attach to a surface coated with extracellular matrix, which promoted 

proplatelet formation.[30] Here human von Willebrand brand factor (VWF) was used to be 

coated on a glass coverslip to allow MK attachment. Day 7 CD41+ MKs were cultured on a 

VWF coated surface for another 7 days. Approximately 20% of MKs formed proplatelets (Figure 

2.3). The culture derived proplatelets have the hallmark feathers of human proplatelets – long, 

thin shafts, branch points and swelling tips (Figure 2.3A, C, D). The Wright – Giemsa staining 

also showed the very thin cytoplasmic coverage around nuclei of proplatelet forming MKs 

(Figure 2.3B). 
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Figure 2.3 Proplatelet formation on VWF coated surface.  

(A) Light micrograph of proplatelets after 14 days culture on VWF coated glass. (B) Wright-
Giemsa stain of proplatelets. (C) Scanning electron micrograph (SEM) of a proplatelet forming 
megakaryocyte. (D) Zoomed SEM of proplatelets. 

 

2.5 Discussion 

In this chapter, I demonstrated a 2-D culture system to generate MKs and platelets using serum-

free media and a cytokine combination. Approximately 20 times more nucleated cells could be 

obtained on day 10 compared to the seeded CD34+ cells. 73% of the day 15 cells were 

expressing CD41 antigen when cells were cultured with IL6, SCF, TPO and FLT3. CD41+ 

platelets-like particles could be obtained in the supernatant of culture-derived MKs from CB. 

Proplatelet formation was observed from UCB culture derived MKs. These results imply that our 
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method of MKs and platelets generation could be feasible for a platform to study 

megakaryopoiesis and thrombopoiesis. 

Although the 2-D culture system could be used to generation platelets, the limitation of it is 

apparent: (a) the ploidy of culture derived MKs is low. (Data not shown) Even for CD41hi MKs, 

most of them are still low ploidy (2N-4N). However, in vivo 80% of the low ploidy (4N-8N) 

MKs were immature and 95% of the platelet shedding megakaryocytes were 16N-32N.[52] (b) 

Culture generated platelets from each MK are few, only approximately 76 platelets from each 

MK, compared to 1000 to 3000 platelets from each MK in vivo.[53] (c) the number of culture 

generated MKs was not high enough for large scale production in clinic. 

It has been always a problem that cord blood derived MKs have lower ploidy. Although cord 

blood CD34+ cells give rise to approximately 10-fold more MKs than peripheral blood (PB) 

derived CD34+ cells, MKs generated from CB are always smaller and of lower ploidy than 

peripheral blood derived MKs. [54] Proplatelets produced from CB MKs are also smaller, with 

fewer branches and bulbs than PB MKs derived proplatelets. [54] However, unlike BM MKs, the 

maturation and polyploidization of which appear to be linked [53], 58% of low-ploidy CB MKs 

( 2N and 4N) are already cytoplasmically mature. [54] Not only in in vitro culture, after human 

CB transplantation, MKs in the postengraftment BM samples were significantly smaller than that 

after BM transplantation. [55] Similarly, these small MKs have a lower DNA content, but 

mature-appearing cytoplasm. As a reflection of the smaller size and smaller cytoplasmic volume, 

CB MKs also produce fewer platelets [56, 57], which explained why each of our culture derived 

MK produce only about 76 platelets, compared to 1000 to 3000 platelets from each MK in 

vivo.[53] 
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Cord blood has been demonstrated to be a good source for hematopoietic stem cells, and is used 

for stem cell transplantation and in vitro platelet generation. However, cord blood transplantation 

faces delayed platelet engraftment and in vitro platelet production faces fewer platelets derived 

from each MKs. What is the mechanism behind them? Slayton et al transplanted mice newborn 

liver hematopoietic stem cells and adult bone marrow stem cells into recipient mice. [58] They 

found that transplanted stem cells, regardless of their sources, gave rise quickly to big MKs that 

were even larger than normal adult MKs. However, MKs derived from neonatal stem cells were 

significantly smaller than those derived from adult bone marrow stem cells. These results 

indicated that both intrinsic and microenvironmental factors contribute to the difference of 

generating large MKs between neonatal and adult stem cells. In human clinical study, the median 

MKs diameter seen in patients after CB transplantation (16.7 µm) [55] is between the mean 

diameter of neonatal MKs (15.3 µm) and adult MKs (19.4 µm) [59], which also supported that 

microenvironment plays a role in regulating CB MKs size along with intrinsic factors. 

In summary, although our technology to produce human MKs and platelets from CB in vitro is 

not sufficient for large-scale production of platelets for clinic use, it could still be a good 

platform to study MKs and platelets. To further improve the ability to produce large scale of 

platelets from CB, both intrinsic and microenvironmental factors should be considered and 

optimized. In the next chapter, a systematic method was used to screen and find novel soluble 

factors affecting MKs development, and in chapter 4 and 5, a 3-D biomimetic microdevice has 

been developed to mimic bone marrow niche for thrombopoiesis and try to find possible factors 

to improve thrombopoiesis. 
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Chapter 3 Investigation of the expression of plasma membrane 

receptor during megakaryocyte development 

3.1  Abstract  

Megakaryocyte (MK) development is critically informed by plasma membrane-localized 

receptors that integrate a multiplicity of environmental cues.  Since current understanding about 

receptors and ligands involved in megakaryocytopoiesis has been based on single targets, we 

performed a genome-wide search to identify plasma membrane receptors whose ligands may 

play important functional roles in this developmental process.  Thirty-nine transmembrane 

receptor genes were identified as being up-regulated during MK development.  The robustness of 

this dataset was tested by selecting 7 receptor-associated genes and examining the ability of their 

matched-ligands to modulate megakaryocytopoiesis.  These genes included: interleukin 9 

receptor (IL9R), transforming growth factor, β receptor II (TGFBR2), interleukin 4 receptor 

(IL4R), colony stimulating factor-2 receptor-beta (CSFR2B), adiponectin receptor (ADIPOR2), 

thrombin receptor (F2R), and interleukin 21 receptor (IL21R).  RNA and protein analyses 

confirmed their expression in primary human MKs.  Matched-ligands to IL9R, TGFBR2, IL4R, 

CSFR2B, and ADIPOR2 affected megakaryocytopoiesis.  IL9 was unique in its ability to 

increase the number of MKs formed.  In contrast, MK colony formation was inhibited by 

adiponectin, TGFβ, IL4, and GM-CSF. The thrombin-F2R axis affected platelet function, but not 

MK development, while IL21 had no detectable effect on platelet function or MK development. 

Overall, 6 of 7 of the plasma membrane receptors have a functional role in MK and platelet 

biology. These data also indicate for the first time that adiponectin plays a regulatory role in MK 

development.  We anticipate that the MK receptome defined in this study will be an important 
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resource to the research community for deciphering the complex repertoire of environmental 

cues that regulate megakaryocytopoiesis.  

3.2 Introduction 

Megakaryocytopoiesis involves the proliferation and differentiation of hematopoietic stem cells 

to form MK progenitors that undergo a maturation process that culminates in a release of 

approximately 1011 platelets per day into the blood circulation [60]. This process is tightly 

regulated by a number of factors, which include extracellular cues such as cytokines, cell-to-cell 

interactions, and cell-to-extracellular matrix interactions.  Among cytokines that are known to act 

as important extracellular regulators of megakaryocytopoiesis is the main physiological 

stimulator of this specific cell-lineage commitment, thrombopoietin (TPO) [1]. Additionally, 

interleukin 3 (IL3), interleukin 6 (IL6), interleukin 11 (IL11), stem cell factor (SCF) and fms-like 

tyrosine kinase 3 ligand (FLT3) act as positive regulators of MK development [1, 60]. There are 

also several cytokines which are documented as negative regulators of MK development, such as 

transforming growth factor beta (TGFβ), platelet factor 4 (PF4) and interleukin 4 (IL4) [60].  

The importance of megakaryocytopoiesis and platelet biogenesis is apparent; morbidity and 

mortality from bleeding due to moderate to severe thrombocytopenia is a major problem facing a 

wide range of patients. An effective treatment to combat bleeding disorders is the transfusion of 

allogeneic platelets into patients with low platelet numbers and/or functionally defective platelets.  

However, because platelet products have a short shelf-life and because there is also a high 

demand for their use in transfusion settings, it is not uncommon for medical facilities to 

experience shortages of transfusable platelets. Consequently, achieving a readily available and 
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constant supply of allogeneic platelets for transfusion purposes continues to be a challenging 

endeavor for blood banks.   

Platelet shortages may one day be alleviated through clinical scale in vitro production of platelets 

from stem cells. Efforts to achieve such an endeavor are currently underway, but despite the 

progress made the number and quality of platelets produced in vitro are inefficient [7].  As a 

result, it is still not feasible to produce large enough numbers of functional MKs to be able to 

generate platelets in quantities that are needed for clinical applications [1]. A key to successfully 

achieve this endeavor will require knowing how to regulate an artificial environment that 

supports platelet biogenesis. This will require a comprehensive understanding about the complex 

nature of the numerous environmental cues that facilitate the proliferation, differentiation, 

maturation and release of platelets.   

In view of the fact that receptors found on the surface of a cell are responsible for integrating a 

multiplicity of environmental cues to instruct cells to perform biological responses (i.e. divide, 

differentiate, die), the objectives of this study were to use a systems biology approach to generate 

a map of receptors that are up-regulated during the development of human MKs and to validate 

the robustness of the dataset.  This list of receptor-associated gene is composed of genes that are 

well documented as playing a role in MK development and platelet biology and a number of 

other genes that have no prior association with this lineage.  The strength of this dataset indicates 

that it should be useful for identifying novel ligand-receptor systems that play functional roles in 

MK development. 
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3.3 MATERIALS AND METHODS 

3.3.1 Cytokines and antibodies  

Recombinant human cytokines IL3, IL6, SCF, interleukin 21 (IL21), interleukin 9 (IL9), 

thrombin, TGFβ, IL4, granulocyte/macrophage-colony stimulating factor (GM-CSF) and 

adiponectin were purchased from R&D Systems (Minneapolis, MN). Phycoerythrin (PE) 

conjugated anti-human antibodies CD41a, CD61 and FITC conjugated anti-human CD61 were 

purchased from BD biosciences (San Jose, CA, http://www.bdbiosciences.com). PE conjugated 

anti-human antibodies to IL9R, TGFBR2, and CSF2RB, and allophycocyanin (APC) conjugated 

anti-human antibodies to IL4Ra, and IL21R were purchased from R&D Systems. Anti-human 

antibodies F2R was obtained from R&D and anti-human ADIPOR2 was purchased from 

ABBIOTEC (San Diego, CA). Rabbit anti-goat IgG, goat anti-mouse IgG1, and goat IgG isotype 

controls were purchased from Southern Biotech (Birmingham, AL). Mouse IgG1 isotype control 

was purchased from eBioscience (San Diego, CA). 

3.3.2 Purification of human bone marrow (BM) CD34+/CD38lo cells  

Institutional Review Board approval was obtained for the isolation and purification of human 

progenitor cells.  Briefly, after obtaining informed consent from the families of organ donors, 

total nucleated cells (TNCs) (42.1±6.80x109; mean±SEM) were obtained from vertebral bodies 

procured by Northwest Tissue Services (Seattle, WA) [61].  TNCs were applied to an Isolex 300 

SA (Nexell, Irvine, CA) column to yield on average of 22.4+2.95x107 CD34+ cells with purities 

of 87+3.4% as determined by flow cytometry.  Enriched fractions of CD34+ cells were 

subsequently frozen and stored in 1 ml aliquots containing 5-10x106 cells per vial at –135 oC in 

X-vivo 10 (Lonza, Walkersville, MD) medium containing 10% dimethyl sulfoxide (Research 
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Industries Corporations, Salt Lake City), 20% HyClone bovine serum (Invitrogen Corp., 

Carlsbad, CA) and 2mM L-glutamine (Invitrogen Corp.).   

To isolate highly purified populations of CD34+/CD38lo cells, aliquots of frozen CD34+ cells 

were thawed rapidly at 37oC and co-stained with antibodies directed against CD34 and CD38 

antigens.  Adult marrow CD34+ cells were sub-populated based on co-expression of CD38 using 

a FACSVantage flow cytometer (Becton Dickinson, San Jose, CA) to obtain a CD34+/CD38lo 

population of cells with >95% purity.[62]   

3.3.3 Purification of human umbilical cord blood (UCB) CD34+ cells  

Human UCB was donated after obtaining informed consent.  UCB was processed by adding 6% 

(wt/vol) Hetastarch (Hospira, Lake Forest, IL) to a final concentration of 1.2% [51], and gravity 

sedimented over 60 min.  The leukocyte-enriched supernatant was removed, centrifuged for 10 

min at 300 x g, and the leukocyte-poor supernatant was removed.   The cell pellet was treated 

with ACK lysing buffer (Invitrogen, Carlsbad, CA), followed by a wash with PBS. To obtain 

highly purified CD34+ cells, leukocyte-enriched fractions were labeled with anti-CD34 antibody 

conjugated to magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). CD34+ 

cells were positively selected with an autoMACS separator according to the manufacturer’s 

instruction. Greater than 90% of the enriched cells were CD34+ cells as determined by flow 

cytometry (FACSCaliber; Becton Dickinson). 

3.3.4 Culture derived megakaryocytes 

Purified populations of marrow CD34+/CD38lo cells or UCB CD34+ cells were seeded 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), and TPO 
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(50 ng/ml) (Day 0).[41] The suspension cultures were incubated for 10 days at 37oC in a 5% CO2 

humidified chamber. 

3.3.5 Isolation of total RNA and cDNA synthesis  

According to manufacturer’s instructions (RNAeasy kit (QIAGEN inc., Valencia, CA)), RNA 

was isolated from uncultured cells, culture-derived MKs and other indicated cell types.  Isolated 

RNA was stored at -80oC until use.  Total RNA (2 mg) from each sample was reverse transcribed 

into cDNA using Qiagen Omniscript™ according to the manufacturer’s protocol.   

Microarrays- As we previously published [61], microarray analysis of uncultured 

CD34+/CD38lo cells and culture derived MKs was performed according to the manufacturer’s 

instructions (Affymetrix Inc., Santa Clara, CA).  Briefly, the quantity and purity of total RNA 

was analyzed using UV spectrophotometry and the integrity of intact total RNA was verified. 

Biotin-labeled target cRNA was prepared from 8 mg of total RNA from each sample and 

hybridized to Human Genome U133A and U133B Affymetrix GeneChips® (Affymetrix Inc., 

Santa Clara, CA).  The hybridized chips were washed and stained with streptavidin 

phycoerythrin solution, then scanned at a wavelength of 570nm using an Affymetrix HP 

GeneArray™ Scanner (Santa Clara, CA).   

Microarray data were analyzed using Rosetta Resolver® Expression Data Analysis System 

(Resolver) (Rosetta Biosoftware, Kirkland, WA), which utilizes an error-modeling-based 

approach verified through self-versus-self experiments, rather than the non-parametric statistical 

method of MAS 5.0 (http://www.rosettainpharmatics.com/products/resolver/default.htm).  The 

calculation of statistical confidence (p-value) was derived from the total calculated error 

consisting of both random and systematic error. Gene expression profiles of significantly 

changed transcripts were then generated using a fold change cut-off of > 1.5 and a p-value of < 
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0.01.  Profiles from each of three biological replicate experiments were intersected to attain a set 

of reproducible genes.  

3.3.6 Megakaryome and Genome Receptome enrichment gene list 

To define a list of training genes that make-up the megakaryome, we used the Toppgene 

database (http://toppgene.cchmc.org/) [63]. To derive this list, genes were identified from mouse 

and human gene ontology annotations, pathway associations, and those that have been observed 

in mouse gene knockout models that cause abnormal megakaryocyte development or abnormal 

platelet function.  Receptors localized to the plasma membrane were identified using the Human 

Plasma Membrane Receptome database (Http://Receptome.Stanford.edu) [64]. 

3.3.7 Semi-Quantitative Reverse Transcriptase-Polymerase Chain Reaction 

Total RNA (100 ng) from uncultured or cultured-derived MKs was reverse transcribed into 

cDNA using the SuperScript III First-Strand Synthesis Kit (Invitrogen, Carlsbad, CA) and PCR 

was performed using Platinum Taq DNA polymerase (Invitrogen). The thermocycling program 

consisted of: denaturation at 95°C for 10 s, followed by 40 cycles of PCR (95°C for 10 s, 55°C 

for 5 s, 72°C for 10 s) and an additional incubation for 10 min at 72°C.  In each case, product 

identity was demonstrated by the presence of a single band of the appropriate size when analyzed 

by electrophoresis on a 1% agarose gel. 

3.3.8 Western Blot Analysis 

Cells were lysed in Cell Disruption Buffer using the PARIS kit (Applied Biosystems/Ambion). 

Protein concentrations were determined using a Pierce Coomassie Plus-The Better Bradford 

Assay Kit (Thermo Fisher Scientific, Rockford, IL). 20µg of protein from each sample was 
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mixed in NuPage LDS (Invitrogen, Carlsbad, CA), heated to 99oC for 5 minutes, and 

electrophoresed after loading onto a 4-15% Ready Gel Tris-HCI Gel (Bio-Rad Laboratories, Inc., 

Hercules, CA). Separated proteins were transferred to PVDF Membrane (Bio-Rad Laboratories, 

Inc., Hercules, CA), which were probed with anti-ADIPOR2 antibody diluted 1/400 followed by 

a goat protein A-horseradish peroxidase (HRP) conjugate diluted 1/3000 (Bio-Rad Laboratories, 

Inc., Hercules, CA). Immunoreactive bands were visualized using a Western Lighting plus-ECL 

kit (PerkinElmer, Waltham, MA).  

3.3.9 Platelet immunophenotyping and aggregation studies.   

For immunophenotyping, 7 volumes of human whole blood was drawn into one volume of 

anticoagulant citrate dextrose solution A (Citra Anticoagulant, Inc., Braintree, MA) and 

centrifuged at 120g for 10min with the centrifuge brake in the off mode. The top layer or platelet 

rich plasma (PRP) was removed and centrifuged at 1,200g for 10min.  The supernatant was 

removed and the platelet pellet was resuspended in citrate-glucose-saline buffer containing 120 

mM sodium chloride, 13 mM sodium citrate and 30mM glucose buffer prior to labeling with 

antibodies for flow cytometry or for preparing a cell lysate for Western Blot analysis.  

For aggregation studies, human whole blood was drawn into 3.2% sodium citrate and centrifuged 

at 120g for 10 min and the PRP was transferred into a fresh tube.  The remaining whole blood 

was again centrifuged at 2000g for 10min to obtain a platelet poor plasma (PPP) fraction.  Using 

the PPP, the platelet count of the PRP was adjusted to 250,000 platelets/ml. Percent aggregation 

was determined using an AggRAM aggregometer (Helena Laboratories, Beaumont, TX) after 

adding 50ng/ml or 500ng/ml of a given cytokine as indicated in text.  Tyrode’s buffer was added 

as negative control.  
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3.3.10 Direct and indirect antigen labeling.  

Cells were collected by centrifugation and re-suspended into phosphate-buffered saline (PBS)/2% 

Bovine Serum (BS). Cells were then stained with FITC or PE conjugated antibodies, or the 

corresponding isotype controls and incubated for 15 minutes. Cells were washed and analyzed on 

a FACSCalibur flow cytometer.  For indirect labeling, after labeling cells with a primary 

antibody, cells were stained with the FITC or PE conjugated secondary antibodies. Cells were 

then analyzed on a FACSCalibur flow cytometer. 

3.3.11 Megakaryocyte colony-forming-unit (CFU-MK) assay 

CFU-MK assays were preformed according to the manufacturer’s instructions (Stemcell 

Technologies, Inc, Vancouver, Canada).  Briefly, UCB CD 34+ cells were cultured in collagen 

and serum-free MegaCult-C medium supplemented with 10ng/ml IL3, 10ng/ml IL6, 10ng/ml 

SCF, 50ng/ml TPO (36ST) and with additional cytokines as indicated in the text. After 12 days, 

cultures were dehydrated, fixed and then immunostained for CD41, a marker of MK 

differentiation. 

3.3.12 TGFβ detection 

UCB CD34+ cells were cultured in X VIVO-10 supplemented with 36ST for 10 days. 

Supernatant was collected and concentrated using Amicon Ultra-15 centrifugal filter units with 

ultracel-3 membrane (Milipore, Billerica, CA). Culture supernatant was split in half and one 

fraction was treated with HCl for 10 min followed by neutralization with NaOH/HEPES and the 

other half was not treated.  Detection of TGFβ1 in the treated (i.e. total TGFβ1) and untreated 

(i.e. activated TGFβ1) were performed using a human TGFβ1 ELISA immunoassay kit (R&D 

Systems, Minneapolis, MN). Concentrations of total and activated TGFβ1 were determined 
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against a standard curve. The concentration of latent TGFβ1 in the culture supernatant was 

calculated by subtracting concentrations of activated TGFβ1 from total TGFβ1. 

3.3.13 Statistical analysis  

Data is presented as mean ± standard error of the mean and significant differences were 

determined by analysis of variance (ANOVA). 

3.4  RESULTS 

3.4.1 Receptor-associated gene expression up-regulated during in vitro 
megakaryocytopoiesis 

A genome-wide search to identify all receptors whose ligands might have important functional 

roles in MK development was performed by using a powerful in vitro MK differentiation 

platform.  This involved isolating marrow CD34+/CD38lo cells and culturing the cells for 10 

days with a cytokine combination that was previously reported to induce unilineage 

megakaryocytopoiesis [41].   In our hands, this resulted in 72% ± 5% of cells expressing the 

CD41 antigen at 10 days of culture and approaches ~90% at 14 days.  Using uncultured 

CD34+/CD38lo cells and culture derived MKs, transcript expression profiles were generated and 

the profiles were compared to each other to identify differentially expressed genes.  A heat map 

of gene expression levels for replicate samples showed that there was reasonable similarity 

among the data sets. (Data not shown).   Analyses of the data indicated that a total of 3,035 genes 

significantly changed.  Of the differentially expressed transcripts, expression levels for 1,267 

increased (i.e. >1.5fold (p≤0.01) and expression levels for 1,768 decreased (<-1.5 fold (p≤0.01). 
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Figure 3.1 RNA and protein expression for each of 7 receptors is confirmed in MKs.   

Umbilical cord blood CD34+ cells were cultured with interleukin IL3, IL6, SCF, and TPO.  
After 10 days of culture, the CD41+ cells were isolated by flow cytometry.  A) RT-PCR 
confirmation of receptor expression in CD41+ cells.  B) Percentages of CD41+ cells that express 
each receptor as measured by flow cytometry. Data are shown as mean±SEM and are 
representative of three independent experiments and from three biological samples.   

 

To identify potential paracrine/autocrine signaling systems involved in MK development, the 

Human Plasma Membrane Receptome database (http://receptome.stanford.edu) was used to 

interrogate genes contained within the microarray dataset that are classified as membrane 

receptome genes.  Investigation of the transcriptome database against a liganded receptome 

revealed that there were 40 ligand-receptor genes whose expression was up-regulated (Table 1) 

and 37 ligand-receptor genes whose expression was down-regulated ligand  (Table 2). The 

analyses also revealed that among the 40 receptor genes whose expression were up-regulated 
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were 10 classified as orphan receptor genes and among 37 genes whose expression waa down-

regulated there were 11 orphan receptors.  The receptors were then surveyed against a defined set 

of “training genes” known to be specifically critical for the development and function of 

megakaryocytes and platelets (i.e. megakaryome, 519 genes).  Of the 40 up-regulated genes, 11 

transcripts were found to be common to the megakaryome dataset.  The common genes whose 

expression was up-regulated included ADAM10, CD55, CD63, F2R, ICAM2, IL6ST, ITGA2B, 

ITGB1, ITGB3, PTGIR, and SELP.  Since it is unlikely that genes down-regulated during MK 

development are involved in the function of MKs and platelets, it was not surprising that only 1 

gene of the 37 down-regulated receptor genes, ITGA2, was also found in the megakaryome 

dataset.   

To validate the robustness of the microarray dataset, a sub-set of 7 genes from the list of 40 up-

regulated ligand-receptor pairs were chosen for further examination.  These 7 receptor genes 

were chosen because their ligands were commercially available. Of the 7 receptor genes, only the 

coagulation factor II (thrombin) receptor (F2R) was common to both the megakaryome and 

Human Plasma Membrane Receptome.  The remaining 6 genes, IL21R, IL9R, CSF2RB, 

ADIPOR2, TGFBR2, and IL4R were not found in the megakaryome database.   

RNA and protein expression levels in MKs were confirmed for each of the 7 genes.  RT-PCR 

was used to verify RNA levels in culture derived MKs (Figure 3.1A) and flow cytometry was 

used to examine protein levels. Greater than 50% of culture derived CD41+ cells expressed 

IL21R, F2R, and IL4R (Figure 3.1B).  Receptors, IL9R, TGFBR2, CSF2RB, and ADIPOR2 

were expressed on 14%, 28%, 19% and 27% of MKs, respectively (Figure 3.1B).  
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Figure 3.2 Protein expression for each of 7 receptors increases as MKs mature.  

Culture derived MKs were isolated and immunostained for CD41, CD42b and for each of the 
indicated receptors. A) Dot plot analysis of CD42 and CD41 expression on culture-derived MKs 
was used to define gates for the subpopulations, CD41+/CD42b+ and CD41+/CD42b-. 
Representative single parameter histogram profiles for gated CD41+ CD42b- cells or 
CD41+CD42b+ cells were generated depicting the mean fluorescent intensity (MFI) for each 
receptor relative to an isotype control (red=isotype control; blue=receptor). B) The percent of 
CD41+ CD42b- cells and CD41+CD42b+ cells that express the indicated receptor as measured 
by flow cytometry. Values are mean SEM and are representative of three independent 
experiments and from three biological samples. *p<0.05 

 

To further investigate receptor expression during MK maturation, we compared receptor 

expression on a subpopulation of CD41+CD42b- MKs to a more mature subset of MKs defined 
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as CD41+ CD42b+ (Figure 3.2). Histogram plots revealed that the fluorescence intensity for 

each of the 7 receptors was greater on CD41+CD42b+ cells than on CD41+CD42b+ cells 

(Figure 3.2A). Consequently, the percentage of cells expressing each of the 7 receptors was 

significantly higher on CD41+ CD42b+ cells than on CD41+ CD42b- cells (Figure 3.2A & B).  

3.4.2 Proliferation and differentiation responses to each receptor’s cognate ligand 

Functional roles for each of the 7 receptors during megakaryocytopoiesis were probed by 

evaluating the effects of their cognate ligands on in vitro MK development.  The ligands IL21, 

IL9, Thrombin, TGFβ, IL4, adiponectin, and GM-CSF were used to test whether the plasma 

membrane receptors IL21R, IL9R, F2R, TGFβR2, IL4R, ADIPOR2, and CSF2RB facilitated 

MK development, respectively. This was accomplished by initiating cultures of UCB CD34+ 

cells with a MK induction base media containing the cytokine combination of 36ST (i.e. control) 

plus one of the following cytokines: IL21, IL9, Thrombin, TGFβ, IL4, adiponectin, or GM-CSF. 

After 10 days of culture.  Results showed that relative to control cultures (i.e. 36ST only) the 

proliferation of UCB CD34+ cells was significantly increased with the addition of GM-CSF, and 

inhibited with TGFβ and adiponectin (Figure 3.3A). The remaining cytokines did not have an 

apparent effect on proliferation (Figure 3.3A).  

Since gene expression for each of the 7 receptors increased as cells underwent MK development, 

we rationalized that addition of their matched-ligand might have a greater impact on culture 

outcome if added late in the cultures (i.e. at day 7 of culture) rather than at the time that the 

cultures were initiated.  To execute these experiments, UCB CD34+ cells were cultured for 7 

days with 36ST prior to the addition of each individual test cytokine and cultured for an 

additional 7 days. The results now showed that IL9 had a positive impact on proliferation and 
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even though not significant GM-CSF continued to promote cell proliferation (Figure 3.3B).  

TGFβ strongly inhibited cell proliferation independent of whether it was added at day 0 or day 7. 

(Figure 3.3B). Decreased cellular outputs were also apparent in the presence of adiponectin and 

IL4, however, neither reached statistical significance.    

 

Figure 3.3 Proliferation responses.  

Umbilical cord blood CD34+ cells were cultured for10 days with IL3, IL6, SCF, TPO (36ST) 
(i.e. control).  A) 36ST was added at day 0 along with one of the indicated cytokines; B) 36ST 
was added at day 0 and one of the indicated cytokines was added at day 7. After 10 days of 
culture, the number of total nucleated cells was counted. The proliferation response is expressed 
as a percent of the control group. The line in each graph represents a proliferation response of 
100% (i.e. control response).  Data are shown as mean±SEM in triplicate culture and are 
representative of three independent experiments from three biological samples. *p<0.05. 

 

The impact that each of the 7 cytokines had on the differentiation response of UCB CD34+ cells 

as the cells were induced along the MK lineage was measured by monitoring the expression level 

of the CD41 antigen as well as a feature unique to megakaryocytopoiesis, polyploidization.  

When one of the 7 cytokines in question was added at the time UCB CD34+ cultures were 

initiated with base medium containing 36ST, the percent of cells expressing CD41 at day 10 of  
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Figure 3.4 Differentiation responses.   

A & B) Umbilical cord blood CD34+ cell cultures were initiated with IL3, IL6, SCF, TPO (36ST) 
(i.e. control) along with one of the indicated cytokines.  After 10 days of culture, the percent of 
CD 41+ cells in culture was measured by flow cytometry.  C & D) Umbilical cord blood CD34+ 
cell cultures were initiated with 36ST.  After 7 days in culture, one of the indicated cytokines 
was added.  A-D), the percent of CD41+ cells in culture was measured by flow cytometry.  The 
percent and absolute number of cells expressing CD41+ is normalized to the control group. Data 
are shown as mean±SEM in triplicate culture and are representative of three independent 
experiments and from three biological samples. *p<0.05. 

 

culture was similar to control cultures except when IL4, and GM-CSF were present in the 

cultures (Figure 3.4A).  The absolute counts showed that fewer total CD41+ cells were produced 

relative to control cultures in the presence of TGFβ, IL4, and adiponectin (Figure 3.4B). The 
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results also showed that when ligand addition occurred 7 days after culture initiation with 36ST 

the percent of cells expressing CD41 was similar to the control except in the presence of TGFβ 

and IL4 (Figure 3.4C).  While absolute counts indicated that there were significantly greater 

numbers of CD41+ cells with IL9 when present in cultures and fewer total CD41+ cells with 

TGFβ when present in cultures relative to control cultures (Figure 3.4D).  The results of ploidy 

analyses indicated that no significant changes in polyploidization was observed when each of the 

7 cytokines were added at the time that UCB CD34+ cultures were initiated with 36ST (data not 

shown). 

 

Figure 3.5 Megakaryocyte colony-forming-unit (MK-CFU) formation.  

Cord Blood (UCB) CD34+ cells were cultured for 12 days with interleukin (IL)- 3, IL6, SCF, 
TPO (36ST) plus one of the indicated cytokines in collagen containing media. CD34+ cells 
cultured with only 36ST were designated as controls. The number of colony-forming unit 
megakaryocytes (CFU-MK) were counted as described in Materials and Methods and 
normalized with control group. Data are shown as mean±SEM in duplicated culture and are 
representative of three independent experiments and from three biological samples. *p<0.05. 
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The effect of each cytokine on the formation of CFU-MKs is shown in Figure 3.5.  

Significant reductions in colony formation by 56%, 57%, 31% and 38% relative to control 

cultures were seen with TGFβ, IL4, GM-CSF and adiponectin, respectively.  The cytokines, IL21, 

IL9, and thrombin did not cause any significant change in CFU-MK formation.   

 

Figure 3.6 Platelet receptor expression.  
Fresh whole blood platelets were isolated and immunostained with antibodies to CD41 or CD61 
and for the indicated receptors. A) Representative single parameter histogram profiles for CD41+ 
or CD61+ gated platelet populations were generated depicting the mean fluorescent intensity 
(MFI) for each receptor relative to an isotype control (red=isotype control; blue=receptor). B) 
The percent of platelets that express the indicated receptor as measured by flow cytometry. n=4 
 



39	
  
	
  

 
Figure 3.7 Platelet aggregation responses.  
Fresh whole blood platelets were isolated and aggregation of platelets in response to the paired 
cytokines for each of the 7 receptors was measured. A) Maximum percent platelet aggregation in 
response to 50ng/ml or 500ng/ml for each of the indicated cytokines. Data is shown as mean 
SEM; n=2. B) Platelets were pre-incubated with 500 ng/ml of the indicated cytokine for 5 min. 
After which 20 M of ADP was added and the percent aggregation was measured using an 
aggregometer. Data is shown as mean SEM; n=3. 

3.4.3 Receptor expression on platelets 

As the terminal differentiation of MKs culminates in the formation of platelets, we examined 

the expression level of the 7 receptors in platelets. Flow cytometry revealed that 92±5%, 

68±21%, and 68±5% of platelets expressed F2R, CSF2RB, and ADIPOR2 (mean± SEM), 
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respectively (Figure 3.6A).   IL4R, IL21R, IL9R and TGFBR2 were expressed on only 

4.3±1.5%, 1.3±0.9%, 1.3±0.9%, and 0.7+1.2% of platelets, respectively. Even though receptors 

F2R, CSF2RB and ADIPOR2 were highly expressed on platelets.  Platelet aggregation studies 

showed that only thrombin induced platelet aggregation (Figure 3.7A). However, when platelets 

were pre-incubated with 500 ng/ml of one of the 7 cytokines for 5 minutes, prior to the addition 

of the platelet agonist, ADP.  ADP-induced platelet aggregation was significantly decreased by 

28%±7%, 34%±31%, 32%±7% and 62%±5% of aggregation when IL9, TGFβ1, IL4 or 

adiponectin were pre-incubated with platelets (Figure 3.7B). 

 

Figure 3.8 TGFβ1 is the only auto-expressed matched-ligand for 7 receptors that were 
identified as being up-regulated during MK development.   

The same microarrays used to identify the up-regulation of IL21R, IL9R, F2R, TGFBR2, IL4R, 
ADIPOR2, and CSF2RB during MK development were also searched for the expression of their 
matched-ligands.  A) Fold change in relative fluorescent intensities in marrow CD34+/CD38lo 
cells relative to culture derived MKs.  Positive fold changes indicate higher RNA expression 
levels by culture derived MKs than day 0 CD34+/CD38lo cells. Data are shown as mean±SD 
from three independent experiments.  B) Umbilical cord blood CD34+ cells (Day 0) were 
cultured with IL 3, IL6, SCF,TPO.  After 10 days of culture, CD41+ cells were isolated by flow 
cytometry.  RNA was isolated, semi-quantitative RT-PCR was performed and the PCR products 
are shown on a 1% agarose gel.  
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3.4.4 Auto-Expression of Cognate Ligands 

Since autocrine signaling can regulate stem cell development, the microarray data were 

analyzed to determine whether transcripts for cytokines to each of the 7 receptors IL21R, IL9R, 

F2R, TGFBR2, IL4R, ADIPOR2, and CSF2RB were differentially expressed between 

uncultured CD34+/CD38lo cells and culture derived MKs.  We found that only the transcript for 

the cytokine TGFβ increased in expression level.   This finding was confirmed by semi-

quantitative RT-PCR of culture-derived MKs (Figure 3.8).   To determine whether this 

translated into a secretion of TGFβ by developing MKs, we examined culture supernatants and 

found TGFβ levels of 2,228±1,599 pg/ml of media (n=5).  Further analysis indicated that the 

majority of the secreted TGFβ was in the latent form.  

3.5 DISCUSSION   

A microarray analysis identified a list of 40 molecules that constitutes a developing MK 

receptome (Table 1).  This list is composed of plasma membrane receptor genes that are 

significantly up-regulated as CD34+/CD38lo cells are induced to become MKs.  Of 7 of the 40 

differentially expressed transcripts that are selected to validate the robustness of the dataset, 

protein expression levels for all 7 are observed in MKs.  Furthermore, the robustness of the 

dataset is illustrated by our findings that six of 7 matched ligand-receptor axes, IL9/IL9R, 

thrombin/F2R, TGFβ/TGFBR2, IL4/IL4R, GM-CSF/CSF2RB, and adiponectin/ADIPOR2, have 

significant biological effects on the MK lineage.  Of the 7 cytokine receptors expressed by MKs, 

F2R, and CSF2RB remained present on platelets, but IL21R, IL9R, TGFBR2 and IL4R were 

absent or negligibly detected. Of the 7 matched-receptor ligands, the IL21 cytokine was the only 

one we were unable to detect a biological effect on MK development.  However, because assays 
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were limiting in this study, this does not preclude a role for the IL21/IL21R ligand-receptor axis 

in the biology of MKs/platelets.  

This is the first study to show that MK colony formation is inhibited significantly by 

adiponectin (p=0.037).  Thus, indicating that levels of adiponectin are relevant for regulating 

megakaryocytopoiesis.  Adiponectin is a well-documented regulator of a number of metabolic 

processes [65], it is expressed in adult bone marrow [66], and in 2007 was identified as a novel 

hematopoietic stem cell growth factor [67].  Adiponectin levels inversely correlate with body fat 

content in adults [68, 69], and in individuals with hematological disorders [70, 71].  Adiponectin 

suppresses bone marrow granulocyte/macrophage colony formation [72], and is secreted by 

adipocytes as well as by a number of other cell types [72-77].  Adipocytes are the most abundant 

stromal cells in adult bone marrow [78] and are a production site for TNFα[79] and TGFβ [80], 

which inhibit both fat formation and MK maturation. Using a human cytokine antibody array, it 

was also recently shown that adiponectin is among a group of cytokines with the highest levels 

of detection in platelet lysates [81].  Based on our findings along with findings from other 

investigators, it is intriguing to speculate that MK progenitor production may be regulated in part 

by adiponectin levels.  Given the inverse correlation of body fat content to adiponectin levels and 

our finding that adiponectin inhibits CFU-GM, the prediction is that the production of MK 

progenitors will decrease as adiponectin levels increase or as body fat content decreases.   This 

prediction is partially supported by the observation that obese females have significantly elevated 

platelet counts compared with normal-weight females (30).  However, a key question that 

remains to be addressed is what causes adiponectin levels to decrease as fat content increases 

when adipocytes are the major source of adiponectin?  In addition, our observation that 

adiponectin inhibits ADP-induced platelet aggregation supports a role for adiponectin in 
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modulating platelet function.  This observation is in agreement with a previous report that 

indicates that high concentration of adiponectin (>25ug/ml) diminishes epinephrine- and ADP-

induced platelet aggregation (27).    

Our finding that TGFβ1 strongly inhibits MK development is in agreement with work by 

other investigators, [20, 82, 83].  An examination of our microarray dataset for autocrine 

expression of cognate ligands to the 7 selected receptors only showed that transcripts for the 

TGFβ cytokine were up-regulated. This was confirmed by the finding that there was an autocrine 

secretion of TGFβ in the supernatant of MK cultures. TGFβ when exogenously added to cultures 

inhibited the proliferation of MK progenitors. However, autocrine TGFβ had apparently no 

inhibitory effect on in vitro megakaryocytopoiesis because the autocrine cytokine was 

predominantly in a latent form.  The observation that there is an autocrine secretion of latent 

TGFβ into culture supernatant is important.  Especially when considering the design of stem cell 

culture systems with feeder cells, such as endothelial and/or stromal cells, to support an in vitro 

MK production.  As feeder cells produce TSP-1, MMP-9 and MMP-2, which are known to 

cleave latent TGFβ [84, 85]. Consequently, a bioreactor design with such a co-culture design 

may require an addition of neutralizing antibodies and/or antagonists to TGFβ1 to enhance MK 

development. 

This is the first report that CSFR2B is expressed on MKs and platelets. CSFR2B is the 

common beta chain for not only the GM-CSF receptor, but also for the IL-3 and IL5 receptors. 

[86] Although other studies have reported that GM-CSF modestly stimulates CFU-MK 

formation [87], in our study GM-CSF inhibited MK colony formation and MK differentiation. 

This contradiction in findings may be due to the concentration of GM-CSF. As Chen et al, 

indicate that low concentrations of GM-CSF stimulate MK colony formation and high doses are 
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inhibitory [88]. On the other hand, we suspect that the high proliferative responses (i.e. increased 

TNC counts) in the presence of GM-CSF even while CFU-MK progenitor growth is inhibited is 

most likely due to GM-CSF supporting the growth of other hematopoietic cell lineages such as 

granulocytes and monocytes [89].  As noted by D'Atri LP et al the inhibitory effect of GM-CSF 

on CD41+ cells is a result of a switch of CD34+ cells differentiation towards the monocytic 

lineage [8]. The finding that CSFR2B is also expressed on platelets suggests that GM-CSF might 

have a biological role in modulating platelet function.  However, despite the presence of 

CSF2RB on platelets and in agreement with the findings of other investigators [90] GM-CSF 

alone did not induce platelet aggregation.  

Not surprisingly, different proliferation and differentiation responses were noted dependent 

upon the timing of when some of the 7 cytokines were individually added to UCB CD34+ 

cultures that were initiated with base medium containing 36ST.   This was especially evident 

when comparing the proliferation response of cells supplemented with IL9 at day 0 versus day 7 

of culture.  When IL9 was added at day 7 of culture, IL9 significantly increased the proliferative 

response of cells (Fig. 2B).  However, IL9 had no apparent effect on the number of TNCs 

produced when added at the time that cultures were initiated (Fig. 2A).  IL9 stimulatory effects 

on MK development are in agreement with a previous report from the literature [16].  

These studies validate that differentially expressed plasma-membrane receptors identified by 

our microarray analyses of developing MKs have functional roles in megakaryocytopoiesis and 

platelet biology.  Thus, suggesting that there is a strong likelihood that the remaining 33 of the 

40 up-regulated plasma membrane-localized receptors have important biological roles in the 

function and/or development of MKs and platelets (Table 1). Among the remaining 33 genes are 

ligand-receptor pairs that have been implicated in MK development, but receptor expression has 
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not been definitively reported in MKs.  There are also orphan receptors on this that could help to 

identify new ligands that participate in megakaryocytopoiesis (Table 1).  The creation of a 

developing MK receptome provides an opportunity for users to identify functional roles for 

previously uncharacterized matched receptor-ligand systems that integrate a multiplicity of 

environmental cues that are critical for MK development and platelet biology.  Moreover, this 

work provides a foundation for subsequent studies to characterize the role of the plasma-

membrane-localized receptors that were found to be down-regulated as stem cells were induced 

to differentiate (Table 2).  
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Chapter 4 Development of 3D microsystem to mimic bone marrow 

niche of thrombopoiesis 

4.1 Abstract 

Bone marrow is the key location for megakaryocytes (MKs) maturation and platelets generation. 

Complicated hematopoietic niches for thrombopoiesis contain physical support, soluble factors 

and cell-mediated interactions. Traditional 2D liquid culture system only provides part of the 

extracellular cues, e.g. proper soluble factor combination, pH, but not the others, causing the 

difficulties to produce mature MKs and large scale of functional platelets in vitro. This chapter 

describes a 3-D culture system to mimic bone marrow hematopoietic niche for thrombopoiesis. 

This biomimetic microdevice contains a microvessel network, extracellular matrix and 

perivascular stromal cells. Lithography technology has been used to develop the 3-D collagen 

based microchannel. Specialized microchannel geometry allows a spatial distribution of flow 

velocity in one device, which helps potential study of the endothelium change under precisely 

controlled shear stress. Endothelial cells were seeded into microchannel, while two different 

bone marrow stromal cells were mixed with collagen and cultured in the perivascular area. This 

biomimetic microdevice could be not only a platform to study thrombopoiesis, but also broader 

applications in other vascular systems. 

4.2 Introduction 

Bone marrow hematopoietic niche provide physical support, soluble factors and cell-mediated 

interactions to regulate the function of hematopoietic cells. Usually bone marrow hematopoietic 

niches are divided into two different niches: endosteal niche, which is populated by osteoblast, 
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and vascular niche, which is populated by endothelial cells and perivascular cells[91]. However, 

the two niche are sometimes located closed to each other and it is difficult distinct one from the 

other.  Locations of MKs in bone marrow change during MK development. HSCs reside close to 

osteoblasts. During the differentiation of MKs, MK progenitors and immature MKs migrate from 

endosteal niche to vascular niches. The last maturation of MKs and shedding of platelets occur in 

the bone marrow sinus. For thrombopoiesis study, vascular niche is the main location for 

generating platelets. The components of vascular niche includes sinusoid, cells in the 

perivascular space and supportive extracellular matrix. Our lab reported in vitro microvessels for 

the study of angiogenesis and thrombosis [92]. In this chapter, we would adapt the microvessel 

and develop a 3-D microdevice to mimic the bone marrow vascular niche. 

4.3 Materials and Methods 

4.3.1 Antibodies 

Rabbit polyclonal CD31 antibody was purchased from Abcam (Cambridge, MA). Hoechst 33342 

was purchased from Invitrogen (Grand Island, NY). 

4.3.2 Culture of bone marrow stromal cell lines 

Bone marrow stromal cell lines GFP-HS27A and GFP-HS5, that were gift from Torok-Storb lab 

in Fred Hutchinson Cancer Research Center, were generated by infecting HS27A and HS5 with a 

Toledo strain cytomegalovirus (CMV) containing the gene for green fluorescent protein (GFP) 

under the control of elongation factor-1 promoter [93]. HS-27a and HS-5 were grown in RPMI 

1640 medium (Gibco, Carlsbad, CA) supplemented with L-glutamine (0.4 mg/mL), sodium 

pyruvate (1 nmol/L), and 10% fetal calf serum at 37oC in a 5% CO2 humidified chamber. 
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Figure 4.1 Schematic representation for a 3-D bone marrow niche microdevice fabrication.  

(A) Top jig was assembled with a PDMS stamp containing the microvessel feather. Two 
stainless steel dowel pins were used to block collagen diffusion and create space for inlet and 
outlet. Type 1 collagen mixed with stromal cells was injected into the assembled top jig. (B) 
Bottom jig was assembled with a flat PDMS stamp. A thin layer of collagen with stromal cells 
was formed. (C) Top and bottom jigs were assembled together. Stainless pins were removed and 
HUVECs were seeded from inlet. (D) HUVECs attach to the collagen-based microchannel. 

 

4.3.3 Culture of human umbilical vein endothelial cells (HUVECs) 

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

CO2 humidified chamber. Passages 5 to 6 of HUVECs were used in experiments. 
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4.3.4 Type 1 collagen gel preparation 

Type I collagen was harvested from frozen rat tail as described in [92]. Briefly, collagen was 

extracted from rat tails, rinsed with ethanol to remove endotoxin and dissolved in 0.1% acetic 

acid. After at least 48 hours of solubilization, collagen was centrifuged at at 4°C, RPM 8000, for 

90 minutes. The supernatant was collected and froze in -20°C. The frozen collagen was 

lyophilized and resuspended in 0.1% acetic acid at a stock concentration of 15mg/ml. 7.5 mg/ml 

of collagen was prepared on ice right before the injection into 3D microdevice with EGM, 10X 

M199 (Lonza) and 1N NaOH. 

4.3.5 Design and fabrication for 3D biomimic microdevice 

Fabrication of the 3D biomimetic microdevice was shown in Figure 4.1. The microdevice 

contains two plexiglass jigs that house the collagen based microchannel.[92] Before device 

fabrication, two plexiglass pieces and glass coverslip were bio-functionalized by corona 

treatment, 10minutes of 1% polyethyleneimine (PEI) coating and followed by rinsing and 30 

minutes of 0.1% glutaldehyde treatment. Cold collagen was mixed with bone marrow stromal 

cells HS27A or HS5 at a final concentration of 106 cells/ml on ice. Plasma cleaned 

polydimethylsiloxane (PDMS, Sylgard 184, Dow-Corning) stamp with microchannel feature was 

assembled with top plexiglass piece (Figure 4.1A). Two stainless steel dowel pins was placed 

into the reservoir holed on the top plexiglass piece to block collagen diffusion and create space 

for inlet and outlet. Stromal cell containing collagen was slowly injected through the injection 

ports on the top plexiglass piece. Stromal cells containing collagen was dispensed on glass 

coverslip on the bottom plexiglass piece and covered by a flat PDMS stamp (Figure 4.1B). The 

dissembled top and bottom plexiglass jigs were then incubated for 30 minutes to allow the 

solidification of collagen. After collagen solidification, PDMS stamps were removed from both 
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top and bottom plexiglass pieces. The top part contains microchannel feature and the bottom part 

forms the bottom of the microchannel. The complete collagen based microchannel network was 

formed by assembling two plexiglass pieces together and sealed by mechanical pressure (Figure 

4.1C). Fresh EGM was then perfused through microchanel for one hour at 37oC in a 5% CO2 

humidified chamber. 

4.3.6 Cell seeding and culture 

HUVECs were trypisinized and resuspended at a concentration of 5X106 cells/ml. 10ul of 

HUVECs suspension was added into the inlet of microdevice after removal of media from both 

inlet and outlet (Figure 4.1C). The HUVECs seeded microdevice was incubated at 37oC for 15 

minutes to allow cell attachment (Figure 4.1D). The cell culture media EGM was then added into 

both inlet and outlet for the first 12 hours. Microdevices were fed every 12 hours by removing 

media and adding fresh media into inlet.  

4.3.7 Immunofluorescence staining 

After 3 days of culture, microdevices were fixed in situ by 3.7% formaldehyde for 30 minutes, 

rinsed three times with phosphate buffered saline (PBS), blocked and permeabilized by PBS 

containing 2% bovine serum albumin (BSA) and Triton X-100 (Invitrogen), rinsed three times 

with PBS, and stained with CD31 antibody and counterstained with Hoechst 33342. The 

immunofluorescence images of microdevices were taken in situ using a Nikon A1R confocal 

microscope and analyzed with FIJI software. 
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4.3.8 Scanning electron micrograph 

After immunofluorescence images of microdevices were taken, microdevices were re-fixed with 

glutaldehyde for 20 minutes and rinsed three times with PBS. The microdevices were then 

dissembled into top and bottom parts. After the microvessels were opened, the thick top parts of 

microvessel containing collagen were dehydrated in serial ethanol washes (50%, 75%, 85% and 

100% ethanol), further dehydrated by critical point drying, sputtered coated with gold-platinum 

and analyzed by a FEI Sirion scanning electron microscope with an accelerating voltage of 5 kV. 

4.3.9 Simulation of flow profiles in microvessel network 

Regarding the simulation of flow profiles in the network, the software tool COMSOL 

Multiphysics® was used. In the simulation, the parameters used were set as follows: all 

properties of the solution adopted those of water at 293.15K; the inlet pressure was set to be 100 

Pa, which was based on the assumption that the liquid height was kept to be 1cm; the outlet 

pressure was zero. The fluid flow is assumed to be laminar and the following equations are used: 

  

 

where  denotes Hamiltonian, T denotes the matrix transpose, u is a velocity vector, ρ is the 

fluid density, I is a unit vector, p is the pressure and µ is the fluid viscosity. 
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4.3.10 Statistical Analysis 

Data is presented as mean ± standard deviation of the mean and significant differences were 

determined by independent or paired student t tests. A p value less than 0.05 was considered as 

significant difference. 
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Figure 4.2 Biological inspired design of a bone marrow niche mimic microdevice.  

(A) Hematopoietic stem cells (HSCs) locating closed to endosteal niche generate megakaryocyte 
(MK) progenitor cells that migrate toward sinusoid. Mature MKs release platelets into sinusoidal 
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blood stream. (B)The microdevice contains a 3-D microvascular network and extracellular 
matrix (type 1 collagen). Fresh media containing soluble factors was perfused from inlet.  

 

4.4 Results 

4.4.1 Establishment of a 3-D microdevice to mimic bone marrow niche for thrombopoiesis 

While primitive hematopoietic stem cells reside close to endosteal niche, mature MKs are 

located less than 1 µm away from the bone marrow sinus wall [94], that allows MKs to either 

extend proplatelets into bloodstream to release platelets, or migrate through transendothelial 

apertures to reach the lung. Sinus, perivascular stromal cells and extracelluar matrix constitute 

the most important parts of microenvironment for thrombopoiesis (Figure 4.2A). Here, we built a 

3-D microdevice to mimic bone marrow niche for thrombopoiesis containing a microvascular 

network, extracellular matrix type 1 collagen and bone marrow stromal cells (Figure 4.2B, 

Figure 4.1). 106 cells/ml stromal cells were mixed with 7.5mg/ml collagen, which provide an 

appropriate stiffness to allow vessel microstructure and stromal cell attachment [92]. HUVECs 

were seeded into microchannel and form a microvessel network. 
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Figure 4.3 Simulation of flow profiles (pressure (A) and flow velocity (B)) in the 
microvessel network.  

The microchannel cross-section was designed as 100µm×100µm; for the big square box, the side 
length was 700µm×700µm; for the small square box, the side length was 300µm×300µm 

 

To better study the effect of flow rate on microvessel, a branching microchannel network was 

design. Simulation of flow profiles in the microchannel shows that the pressure decreases along 

the flow direction from inlet to outlet (Figure 4.3A) whereas the average velocity decreases first 

and then increases along the direct from the upper left to the lower right due to the change of the 
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flow cross-section area (Figure 4.3B). Therefore, this network can provide various regions with 

different velocities for the cell culture. 

 

Figure 4.4 Stromal cells and microvessel interaction after 3 days culture in 3D biomimetic 
microdevice.  

(A) Z-stack projection of horizontal confocal sections of HS27A cells and microvessel. (B) Z-
stack projection of horizontal confocal sections of HS5 cells and microvessel. (C) Zoom-in 
confocal sections of HS27A cells and microvessel. A sprouting angiogenesis was formed from 
microvessel.  Red, CD31; Green, stromal cells (HS27A or HS5); Blue, nuclei. (D) Scanning 
electronic microscopic image showing microvessel lumen after 3 days coculture with HS27A in 
the 3D biomimic mcirodevice.  
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4.4.2 Endothelial cell-stromal cell interaction 

Two bone marrow stromal cell lines HS27A and HS5 were used to coculutre with microvessel. 

HS27A could be distinguished roughly by morphology from HS5 – HS27A cells have longer 

branches of cytoplasm than HS5 have (Figure 4.4A, B). After 3 days culture, HS27A cells lined 

outside of the microvessel and wrapped around the endothelial cells (Figure 4.4A), while HS5 

had limited interaction with microvessel (Figure 4.4B). Wrapped HS27A cells also cause the 

retraction of the lumen of the microvessel (Figure 4.4D). Sprouting angiogenesis was also occurs 

when microvessel cocultured with HS27A (Figure 4.4a) and HS5 (Data not shown). 

4.5 Discussion 

Bone marrow hematopoietic niches are composed of a large number of microenvironmental 

features, including soluble factors, cell-cell interaction, extracellular matrix and physical support. 

A good platform to mimic bone marrow niche should meet the following requirements: (a) The 

in vitro niche should be able to mimic the specialized microenvironment for a specific cell type 

or a specific condition. Although the numerous hematopoietic cells inside bone marrow are 

crowed within the marrow space, each cell still has its specific niche. Primitive stem cells tend to 

locate close to endosteal niche, while differentiated cells tend to migrate to the sinus. The study 

objective was to design an in vitro niche.  (b) The niche should be able to precisely control every 

single viable in it. The most advantage of in vitro niche compared to in vivo niche is that the 

single viable could unlinked from other factors and precisely controlled.  

In this project, the point of interest is to study thrombopoiesis, which determined the most 

important niche is vascular and perivascular niche. Thus, in this chapter, we present a bone 

marrow niche for thrombopoiesis that contains a precisely controlled microvessel network, 
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perivascular stromal cells and extracellular matrix. A number of parameters could be controlled 

for better understanding of thrombopoiesis: (a) shear stress. By changing the flow velocity using 

a syringe pump, shear stress could be precisely controlled. (b) microvessel geometry. 

Microvessel geometry could be changed by changing the top PDMS stamp. In this chapter, a grid 

network was used to obtain several shear stress and velocity at the same device.  (c) matrix cells. 

Not only stromal cells, other bone marrow cell type, e.g. HSCs, neurons, adipocyte, could also be 

cocultured in the matrix to study cell-cell interaction. (d) matrix composition. Single matrix 

protein or combination of several matrix protein could be used to mimic the specific location 

inside bone marrow. (e) endothelial cell type. HUVECs are the easiest endothelial cells, but not 

the true endothelial cells in bone marrow. Bone marrow endothelial cell could also be seeded 

into microdevice. (f) perfused media in the vessel lumen. Zheng et al [92] perfused blood 

through the microvessel using the similar device to study thrombosis. 

In this chapter, two different bone marrow stromal cells HS27A and HS5 were cultured in the 

perivascular site, displaying different interaction with microvessel. HS27A and HS5 are two 

bone marrow stromal cells that have very distinct gene profile and function. Morphological, HS-

27A cells tend to form a single cell layer, while HS5 cells are lack of contact inhibition [95]. Our 

result also show that HS27A has longer branches than HS5. HS5 cells release numerous 

cytokines and support hematopoietic stem cell growth, while HS27A only secret few[95]. 

However both HS27A and HS5 synthesize vascular endothelial growth factor (VEGF), which 

explained the sprouting angiogenesis formation of microvessel when either HS27A or HS5 was 

cultured in the perivascular site. Due to our results that HS27A could wrap around microvessel 

and the previous study showing the high expression of SDF1[96], HS27A cells could be a 

pericyte-like cells. HS5 express multiple cytokines genes, extracellular matrix genes and do not 
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form monolayer[95, 96], indicating that HS5 might be a fibroblast-like cell line. Thus HS27A 

and HS5 could be used to create two distinct perivascular microenvironment. 

In conclusion, a 3-D bone marrow niche biomimetic microdevice was demonstrated in this 

chapter. This is the platform to study thrombopoiesis in the next chapter. However the 

application of the biomimetic device could be expanded to by changing one or two parameters in 

the device. By creating bone marrow hematopoietic niche, a large scale production of 

hematopoietic cells could be achieved to help clinical transplantation. 
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Chapter 5 Investigation on interplay between endothelial cells and 

megakaryocytes 

5.1 Abstract 

Generating platelets from cord blood is always problematic due to low ploidy of megakaryocytes 

(MKs) and low numbers of generated platelets, understanding thrombopoiesis from cord blood is 

urgently needed. The importance of microenvironment on thrombopoiesis has been widely 

accepted, however, surprisingly little study were about MKs-niche interaction, especially MKs-

endothelial cells interaction. One of the reasons is lack of a good in vitro model. Using a 3-D 

bone marrow niche mimic microdevice demonstrated in the previous chapter, we cultured MKs 

in the perivascular area. MKs migrated toward microvessel and transmigrate across endothelium, 

leaving fenestration on vessel wall. Sprouting angiogenesis was formed on microvessel. By 

blocking VEGF signaling, sprouting angiogenesis was inhibited and permeability of microvessel 

is decreased. Blocking CXCR4 signaling also inhibits micovessel permeability. Further 

investigation is needed to uncover the mechanism of fenestration. 

5.2 Introduction 

Mature MKs reside less than 1 µm away from the bone marrow sinus wall allowing platelet 

shedding into bloodstream[94]. Some MKs pass through the transendothelial apertures, leave 

bone marrow, reach lung vasculature and release platelets in the lung. Although vascular niche is 

the most important microenvironment for thrombopoiesis, not many studies focus on the 

interaction between MKs and endothelial cells. MKs was reported to support the survival of bone 

marrow endothelial cells and endothelial monolayer promote the proliferation of MKs [97]. The 
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reported supportive relationship between MKs and endothelial may due to the abundance of pro-

angiogenic cytokines produced by MKs and trophic cytokines released by endothelial cells.[98] 

Here, we investigate the MK-endothelial cell interaction using a 3D co-culture system developed 

in the previous chapter.  

5.3 Materials and methods 

5.3.1 Cytokines and antibodies 

Recombinant human cytokines interleukin (IL) 3, IL6, SCF and thrombopoietin (TPO) were 

purchased from R&D Systems (Minneapolis, MN). Phycoerythrin (PE) conjugated anti-human 

antibodies CD41a and mouse IgG1 isotype control were purchased from BD biosciences (San 

Jose, CA, http://www.bdbiosciences.com). Rabbit polyclonal CD31 antibody was purchased 

from Abcam (Cambridge, MA). Hoechst 33342 was purchased from Invitrogen (Grand Island, 

NY). 

 

5.3.2 Generation of megakaryocytes from umbilical cord blood 

As described in previous chapter, human umbilical cord blood (UCB) was donated after 

obtaining informed consent.  UCB was processed by adding 6% (wt/vol) Hetastarch (Hospira, 

Lake Forest, IL) to a final concentration of 1.2%, and gravity sedimented over 60 min. [51] The 

leukocyte-enriched supernatant was removed, centrifuged for 10 min at 300 x g, and the 

leukocyte-poor supernatant was removed. The cell pellet was treated with ACK lysing buffer 

(Invitrogen, Carlsbad, CA), followed by a wash with PBS. To obtain highly purified CD34+ 

cells, leukocyte-enriched fractions were labeled with anti-CD34 antibody conjugated to magnetic 
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microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). CD34+ cells were positively 

selected with an autoMACS separator according to the manufacturer’s instruction. Greater than 

90% of the enriched cells were CD34+ cells as determined by flow cytometry (FACSCaliber; 

Becton Dickinson). 

UCB CD34+ cells were seeded 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), and TPO (50 ng/ml) in 6-well plates. The suspension cultures were 

incubated and fed every week at 37oC in a 5% CO2 humidified chamber. After 10 days, cells 

were collected and stained with PE conjugated CD41a antibody. CD41a+ cells were sorted at 

>90% purity by BD Biosciences FACSAria III sorter.  

5.3.3 Culture of human umbilical vein endothelial cells (HUVECs) 

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

CO2 humidified chamber. Passages 5 to 6 of HUVECs were used in experiments. 

5.3.4 Design and fabrication for 3D biomimetic microdevice 

Detailed experiment procedure has been described in the previous chapter. Briefly, CD41+ MKs 

were mixed with cold 7.5mg/ml collagen containing 100ng/ml TPO, injected into top plexiglass 

piece and dispensed onto bottom glass coverslip of plexiglass piece. After assemble of top and 

bottom part of plxiglass, the whole device was perfused with EGM supplementary with 

100ng/ml TPO for one hour before endothelial cell seeding. 
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5.3.5 Cell seeding and culture 

HUVECs were trypisinized and resuspended at a concentration of 5X106 cells/ml. 10ul of 

HUVECs suspension was added into the inlet of microdevice after removal of media from both 

inlet and outlet. The HUVECs seeded microdevice was incubated at 37oC for 15 minutes to 

allow cell attachment. The cell culture media EGM supplemented with 100ng/ml TPO with was 

then added into both inlet and outlet for the first 12 hours. Microdevices were fed every 12 hours 

by removing media and adding fresh media into inlet.  

5.3.6 Immunofluorescence staining 

After 3 days of culture, microdevices were fixed in situ by 3.7% formaldehyde for 30 minutes, 

rinsed three times with phosphate buffered saline (PBS), blocked and permeabilized by PBS 

containing 2% bovine serum albumin (BSA) and Triton X-100 (Invitrogen), rinsed three times 

with PBS, and stained with CD31 antibody and counterstained with Hoechst 33342. The 

immunofluorescence images of microdevices were taken in situ using a Nikon A1R confocal 

microscope and analyzed with FIJI software. 

5.3.7 Scanning electron micrograph 

After immunofluorescence images of microdevices were taken, microdevices were re-fixed with 

glutaldehyde for 20 minutes and rinsed three times with PBS. The microdevices were then 

dissembled into top and bottom parts. After the microvessels were opened, the thick top parts of 

microvessel containing collagen were dehydrated in serial ethanol washes (50%, 75%, 85% and 

100% ethanol), further dehydrated by critical point drying, sputtered coated with gold-platinum 

and analyzed by a FEI Sirion scanning electron microscope with an accelerating voltage of 5 kV. 
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5.3.8 Measurement of endothelial permeability 

To measure the microvessel permeability, I perfused 1cm height of 10uM 40kDa FITC-Dextran 

(Sigma-Aldrich) from the inlet of the fresh in situ fixed microvessel. Fluorescence images were 

started to be taken by Nikon high resolution fluorescent microscope right before the FITC-

dextran was added. Only fluorescence images after 3 minutes were used for permeability 

analysis by MATLAB(The Mathworks). Under the assumptions: (a) The fluorescence intensity is 

proportional to the concentration of the fluorescent solute; (b) the concentration within the 

solution in the microchannels remains constant with respect to both time and the axial position 

along the channels, the estimated permeability K (µm/s) of microvessel can be estimated as a 

function of intensity of fluorescent solution, 𝑖!, initial background intensity  𝑖!"!#!$%, intensity at 

the interchannel center  𝑖!, diffusivity of solute in collagen, 𝐷!"##$%&', interchannel distance 𝛿, 

and time t, according to previous report [92]. We have: 

 𝑙𝑛
𝑖! − 𝑖!

𝑖!"!#!$% − 𝑖!
= −𝜆!

! 𝐷!"##$%&'
𝛿
2

! + 𝑙𝑛
4 sin 𝜆

2𝜆! + sin(2𝜆!)
 [1] 

 

and  

 𝐾 =
𝐷!"##$%&'
𝛿/2 𝜆! tan 𝜆! 

[2] 

when 𝜆! is given by 

 𝜆! tan 𝜆! = 𝐵! [3] 

and 𝐵! is Biot number. 
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5.4 Results and discussion 

5.4.1 Reconstitution of 3D thrombopoietic vascular niche  

We reconstituted a 3D vascular niche, which is composed of endothelialized microvascular 

networks surrounded by the platelet precursors MKs in the type I collagen matrix, to mimic the 

vascular microenvironment in the marrow for thrombopoiesis (Fig. 5.1). Human MKs were 

prepared from differentiating hematopoietic CD34+ stem cells, isolated from either human 

umbilical cord blood or human mobilized peripheral blood (Fig. 5.1B). After 10 days unilineage 

culture, cord blood derived culture show 69% of cells expressing MK specific marker CD41 (Fig. 

5.1C), and peripheral blood culture show 52% CD41+ cells. These CD41+ MKs were purified by 

flow cytometry and uniformly embedded into collagen gel at 7.5 mg/mL with cell density of 106 

/mL. A microfluidic circuit was built in the collagen gel via soft lithography and a microvascular 

network was formed by seeding and culturing human umbilical vein endothelial cells (HUVECs) 

in the conduit for three to seven days (Fig. 5.1D). The enclosed microvessels enable the 

perfusion with medium during culture and MKs embedded collagen matrix allow for the close 

monitoring of them interacting with the microvessels (See the Methods section for details). The 

co-cultured niche system was maintained for 3-5 days with gravity-driven flow.  

 

After 3 days of culture in growth media, endothelial cells formed junctions at cell-cell contact, 

indicated by the highly expressed CD31 and VE-cadherins (Fig. 5.1E and 5.1F). Majority of  
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Figure 5.1 Reconstitution of vascular niche for thrombopoiesis. 
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 (A) Schematics of megakaryocytes-endothelial cells interaction in bone marrow. (B) Strategy to 

generate megakarycoytes from human hematopoietic CD34+ cells. (C) Expression of 

hematopoietic cells surface markers after 10 days culture of human cord blood CD34+ cells. 

Mean ± S.D., n=4. (D) Schematics of in vitro megakaryocyte (MK) -endothelial cell (EC) 

coculture system. (E) Z-stack projection of confocal fluorescence imaging of ECs and MKs 

coculture. Green: CD41 (MK marker); Red: CD31(EC junction marker); Blue: nuclei. (F) 3D 

reconstitution of confocal fluorescence imaging of ECs and MKs coculture. Green: CD41 (MK 

marker); Red: CD31(EC junction marker); Blue: nuclei. 

 

CD41+ MKs remained in the matrix, particularly when they were far away from the vessel. 

Some CD41+ cells resided on abluminal side of microvessel, and some resided inside the 

microvessel on their luminal surface (Fig. 5.1F).  

 

5.4.2 CXCR4	
  dependent	
  MK	
  migration	
  and	
  penetration	
  

In the marrow, most of mature MKs locate closed to bone marrow sinusoid, while HSCs residue 

in osteal niche[99]. Although in vitro study suggested that MKs is capable of migrating toward 

SDF1a gradient [100-102]and bone marrow endothelial cells express SDF1a it is not clear 

whether SDF1/CXCR4 dominates the interactions between MKs with microvessels. We 

combined the live imaging, confocal microscopy, and scanning electron microscopy to clarify 

this delicate interaction.  
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Figure 5.2 A megakaryocyte migrate toward endothelium captured by live imaging 

microscope.  

Arrow: megakaryocyte. Dotted line: endothelium. 

 

 

With live imaging, we noticed that MKs in the matrix migrated towards the vessel wall (Figure 

5.2). After 3 days culture, MK density increased to 3.2 X 106 /mL near the vessel wall and 

decreased to 0. 2 X 106 /ml at 300 µm (around 6 times of vessel radii) away from vessel wall (Fig. 

5.3), comparing to the original uniform density of 106/mL. In contrast, co-culture of bone 

marrow stromal cells of the same density around microvessels showed no significant change on 

cell density with respect to the distance to vessel walls over three to seven days of culture (Fig. 

5.3B).  

When a neutralizing CXCR4 antibody was perfused through the microvessels, there appear to be 

no spatial difference on MKs density along the distance to vessel wall (Fig. 5.3), indicating the 

elimination of MK migration by blocking SDF1a-CXCR4 signaling. 
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Figure 5.3 Megakaryocytes migrate toward endothelium.  

(A) Z-stack projection of confocal fluorescence imaging of ECs and MKs coculture with (right) or 

without anti-CXCR4 treatment. Green: CD41 (MK marker); Red: CD31 (EC junction marker); Blue: 

nuclei. (C) Cell density in collagen along the distance to microvessel after 3 days coculture with 

microvessel.  
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Figure 5.4 CXCR4-dependent of penetration of megakaryocytes 
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.(A) Fluorescence microscopy of 40kD FITC-Dextran perfusion through microvessel. Left: ECs 
were cultured in collagen-based microchannel network. Right: ECs were cocultured with MKs in 
collagen.  (B) Permeability analysis of ECs cocultured with MKs in collagen compared to ECs 
without any cells in collagen. Mean ± S.D., n=3. (C) Schematics of CXCR4-dependent migration 
and penetration of MKs. (D) SEM of lumen side of microvessel. Left: ECs cultured without any 
cells in collagen. Middle: ECs cocultured with MKs in collagen. Right: confocal fluorescence 
imaging of endothelium when MKs were in collagen.   

 

To further assess the effect of MK migration on microvessel, we measured the microvascular 

permeability through the temporal changes of fluorescence intensity after perfusing FITC 

conjugated 40kDa Dextran for up to 10 minutes (Fig. 5.4A). When there is no cells in the matrix, 

microvessels alone had an estimated permeability coefficient, K at 0.047 µm/s; when MKs were 

co-cultured in the matrix, the vessel permeability coefficient increased to 0.25 µm/s; when 

CXCR4 antibodies were perfused through the system, the co-cultured vessel permeability 0.09 

µm/s which is significantly smaller than the normal co-cultured condition (Fig. 5.4A, B). SEM 

revealed that pores was left on the vessel wall when microvessel was cocultured with MKs, such 

pore features may be responsible for the increase of vessel permeability (Fig 5.4C).  

 

5.4.3 Transmigration	
  of	
  MKs	
  and	
  release	
  of	
  proplatelets	
  into	
  microvessels	
  

MKs in the marrow have been shown to release proplatelets into microvessels [103, 104]. 

However, nothing is known about where on the endothelium and how the MKs penetrated 

through the vessel wall. We assessed the relative position of MKs and endothelial surfaces and 

junctions in our system 
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Figure 5.5	
  Megakaryocytes transmigrate through endothelium or extend proplatelet into 

microvascular lumen.  

Three locations of MKs relative to microvessel: (A) abluminal, (B) transmigrating and (C) luminal. Left 

column: Schematics of relative position of MKs to microvessel. Middle column: Z-stack projection and 

yz plane of confocal fluorescence imaging of microvessel and MKs. Right column: SEM imaging 

showing the position of MKs and endothelium. (D) A megakaryocyte on abluminal surface of 

microvessel producing platelets into vascular lumen. Left column: Schematics of relative position of MKs 

to microvessel.. Middle column: Reconstruction of fluorescence and bright field image of a 

megakaryocyte residing on abluminal surface of microvessel. Red: CD41; Blue: nuclei. Right column: 

SEM image of a proplatelet protrusion in a pore on endotheloium. 

 

 through confocal and scanning electron microscopy (Figs. 5.5). Three different states were 

observed at the end time point (Fig. 5.5 A-C): (1) abluminal: MKs resided completely on the 

ablumianl surface of the microvessel (fig. 5.5A); (2) transmigrating: MKs transmigrated across 

the endothelium and occupied both the abluminal and luminal space (Fig. 5.5B); (3) luminal: 

MKs completely transmigrated across the endothelium and resided inside the microvessel 

lumen(fig. 5.5C). Besides the above three states, several MKs residing on abluminal surface of 

the microvessel directly release platelets into vascular lumen (Fig. 5.5D). SEM also showed three 

types of particles either penetrating through or residing on luminal vessel wall: (1) proplatelet-

like protrusion through the endothelium, indicating the ongoing process of MK transmigration 

and proplatelet formation (Fig.5.5D), (2) fully migrated MKs in the vessel lumen (Fig. 5.5C), 

and (3) platelet-like particles and smaller microparticle-size particles in the vessel lumen. These 

results indicates two different processes occurring in the pores: (1) MKs located on the abluminal 
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side of microvessel and extended proplatelets through the endothelial pore; and (2) whole MKs 

or MK fragments transmigrated through the endothelial pore. These transmigrated MKs or MK 

fragment would probably finalize their maturation in blood vessel and further release platelets in 

the blood flow. Further confocal and SEM imaging revealed that majorities of MKs 

transmigrated through endothelium through EC-EC junctions (i.e. paracellular transmigration), 

and a small amount of MKs transmigrated directly through endothelial membranes (i.e. 

transcellular transmigration) (Fig. 5.6A,B).   

	
  

Figure 5.6	
   Paracellular(A) and intracellular(B) transmigration of MKs through 

endothelium. 
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 Left column: Schematics of relative position of MKs to endothelial cells. Middle column: SEM images 

showing the relative position of MKs and endothelial cells. Right column: Enlarged SEM images of 

middle column. 

	
  

Figure 5.7 Megakaryocytes of different maturation stages in microvessel lumen.  
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(A) Reconstruction of fluorescence and bright field image showing nucleus of MKs and 

endothelial cells. Red arrow: MK nucleus. White dotted line: endothelium. (B) Quantification of 

nucleus lobe number of MKs on vessel wall and in collagen. (C) (D) SEM images showing MKs 

with platelet territories. (E) SEM image showing proplatelet elongation. (F) SEM image showing 

naked MK nuclei with few platelets attached. 

 

In the marrow, mature MKs are found to reside near the vasculature and release platelets into the 

circulation [103, 104]. In our engineered microvascular niche, we examined the maturation stage 

of MKs around the vasculature and in the vessel lumen. By counting the nuclei lobes in 3D 

fluorescent images, MKs that are associated with the vessel wall, either migrated or 

transmigrating, showed  higher counts of nuclei lobes compared to MKs far away from the vessel 

(Fig5.7 A,B). SEM images showed that MKs in the vessel lumen has various differentiation 

stages (Fig. 5.7 C-F) too: (1) MKs with platelet territories: A MK nuclei like core with a large 

amount of platelet shaped construction (Fig. 5.7 C, D); (2) Proplatelets: Cytoplasmic elongation 

with platelet-sized swelling (Fig. 5.7 E); (3) Naked MK nuclei: Small nuclei like structure (Fig. 

5.7 F). These different scenarios indicate different stage of MK differentiation towards platelet 

release. 

5.4.4 MKs	
  release	
  functional	
  platelets	
  into	
  microvessel	
  lumen	
  

To determine whether released particles were platelets, we collected the particles and assessed 

their size distribution and surface markers by flow cytometry. Most of the released particles had 

similar size as human fresh platelets (fig. 5.8 A, B). We further examined the functions of 

platelets with a traditional adhesion assay on vWF surface and with a micropost assay for the 
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platelet contractility during activation.  Most of the collected particles adhered and spread on a 

flat fibrinogen surface after 30 minutes, characterized by formation of lamellipodia (Fig. 5.8 

C,D). In the nanopost assay, the collected particles adhered on the VWF or fibrinogen coated 

nanopost, further contracted with thrombin activation, and deformed nanopost. By measuring the 

maximal deformation of the adhered nanopost, we measured the total contractile force of a single 

platelet-like particle is 33.4 nN, which is comparable to the force generated by normal human 

platelets. 

	
  

Figure 5.8	
  Characterization of released platelet-like particles.  
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(A, B) Flow cytometry analysis of human fresh platelets(A) and culture derived platelet-like particles (B). 

Dot plot on a log scale showing forward scatter (FSC) and side scatter (SSC). (C, D) Immunofluorescence 

images of a human platelet (C) and a culture derived platelet-like particles on nanopost. Green: actin; Red: 

PDMS nanopost; arrow: contractile force. 

5.5 Discussion 

Here we have developed a 3D marrow vascular niche to study the final maturation and 

differentiation of megakaryocytes near the marrow vasculature. The system not only allowed us 

to study the direct interaction between megakaryocytes and endothelial cells, but also 

unprecedently revealed temporal and spatial changes of MK during the terminal maturation and 

differentiation to release platelets into the circulation.  Bone marrow microvessels has have been 

shown to be an important niche for the differentiation, maturation, and production of 

hematopoietic cells [97, 105, 106]. The marrow microvasculature is sinusoidal to allow for blood 

cells transmigration and production[107]. Our study uncovered the process of MKs migrating 

towards the vessel wall, creating pores on the endothelium, transmigrating across endothelium 

and releasing platelets into the circulation. We showed for the first time that endothelial cells 

from a different source (umbilical cord vein in our scenario, considered as a continuous 

endothelium with no sinusoids or fenestrae) can be modified by the surrounding MKs to become 

fenestrated or sinusoidal. The fact that decreasing MK density adjacent to microvessel causes 

microvessel less leaky suggests that fenestration of HUVECs lining microvessel is caused by 

MKs. The finding raises an interesting question about endothelial cell plasticity. Endothelial cells 

all over the body display remarkable structure heterogeneity to meet the different functional need 

in different tissue [103]. Our finding suggests that the control of microenvironment on the 

structure and function of endothelial cells.  
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We also demonstrated for the first time that MKs transmigrated through the pores they generated 

on the endothelium to finish the terminal differentiation. Majority of the transmigration occurred 

through cell junctions - paracellularly but a small portion occured through cell membranes - 

transcellularly. Similar transmigration phenomena has been observed in mesenchymal stem cell 

[108] and leukocyte [109] when they migrate across the endothelial cells. However what 

determines the transmigration sites is still unknown. In addition to the sites of transmigration, the 

stages of transmigrating MKs is also different. Proplatelet-generating MKs were observed during 

the process of transmigration by SEM. This is consistence with several previous studies showing 

in vivo mice proplatelet elongation from MKs through endothelium[104, 110]. Whole MKs or 

MK fragments were also observed in the middle of transmigration and in the microvessel lumen, 

which raised a possibility that these MKs could further mature and be trapped in the pulmonary 

vascular bed to finish differentiation and platelet release. Reports showed higher platelets 

number in postpulmonary vessels [111]and MKs in lung vasculature[17].  

The mechanism of thrombopoiesis has been under debate for years. Old ultrastructure images 

indicates the cytoplasm fragmentation of mature MKs in bone marrow[112], while recent works 

suggest a proplatelet stage with long cytoplasmic extension and beaded structure[104, 110, 113]. 

The proplatelet would be further extended in blood stream and finally release platelets [110]. Our 

finding suggests a transit stage between demarcation membrane system and proplatelet formation 

- MKs with platelet territories. These platelet-like beads are still attached to their mother cell, 

however is ready to extend with the help of fluid shear force. The platelets would be finally shed 

from the MKs and only the naked MK nuclei would be left either in the microvessel lumen or 

albumen side. 
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Our study has provided a unique system to study the crosstalk between MKs and microvessels 

and suggest the mechanism of thrombopoiesis in their vascular niche at late stage of 

differentiation. Future improvement are expected to use the bone marrow sinusoids derived 

endothelial cells to form microvascualture, with reticular cells and marrow stroma in the matrix 

to fulfill the full function of thrombopoiesis. With optimization, the system could be potentially 

scaled up to be a bioreactor to produce platelets in vitro for either therapeutic development or in 

amount large enough for transfusion.	
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Chapter 6 Conclusion and future work 

6.1 Conclusion 

Low yield and questionable quality of in vitro platelet production reveal a missing critical factors 

in megakaryopoiesis and thrombopoiesis. What is it? Is it from bone marrow microenvironment?  

One challenge is how to identify novel factors contributing to megakaryopoiesis and 

thrombopoiesis. In Chapter 3, a system approach has been developed to identify plasma 

membrane receptor genes that significantly up-regulated as HSCs are induced to become MKs. 

To validate the approach, 7 of 40 up-regulated transmembrane gene has been selected. 6 of 7 of 

the plasma membrane receptors were confirmed to have functional roles in MK and platelet 

development. This is also the first study to show that adiponectin, secreted by adipocytes, inhibit 

MK colony formation significantly. These studies validate that differentially expressed plasma-

membrane receptors identified by our microarray analyses of developing MKs have functional 

roles in megakaryocytopoiesis and platelet biology.  Thus, suggesting that there is a strong 

likelihood that the remaining 33 of the 40 up-regulated plasma membrane-localized receptors 

have important biological roles in the function and/or development of MKs and platelets. The 

creation of a developing MK receptome provides an opportunity for users to identify functional 

roles for previously uncharacterized matched receptor-ligand systems that integrate a multiplicity 

of environmental cues that are critical for MK development and platelet biology. 

Another challenge is the lack of proper tools to study the interaction between MKs and their 

bone marrow niche. Traditional 2D suspended culture systems fail to mimic in vivo 

microenvironment, and animal models too are limited in not being easily amenable to the study 



83	
  
	
  

of the individual cellular components in different combinations. In chapter 4 and 5, a 3D 

microvascular niche has been developed to study the interaction between microvessel and 

terminal maturation of MKs. with this 3D megakaryocyte/microvessel co-culture system, we 

show that endothelial cells attract megakaryocytes to migrate towards microvessels through 

signals from SDF-1 to CXCR4. The megakaryocytes, in turn, induce fenestrations in the 

microvessels. The fenestrae act as “doors” for the megakaryocytes to enter the vessels, where 

they experience fluid shear stress to shed platelets from the proplatelet processes or platelet 

territories. These results demonstrate the usefulness of this system for the study of 

thrombopoiesis, and the possibility that it can be used to reconstitute the entire marrow 

microenvironment. Because it is possible to use entirely human components, this system can also 

be used to screen thrombopoietic drugs, to study disorders of platelet formation and structure, 

and to potentially be scaled up as a bioreactor to produce functional platelets for transfusion. 

6.2 Future work 

Megakaryocyte migration, thrombopoiesis and shear stress 

The design of microvascular network in our 3D bone marrow niche developed in Chapter 4 and 5 

allow different shear stress in the same device. It would be interesting to investigate whether 

migration of MKs toward endothelium would be controlled by shear stress. In our study, we 

observed whole MKs transmigrated through endothelium and rolling in the vessel wall and also 

observe MKs extend proplatelet into circulation. Do these two phenomena also controlled by 

shear stress? Dunois-Lardé et al applied high shear stress on MKs in a perfusion chamber and 

found more platelet release under high shear condition[28]. It would be interesting to investigate 
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in our device whether high shear would promote proplatelet formation and platelet released, and 

also probably inhibit transmigration of the whole MKs. 

Adipocytes and thrombopoiesis 

Our study showed that adiponectin is an inhibitor for MK differentiation and ADP induced 

platelet aggregation. Adiponectin is mainly secreted by adipocytes and interestingly obese 

persons have lower plasma adiponectin level[74,75]. Given the fact that obese females have 

significantly elevated platelet count compared with normal weight female[114], the prediction 

would be production of MK progenitors will decrease as adiponectin levels increase or as body 

fat content decreases. It would be interesting to test this hypothesis in our 3D bone marrow niche. 
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