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ABSTRACT 

Liver Sinusoidal Endothelial Cells (LSECs) are specialized endothelial cells that play 

an important role in the metabolic and xenobiotic clearance functions of the liver. LSECs are 

distinguished by their hallmark characteristics of lacking a distinct basement membrane and 

containing open pores called fenestrae. As such, LSECs are an important cell type for 

bioengineering of functional liver tissue for clinical applications. When LSECs are removed 

from their native liver microenvironment they often change their phenotype to a diseased-like 

phenotype and are extremely difficult to expand in culture. The overall goal of this thesis was 

expand and maintain healthy human LSECs (hLSECs) in vitro for eventual repopulation of 

the liver sinusoidal endothelium of a clinically relevant liver scaffold. We examined the 

effects of three specific aspects of the liver microenvironment on expansion and maintenance 

of hLSECs in vitro: (1.) extracellular matrix (ECM) composition, (2.) cellular composition, 

and (3.) oxygen (O2) concentration.  This is a first step for future repopulation of the liver 

sinusoidal endothelium of clinically relevant sized bioengineered livers. We hypothesized 

that providing hLSECs with ECM proteins found in the native liver sinusoidal endothelium, 

coculturing hLSECs with other hepatic cells and by culturing hLSECs in physiologically 

normal O2 levels would enhance proliferation of healthy hLSECs.  The first aim of this thesis 

looked at culturing hLSECs on different ECM surfaces (fibronectin, collagen I, and laminin). 

hLSECs had higher proliferation rate and maintained their native phenotype when cultured 

on fibronectin. The second aim of this thesis evaluated the proliferation and phenotype of 

hLSECs in the presence of primary human hepatocytes, hepatic stellate cells (HSCS) 

(quiescent and activated), and hepatocyte growth factor (HGF). We observed that the ECM 

composition still plays a critical role in the maintenance of hLSECs native phenotype and 

their proliferation regardless of the presence of hepatocytes, HSCs or HGF. There was 
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increased proliferation of hLSECs cultured on fibronectin in the presence of hepatocytes, 

HSCs, and HGF than when hLSECs were cultured alone on fibronectin. Finally, the third aim 

of this thesis studied the effect of O2 on hLSECs proliferation and phenotype. In vitro, 

hLSECs required O2 at levels higher than physiological O2 (3-12%) levels for proliferation 

and maintenance of native hLSEC phenotype. Overall, the findings of this project 

demonstrated the importance of ECM composition, the presence of other hepatic cells, and 

hypertonic levels of O2 on the expansion and maintenace of hLSECs phenotype in vitro for 

liver bioengineering and regenerative medicine purposes.      
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1. Liver Anatomy and Physiology 

1.1 Liver Structure and Function  

The liver is one of the largest organs in the body and plays a critical in metabolism 

and maintaining body homeostasis [1]. The liver is made up of four main lobes: right, left, 

caudate, and quadrate lobes. Functionally, the liver is organized into eight segments (Fig 1).  

 

 

Figure 1. Segmentation of Human Liver, adapted from Siriwardena et al. Nature 2014[2] 

 

The liver performs numerous functions including:  (1) regulating levels of cholesterol 

and glucose, (2) synthesis of important proteins (e.g albumin, urea, blood clotting factors, & 

bile components), (3) storing various compounds (e.g glucose in form of glycogen, fat 

soluble vitamins, and minerals), (4) purifying and clearing harmful compounds (e.g 

ammonia, toxins, and various drugs) from the blood.  

The location and organization of the liver is well suited for the various functions it 

performs. It is placed in the circulation between the digestive tract and spleen, receiving 75% 

of it’s blood flow from these organs via the portal vein (nutrient rich blood). This 

arrangement allows for the liver to receive first pass of the blood coming from the intestines, 
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which is important for the metabolism of nutrients and detection of toxins. The liver receives 

the other 25% of its blood flow from hepatic artery (oxygen rich blood) giving it access to the 

systemic circulation. The blood flows through a vast microvasculature system, known as the 

liver sinusoids. It is through this system that hepatocytes interact with blood and are able to 

take up amino acids, carbohydrates, lipids, and other compounds in order to maintain 

metabolic homeostasis.  

Due to the vast amount of blood flow through the liver, it also has an important 

immunologic function. The blood flow through the liver and the hepatic sinusoids enable the 

liver to be the major organ for phagocytosis of various foreign macromolecules and 

microorganisms such as bacteria[1]. 

1.2 Liver Cell Types  

There are at least 15 distinct cell types in the liver [3]. Of these 15 cell types, the 5 

main cell types found within and around the parenchyma, sinusoids, and bile ducts of the 

liver: hepatocytes, liver sinusoidal endothelial cells (LSECs), kupffer cells, hepatic stellate 

cells (HSCs), and cholangiocytes.  

Hepatocytes (liver epithelial cells) are the most abundant cell type and comprise 60% 

of the total cells and 80% of the volume of liver[4]. They are one of the most metabolically 

active cells in the body. Hepatocytes are 20-30 µm in size and have a polyhedral shape with 

large nuclei. They are arranged as single cell plates with intervening sinusoids. The four main 

functions of hepatocytes are: (1) synthesizing lipoproteins, glucose, cholesterol, fatty acids, 

phospholipids and plasma proteins (2) uptaking, storing and releasing vitamins, 

carbohydrates, proteins, and lipids releasing them into the circulation, (3) producing bile 

which aids in the digestion of fats (4) finally degrading and detoxifying exogenous and 

endogenous compounds. 
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Liver sinusoidal endothelial cells (LSECs) are a specialized fenestrated endothelial 

cell. Their fenestrations provide unfettered passage of serum while restricting passage of 

blood cells. Kupffer cells account for about 15% of the total liver cells and represent 80-90% 

of the resident macrophages in the entire body. They generally reside within the lumen of the 

liver sinusoids and sometimes in the space of Disse (perisinusoidal space, the area defined in 

between the hepatocytes and sinusoids). Their main function is the phagocytosis and 

clearance of pathogens such as microogranisms, tumor cells, endotoxins, and other 

particulate matter[5]. Kupffer cells also play an important role in liver immune response. 

Hepatic stellate cells also reside in the space of Disse. HSCs make up 5- 8% of the 

total number of cells in the liver. HSCs are found in two states: quiescent and activated. In 

healthy normal liver, HSCs are quiescent and store vitamin A. Quiescent HSCs secrete 

growth factors such as hepatocyte growth factor (HGF) which play a key role in maintenace 

and function of various cells in the body[6]. Upon liver damage, HSCs differentiate into 

activated myofibroblasts. Activated HSCs have depleted vitamin A and secrete excess ECM 

proteins, collagen being the predominant one. The secretion of the excess ECM proteins 

leads to liver fibrosis [7]. 

Cholangiocytes are the biliary epithelial cells in the liver and are about 6 to 15 µm in 

size. Their main function is to modify bile as it is transported throughout the biliary tree [8]. 

1.3 Liver Extracellular Matrix  

The highly specialized liver ECM plays a critical role in liver function both in normal 

and diseased states. The ECM is composed of a multitude of proteins (e.g collagen, 

fibronectin, laminin, glycosaminoglycans (GAGs), and many others) that provide 

biochemical and structural support for cells. The major function of the liver ECM is related to 

mechanical coherence and resistance, but the liver ECM also plays a critical role in cell 

proliferation, migration, differentiation, and gene expression.  
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The most abundant ECM proteins found in the liver are collagens, with the most 

common being types I, III, IV, and V which are confined mainly to the portal and central 

areas of the liver lobule and gives the liver its main structure [9]. Other components of the 

liver ECM are glycoproteins such as laminin, fibronectin, tenascin, and nidogen, among 

others[9]. Proteoglycans which include heparan, dermatan, chondroitin sulphate, perlecan, 

hyaluronic acid, biglycan, and decorin also compose the liver ECM[10]. 

2. Liver Disease and Current Therapies 

2.1 Current Landscape of Liver Diseases 

30 million people in the United States suffer from liver disease [11]. There are over 

100 types of liver disease which can be caused by a variety of factors such as toxins, 

infectious agents, cancer, and hereditary defects. Depending on severity of the liver damage 

caused by the liver insult, it can often lead to chronic liver disease. Chronic liver disease is 

the 12th leading cause of death in the United States, with about 38, 170 deaths per year[12]. 

Chronic liver disease is often accompanied with liver fibrosis. The most common causes of 

liver cirrhosis are chronic hepatitis C, alcohol abuse, non-alcoholic fatty liver disease 

(NAFLD), and liver cancer. 4 million Americans have hepatitis C. In recent times, there has 

been an increase in numbers of Americans with NAFLD. The increase in the number of 

Americans with NAFLD is relative to the increase of Type II Diabetes and obesity in the 

country: about 20% of Americans have NAFLD. According to American Cancer Society 

there will be about 40,710 new cases of liver cancer diagnosed in Americans in 2017 and 

about 28,920 people who will die from liver cancer[13]  

2.2 Liver Fibrosis 

Liver fibrosis results from chronic damage to the liver accompanied with the 

accumulation of ECM proteins. The major alterations in the composition and quantities of 

ECM proteins in the liver is associated with liver fibrosis[14]. In advanced disease stages, the 
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liver contains approximately 6 times more ECM than normal, including collagens (I, III, and 

IV), fibronectin, elastin, laminin, hyaluronan, and proteoglycans[10]. Accumulation of ECM 

results from both increased synthesis and decreased degradation.  

Accumulation of ECM proteins is initiated by damage to hepatocytes. The damaged 

hepatocytes trigger an inflammatory response which results in the stimulation of Kupffer 

cells[15]. Factors released by activated kupffer cells trigger activation of HSCs. The HSCs 

are the main ECM-producing cells in injured liver[7]. As previously mentioned, in normal 

liver, HSCs reside in the space of Disse and are the major storage sites of vitamin A and 

remain in a quiescent phase. However, upon liver injury activated HSCs differentiate into 

myofibroblast-like cells, acquiring contractile, proinflammatory, and fibrogenic 

properties[16] The increase in ECM proteins alters the hepatic architecture by forming a 

fibrous scar, and the subsequent development of nodules of regenerating hepatocytes defines 

cirrhosis[14]. Cirrhosis leads hepatocellular dysfunction and increased intrahepatic resistance 

to blood flow, which results in hepatic failure[14].  

2.3 Current Treatment and Therapies for Liver Disease 

The only long term treatment option available for patients with chronic liver disease 

is orthotopic liver transplantation. With a high prevalence of liver disease in the country, 

there is a shortage of livers available for transplantion. According to the United States Organ 

Procurement and Transplantation Network (OPTN) there are around 14,300 patients daily 

waiting for a liver transplant and only about 6,000 liver transplantations performed by the 

end of 2016[17]. 

There are various alternative treatment options for patients with liver diseases 

including artifical and bioartificial liver devices, cell therapies, and new surgical methods. 

Artificial liver support device are based on the principle of albumin dialysis or plasma 

separation and filtration [18]. They remove both albumin-bound and water-soluble toxins 
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without having any synthetic function. The cell free artificial systems make use of the 

processes of adsorption and filtration performed by the liver and assume that by removing 

toxins from the patient's plasma, there will be improvement in the patient’s health [19, 

20]. Even though these artificial liver systems improved biochemical and clinical conditions 

as well as remove of toxins from patient plasma they did not substantiate a survival benefit 

for the patients.  

Bioartificial liver (BAL) systems were developed to address specific metabolic tasks 

performed by the liver in addition to detoxifying plasma [21]. The BAL system use liver cells 

as the biological component to accomplish the metabolic processes of the liver. Various cell 

sources have been used in different BAL systems. These cell sources include: primary 

hepatocytes cells (either human or of xenogeneic derivation), cell lines (tumor cell lines or 

immortalized cell lines) and progenitor cell populations[20]. Primary human hepatocytes 

meet the biocompatibility requirements and can be isolated from donor organs rejected for 

transplantation, however, the logistics of receiving human organs and isolating cells are very 

complicated for full clinical purposes. Xenogeneic cells (often from porcine liver) are more 

readily available; however, there are immunogenecity risks and in addition, their metabolic 

compatibility is not confirmed[22]. Available liver cell lines have their limitations in that 

they only display a part of the metabolic activity of primary human liver cells. Therefore, a 

large cell mass would be needed to demonstrate therapeutic success[23]. In addition, the 

membrane in BAL devices which separates liver cells from the patient's blood or plasma 

limits the exchange of substances and therefore also potentially reduces the effectiveness of 

the BAL system. Furthermore, the blood/plasma flow in the BAL system is limited to 100–

300 mL/min, whereas the blood flow in normal human liver is about 1500 mL/min, this poses 

the issue that there is not a complete clearance of toxins from the patient’s circulation [24]. 



8 

 

Cell therapy has also been explored as a potential treatment for patients with liver 

disease. The intact host liver architecture is supplemented with hepatocytes that could 

potentially proliferate and repair the damaged tissue. The first successful hepatocyte 

transplantation was performed in 1992 to a woman with familial hypercholesterolemia [25]. 

This patient had improved LDL and HDL levels throughout the next 18 months. Since, the 

first hepatocyte transplantation, the therapy has also been used in cases of patients with 

chronic liver diseases as a bridge to whole liver transplantation [26]. Even though there is 

about 1-5% of hepatocyte engraftment of the total liver it did lead to better short term clinical 

outcome. Hepatocyte transplantation has its limitations including inability to obtain large 

numbers of primary hepatocytes from human livers due to shortage of donor livers available 

for cell isolation as well as the inability to expand primary hepatocytes in vitro. Furthermore, 

generally the human livers available for cell isolation are often the ones that have been 

rejected for transplantation, therefore, leading to variable cellular viability and unpredictable 

cell survival. 

Another alternative to whole liver transplantation is split liver transplantation. The 

basic difference between this approach and reduced-size liver transplantation is that both 

parts of the liver are suitable for transplantation. Split liver transplantation was established in 

order to maximise cadaveric donor organ use for children and adults[27]. Split-liver 

procedure for two adult recipients is still uncommon, although it has been done it still poses 

technical challenges. One particular challenge is obtaining an adequate mass of functional 

parenchyma in the left graft[28]. Even though split liver transplantation is feasible for 

patients, many challenges remain, therefore, making whole liver transplantation the only 

definitive treatment available for patients with liver disease.   

 



9 

 

3. Liver Bioengineering 

 
This section includes parts from two published review articles and two book chapters.    
 
Journal Articles 

• “Current achievements and future perspectives in whole-organ bioengineering” 
•••• “Whole-organ bioengineering: current tales of modern alchemy” 

 
Book Chapters 

• “Principles of Organ Bioengineering,” Regenerative Medicine Applications in Organ 
Transplantation.  

• “Translational Regenerative Medicine- Hepatic Systems” Translational Regenerative Medicine.  

 

As previously mentioned, liver transplantion is the only long term treatment available 

for patients with End Stage Liver Disease. There are about 15,000 patients daily waiting for a 

liver transplant and only about 6,000 liver transplantations performed by the end of 2016. 

Therefore, if tissue engineering/regenerative medicine (TERM) is successful, it can help 

solve the problem of liver shortage by increasing the number of organs that can be used for 

transplantation.  

3.1 Liver Regeneration 

Healthy liver has the natural ability to regenerate. Liver regeneration occurs after 

liver injury or partial hepatectomy [29, 30]. During liver regeneration, quiescent hepatocytes 

undergo replication and proliferation to restore the liver mass in a hyperplastic response. 

Multiple growth factors and cytokines interact through various metabolic signalling pathways 

to trigger hepatocyte replication and proliferation. Following partial hepatectomy, it is 

thought that portal hypertension resulting from increased blood flow to the remaining liver 

mass triggers the liver regeneration cascade[31]. Unlike, normal liver, where liver 

regeneration can occur properly, there is a lack of liver regeneration in diseased liver due to 

disruption of the liver regeneration cascade.  
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3.2 Scaffolds for Liver Bioengineering 

 One of the key requirements for successful liver bioengineering is the use of an 

appropriate scaffold. The scaffold (a) provides structural integrity defines a potential space 

for the engineered tissue, (b) guides restructuring that occurs through proliferation of cells 

donor and ingrowths of host tissue, (c) maintains distances between cells that permit 

diffusion of gas and nutrients and possibly the ingrowths of vasculature from the host bed 

and (d) transmits tissue-specific mechanical forces to cue the behavior of cells within it[32]. 

Early liver bioengineering studies used polymer scaffolds made up of synthetic biomaterials 

including Polyglycolic Acid (PGA), Polylactic Acid (PLA), Poly Lactic-co-glycolic Acid 

(PLGA) and Polycaprolactone (PCL)[33]. These synthetic scaffolds had advantages 

including appropriate mechanical properties and proof of concept showing there was 

increased liver cells viability when liver cells were seeded on the scaffolds, compared to 

viability of cells without the synthetic biomaterials.  However, the synthetic scaffolds had 

ther limitations including lack of cell recognition signals and vascular networks hindering 

cell proliferation and viability long term. 

Currently, there is an increased use of decellularized, natural bioscaffolds in the field 

of liver bioengineering because they not only maintain the liver microarchitecture but also 

retain many bioactive signals (cell-adhesion peptides, ECM proteins, and so on) that are 

difficult to replicate artificially and help with cell attachment and viability[34]. It is also 

advantageous to use whole-organ scaffolds because ECM components are consistent from 

species to species. Therefore, when it comes to humans, there is the potential to use 

decellularized porcine organs, since they are closest in size to human organs and are readily 

available[35, 36]. Human cells can be delivered to these decellularized porcine organs to 

generate bioengineered human organ.  
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In terms of liver bioengineering, it has been shown that natural matrices help with the 

growth and viability of primary hepatocytes. Livers are decellularized by using the perfusion 

method because it has been the most effective in removal of cellular components of the organ 

and does little damage to the vascular network, two criteria which are extremely important in 

recellularization of the whole organ [37]. At present, several species of livers have been 

decellularized with different types of protocols to obtain natural bioscaffold[35, 38-40]. In 

2013, Kajbafzadeh and colleagues reported the evaluation of two main decellularization 

techniques (diffusion and perfusion) and five different decellularization protocols for ovine 

livers[41]. They determined that a perfusion method is a better decellularization technique, 

and that perfusion with ammonium hydroxide solution followed by cycles of Triton X-100 is 

the most accurate and appropriate decellularization protocol to obtain whole liver with an 

undamaged intravascular tree. The same method has been used in other studies as the current 

best liver-specific decellularization protocol[37]. Scientists are attempting to use porcine 

liver as a scaffold for liver bioengineering since, as mentioned earlier, the porcine liver size is 

the closest in size to human livers and are readily available[36].  

3.3 Cell Sources for Liver Bioengineering 

One of the biggest challenges in whole-organ bioengineering is an appropriate cell 

source to repopulate a scaffold and this is no different for whole-liver bioengineering. As 

previously mentioned for BAL devices and cell therapies primary hepatic cells have been 

sought after as a primary source. Primary hepatic cells have also been sought after as a cell 

source for repopulation of the decellularized liver scaffolds. There has been some success in 

the partial repopulation of clinically relevant sized liver with primary hepatic cells [40, 42]. 

These studies showed that the primary cells continue to remain viable on the acellular liver 

scaffold. However, these studies have their limitations in that there is still no complete 
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repopulation of the liver scaffold both in the parenchyma and more importantly in the 

vasculature. Another limitation in the use of primary hepatic cells is that to date, no one has 

been able to isolate hepatocytes or liver sinusoidal endothelial cells and have them grow in 

culture in the long term [43, 44]. Upon isolation, these cells lose their function as well as the 

capability to proliferate once outside of their natural environment. 

In 2010, Espejel and colleagues used induced pluripotent stem cell (iPSC) technology 

to create hepatocytes that have functional and proliferative capabilities for liver regeneration 

in mice [45]. The iPSC source is a very promising cell source for liver regeneration as shown 

by Espejel and colleagues. In 2013, Takebe and colleagues were the first to use iPSC 

technology to generate a 3D vascularized human liver in vitro[46]. However, bioengineering 

a fully functional liver the size of a human liver has yet to be performed using iPSC 

technology.   

Scientists have also looked into the use of progenitor cells to repopulate liver 

scaffolds; however, to get the appropriate cell numbers to bioengineer a liver to the size of a 

human liver remains an issue[47]. In 2011, Baptista and colleagues bioengineered a 

functional humanized rat liver by using a bioreactor system to deliver human progenitor cells 

to the liver scaffolds[47]. The bioreactor provides a continuous flow of media with growth 

factors and gases which allows proper cell maintenance in the 3D liver scaffold. Different 

pressures can be used to deliver different cell populations to their appropriate niche in the 

liver. These bioengineered livers displayed hepatic characteristics such as biliary duct 

structures which were positive for cytokeratin 19 along with clusters of hepatocytes which 

were positive for cytochrome P450 3A and albumin in the parenchymal space of the liver. 

The bioengineered liver also displayed hepatic functions such as urea and albumin secretion 

along with the ability to metabolize drugs. The endothelial cells coated the liver vascular 

structures and expressed endothelial cell nitric oxide synthase. Furthermore, upon blood 
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perfusion, there was significantly less platelet adhesion and aggregation in the bioengineered 

liver compared with that of the empty liver scaffold, which is an extremely important factor 

for blood vessel patency after transplantation. 

Both the iPSC technology and progenitor cells have their advantages and 

disadvantages. iPSCs have the advantage of being extremely proliferative and having an 

unlimited number of cell divisions; however, this can also be a disadvantage because 

unlimited cell divisions could give rise to tumors [48]. Progenitor cells have the advantage of 

being stem cell-like but also in a further stage of cell differentiation and have a limited 

number of cell divisions and therefore lack the ability to form tumors. Since progenitor cells 

have a limited number of cell divisions, it is extremely difficult to isolate a large number of 

these cells to repopulate a liver scaffold for liver transplantation.  

Their continues to be increased focus in the field of liver bioengineering on 

generating billions of the specialized liver cells (hepatocytes, stellate cells, sinusoidal 

endothelial cells, and so on) to repopulate a scaffold of clinically relevant size in order to 

bioengineer a transplantable human liver for patients with liver disease. 

4. The Liver Vascular System 

4.1 Structure and Function of the Liver Vascular System 

The liver receives approximately 25% of the cardiac output, making it an extremely 

vascularized organ. As previously mentioned, the liver is functionally organized into eight 

segments. Each segment has its own independent vascular and biliary pedicle and venous 

drainage[1].  

The portal vein consists of two functionally distinct parts: the conducting system and 

the distributing system. The conducting system delivers blood to the far reaches of the 

hepatic parenchyma. The distributing system ensures even distribution to individual 

hepatocytes through the sinusoidal network. 
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The venous drainage of the liver consists of three main hepatic veins and numerous 

smaller veins.[1] Blood drains from the hepatic sinusoids into the terminal hepatic veins, then 

to sublobular hepatic veins, and into finally one of three main hepatic veins.  

The hepatic artery supplies 25% to one third of total hepatic blood flow, however, it’s 

exact role in parenchymal perfusion is uncertain but it is certain that the hepatic artery 

terminates in the sinusoids[1].  

4.2 Liver Sinusoidal Endothelium 

Liver sinusoidal endothelial cells (LSECs) constitute the sinusoidal wall, also called 

the endothelium. The liver sinusoids are regarded as unique capillaries which differ from 

other capillaries in the body, because of the presence of open pores known as fenestrae [49] 

(Fig 2).   

 

Figure 2. Lumen of the hepatic sinusoid with the endothelial cell coating, displaying the typical 
fenestrations. Adapted from Vollmar et al.[50]  
 

The fenestrated endothelium plays a central role in regulating the exchange of 

macromolecules, solutes and fluid between the blood and the surrounding tissues, this is 

known as the scavenger property of the LSECs. The substances are transported according to 

various factors including: size, charge and chemistry[49]. The substances can be delivered 

and processed through endocytosis or transcytosis. During endocytosis, the substances are 
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delivered to and processed by the LSECS while during, transcytosis, the substances are 

carried throughout the liver sinusoidal endothelium to the surrounding tissues to be 

processed. LSECs transport substances through both pathways. 

Besides endocytosis and transcytosis, transport of the various molecules in the liver 

sinusoidal endothelium occurs through the fenestrae. During this process the endosomal and 

lysosomal compartments are bypassed. The exchange of fluids, solutes and particles is 

bidirectional, allowing an intensive interaction between the sinusoidal blood and 

parenchymal cells. The LSECs minimize the barrier for the transfer of small and soluble 

substrates between the blood and the extracellular space of Disse, while their fenestrations 

exclude larger particles such as blood cells and platelets that are in the blood circulation [51]. 

LSEC-fenestrae are between 50-200 nm in diameter [52]. LSECs prevent direct contact 

between macromolecules or leukocytes and hepatocytes [53, 54]. 

Not only do LSECs serve as a scavenger system in the liver, by facilitating transfer of 

substrates between the blood and the liver parenchyma and regulating lipoprotein traffic to 

and from the hepatocytes, they also serve important immune functions[55]. Specialized 

natural killer cell populations and kupffer cells adhere to the surface of LSECs[56]. LSECs 

express chemokine receptors CXCR6 and CX3CR1 which help with the retention of these 

immune cells in the liver sinusoids in combination with expression of CXCL16 and CX3CL1 

by LSECs [57].  

LSECs constitutively express many molecules necessary for antigen presentation 

(CD54, CD80, CD86, MHC class I and class II and CD40) and can function as antigen 

presenting cells for CD4+ and CD8+ T cells [53]. LSECs also express Liver/lymph node-

specific intercellular adhesion molecule-3-grabbing integrin (L-SIGN) and Liver Sinusoidal 

Endothelial Cell Lectin (LSECtin) which are involved in the uptake of molecules with 

mannose residues which may contribute to the clearance of pathogens from the blood 
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circulation[58-60]. LSECtin is a ligand for activated T-cell surface marker CD44. It has been 

shown that CD44 interaction with LSECtin inhibits T-cell activation, proliferation and 

effector function, indicative of the importance of LSECtin expression in controlling local T-

cell activation and effector function [61]. 

The diameter and number of fenestrations are altered by various liver diseases. The 

alterations to the fenestrations affect a number of factors including: hepatic trafficking of 

lipoproteins, clearance of pharmaceutical agents, liver regeneration and interactions between 

lymphocytes and hepatocytes [51]. During liver disease, the liver sinusoidal endothelium 

becomes one continuous membrane lacking fenestrations. During, this process known as 

capillarization there is also increased CD31 and VCAM expression by LSECs, markers 

which are normally not expressed by healthy LSECs[62]. On the contrary to increased CD31 

and VCAM expression there is decreased Lymphatic vessel endothelial hyaluronan receptor 

1 (LYVE1) expression by LSECs during liver disease, which is normally expressed by 

healthy LSECs. These changes in LSEC phenotype, especially the lack of fenestrations and 

the continuous membrane have a detrimental effect in the liver since it obstructs the transfer 

of materials to and from the parenchyma and possibly contributes to regional hepatocyte 

hypoxia[63]. 

4.3 Roadblocks in the Expansion of Liver Sinusoidal Endothelial Cells  

Upon isolation, when LSECs are grown in tissue culture outside of their native 

microenvironment they display a phenotype often seen in cirrhotic liver (lack of 

fenestrations). Due to the critical role LSECs play in normal liver function, it is critical to 

find ways to expand LSECs to repopulate a liver scaffold for liver bioengineering purposes. 

Studies done on rat LSECs have shown that when LSECs are grown on specific ECM 

molecules maintain a normal phenotype[44]. Furthermore, another study has also shown that 

when LSECs are cultured on decellularized liver ECM they maintain their normal phenotype 
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[64]. Further, many studies have also shown that coculturing LSECs with other hepatic cell 

types also maintains LSEC native phenotype [65-68] 

 To date there has been no success in repopulation of the sinusoidal endothelium of 

a liver ECM scaffold using primary LSECs. From a practical perspective, expansion of 

LSECs in vitro to achieve the required cell numbers for clinical applications is a major 

challenge, due to reduced cell proliferation ability, and more importantly their phenotypic 

plasticity when cultured outside of the native liver environment. Therefore, it is critical to 

develop new strategies to expand LSEC and maintain their native phenotype for repopulation 

of a liver scaffolding system. 

The purpose of this dissertation project was to manipulate various aspects of the liver 

microenvironment in vitro to enhance proliferation while maintaining healthy hLSEC 

phenotype. We studied the effects of specific ECM proteins, hepatocytes & HSCs, HGF, and 

finally O2 levels on human LSEC (hLSEC) proliferation and phenotype maintenance in vitro. 

Our results significantly contribute to efforts directed at achieving the numbers of healthy 

LSECs needed to repopulate the sinusoidal endothelium in a clinically relevant sized 

bioengineered liver for transplantation.  
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ABSTRACT 

Liver Sinusoidal Endothelial Cells (LSECs) are specialized endothelial cells that play 

an important role in the metabolic and xenobiotic clearance functions of the liver. LSECs are 

distinguished by the hallmark characteristics of lacking a distinct basement membrane and 

containing open pores called fenestrae. As such, LSECs are an important cell type for 

bioengineering of functional liver tissue for clinical applications. As previously mentioned, 

when LSECs are removed from their native liver microenvironment they often change their 

phenotype to a diseased-like phenotype and are extremely difficult to expand in culture. The 

specific objective of this study is to determine cell substrate compositions that support LSEC 

proliferation in vitro while maintaining both their phenotype and function. 

hLSECs cultured on decellularized liver ECM discs expressed LYVE1 and integrin 

α5 indicating maintenance of normal hLSEC phenotype in vitro. hLSECs cultured on 

fibronectin and collagen I, either individually or in combination,  demonstrated greater 

adherence and proliferation, as compared to hLSECs seeded onto laminin. hLSECs cultured 

on all substrates expressed LYVE1. However, significant differences in the expression of 

integrin α5 and α6 were observed based on substrate composition. hLSECs cultured on 

fibronectin and collagen expressed integrin α5, indicating maintenance of the normal hLSEC 

phenotype.  Conversely, hLSECs grown on laminin expressed integrin α6, indicating loss of 

the normal LSEC phenotype. Finally, hLSECs cultured on collagen and fibronectin secreted 

higher levels of Prostaglandin E2 (PGE2), as compared to hLSECs cultured on laminin. 

This study shows that the ECM-proteins play an important role in the preservation of 

the native hLSEC phenotype and support cell expansion, in vitro. Providing specific ECM 

proteins that mimic the native liver microenvironment is critical for in vitro expansion of 

hLSECs intended for use in tissue engineering and other regenerative medicine applications. 
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INTRODUCTION 

The incidence of chronic liver disease continues to increase in the United States, as 

well as worldwide, and liver transplantation is currently the gold standard for extending the 

lives of these patients. However, approximately 20% of these patients die while waiting for a 

liver transplantation due to donor shortage[1]. Liver bioengineering has the potential to 

provide an alternative to donor liver transplantation. One of the key requirements for 

successful liver bioengineering is the use of an appropriate scaffold. The scaffold (a) provides 

structural integrity for the engineered tissue, (b) guides establishment of the 

microarchitecture within the engineered tissue, (c) maintains distances between cells that 

permit perfusion with media containing O2 and nutrients and (d) transmits tissue-specific 

mechanical forces to support appropriate cell phenotype [2]. Early liver bioengineering 

studies used polymer scaffolds made of synthetic biomaterials including PGA, PLA, PLGA 

and PCL [3]. These synthetic scaffolds had advantages including appropriate mechanical 

properties and increased preservation of cell viability, as compared to constructs formed 

without any scaffold material [4].  However, synthetic scaffolds had major limitations, 

including a complete lack of bioregulatory function and no vascular network, which led to 

poor long term viability.  

Currently, in the field of liver bioengineering, many groups have suggested an 

approach whereby clinically relevant sized livers are decellularized by perfusion with various 

detergents to obtain natural acellular scaffolds [5-10]. These decellularized liver scaffolds 

may be well suited for use in liver bioengineering for a number of reasons including: (a) 

providing authentic matrix support for cells; (b) providing a variety of bioactive molecules 

in an appropriate spatial distribution that is difficult to artifically replicate; (c) preserving 

the microarchitecture of both the parenchyma and capillary bed); and (d) providing a 

scaffold of clinically relevant size for transplantation. Previous studies have shown that 
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decellularized liver scaffolds provide an environment that enhances in vitro cell growth 

of multiple liver cell types, while supporting normal cell function[5, 9, 11, 12]. In spite of 

these recent achievements, significant challenges remain in producing bioengineered livers of 

clinically relevant size. Specifically, expanding a sufficient quantity of cells for seeding a 

clinical scale scaffold, and preserving the viability of these cells during in vitro maturation of 

the recellularized construct have yet to be achieved.  

The liver is a complex organ that performs many different functions including 

synthesis of plasma proteins, metabolism of toxic compounds in the blood, storage of glucose 

in the form of glycogen, and production of bile for clearing detoxified products and aiding in 

digestion. The physiological and functional complexity of the liver is mirrored in its diverse 

cellular composition.  The liver sinusoidal endothelium is comprised of LSECs, which are 

fenestrated to provide unfettered passage of serum while restricting passage of blood cells 

[13]. Liver disease can result in the loss of LSEC fenestration, leading to altered 

communication between the liver parenchyma and the circulation.  [14, 15]. In disease states 

such as fibrosis, LSECs also begin to express different cell surface markers such as CD31, 

which is normally not expressed by healthy LSECs [16]. Also, in the context of liver injury, 

Ding et al. showed that LSECs release mitogenic factors that trigger hepatocyte proliferation 

[17]. Therefore, the re-establishment of a functional sinusoidal endothelium is a primary 

challenge in liver bioengineering due to the critical role of this structure in supporting 

virtually all liver functions [16, 18, 19].  

To date, no reliable method for the repopulation of the sinusoidal endothelium in a 

bioengineered construct has been developed. Additionally, no practical method for 

expanding a sufficient population of LSECs for clinical scale tissue engineering has been 

established.   This is largely due to reduced cell proliferation capacity and loss of appropriate 

phenotype when these cells are removed from the native liver environment [20, 21]. 
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Therefore, it is critical to develop new strategies for the expansion and phenotype support of 

LSECs within a liver scaffolding system. A potential strategy for maintaining phenotypic 

integrity and overcoming limited proliferative capacity would be to provide a supportive cell 

substrate that contains the structural and bioregulatory properties of the native liver ECM [22, 

23]. The ECM is composed of a multitude of proteins that provides a supportive scaffold for 

cells and regulates biological functions through interactions with matrix associated 

bioregulatory molecules [24]. Integrins play a major role in receiving information from the 

ECM, and these membrane proteins synergize with other cell surface molecules, such as 

growth factor receptors, for regulating a wide variety of cellular processes including 

proliferation, morphogenesis, inflammation and apoptosis [24, 25].  

The goal of the current study was to test the effect of ECM proteins on the 

maintenance of LSEC phenotype and promotion of proliferation, in order to identify an 

optimal cell substrate composition. hLSECs were seeded onto tissue culture plastic coated 

with different ECM proteins and on decellularized native liver ECM.  hLSECs were then 

characterized with respect to the expression of integrin α5, α6, and β1, CD31, LYVE1 and 

prostaglandin E2 (PGE2) secretion. It was determined that hLSECs maintain their native 

phenotype when cultured on decellularized liver ECM discs and that fibronectin and collagen 

I are required for hLSEC proliferation and maintenance of normal phenotype. Collectively, 

our results suggest a method for generating a sufficient number of functional LSECs for 

establishing the sinusoidal endothelium in a clinical scale bioengineered liver.  

MATERIALS AND METHODS 

Human Liver Sinusoidal Endothelial Cells (hLSEC) Culture 

hLSECs (Applied Biological Materials, Inc, Richmond, BC, Canada) were 

maintained in T-75 flasks coated with Fibronectin (Thermo Fischer Scientific) at 1 µg/cm2 in 

Endothelial Growth Media + 2% Serum (Lonza) (EGM2) supplemented with 1% 
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Antimitotic/Antibiotic at 37°C in a humidified atmosphere containing 5% carbon dioxide and 

grown to confluency. Media was changed every 3 days.  

Human Umbilical Vein Endothelial Cells (HUVECs) Culture 

HUVECs were maintained in T-75 flasks coated with Fibronectin (Thermo Fischer 

Scientific) at 1 µg/cm2 in Endothelial Growth Media + 2% Serum (Lonza) (EGM2) 

supplemented with 1% Antimitotic/Antibiotic at 37°C in a humidified atmosphere containing 

5% carbon dioxide and grown to confluency. Media was changed every 3 days.  

hLSEC and HUVECs culture on acellular liver disc 

4-5 weeks old ferret (Marshall Bioresources) livers were utilized to prepare the 

decellularized liver ECM discs. A detailed description of ferret liver harvesting and 

decellularization has been described previously[11]. The decellularized livers were cut into 

small lobes, embedded in OCT in plastic molds, and flash frozen with liquid nitrogen. The 

cryopreserved liver lobes were mounted onto a cryotome (Leica CM1950) to obtain liver 

ECM discs which were sectioned at 300 µm. An 8 mm diameter biopsy punch, equipped with 

a plunger was used to generate the discs from the liver sections. Each disc was placed in a 48 

well plate. The discs were air dried and washed with PBS multiple times and kept in PBS at 

4°C until ready for sterilization. The discs were sterilized by gamma irradiation at a dose of 

1.5 Mrad (J.L. Shepherd and Associates).     

After sterilization, 500 µL of EGM2 media was added to wells containing discs for 1 

hour in the 37°C incubator to precondition the discs for enhanced attachment of hLSECs and 

HUVECs. The media was then aspirated. 1 million hLSECs and HUVECs were reconstituted 

in 20 µL and placed on the discs for 1 hour. After 1 hour, the volume was brought up to 500 

µL. Cells were kept in culture on the discs for one week at 37°C in a humidified atmosphere 

containing 5% carbon dioxide for up to 5 days. 
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Determining hLSEC attachment on ECM substrates 

250,000 hLSECs were seeded into 24 well tissue culture plates with the following 

substrates: (1) Plastic (2) Fibronectin (Thermo Fischer Scientific) at 1 µg/cm2 (3.) Collagen I 

(Corning) at 5 µg/cm2 (4) Laminin (Corning) at 1 µg/cm2 (5) Fibronectin + Collagen I (6) 

Fibronectin + Laminin (7) Collagen + Laminin (8) Fibronectin + Collagen + Laminin. The 

cells were seeded with EGM2 media and kept at 37°C in a humidified atmosphere containing 

5% carbon dioxide for up to 2 hours. Media was collected at 30 minutes, 1 hour, and 2 hours 

to count the number of cells that did not attach on the surface. Cells were counted using a 

hemocytometer. This number was subtracted from to give the number of cells that attached 

on the different ECM coated surfaces.   

hLSEC proliferation on acellular liver disc 

Liver ECM discs seeded with hLSECs and HUVECs were washed with PBS and 

fixed in 10% Neutral Buffered Formalin (NBF). The discs were paraffin embedded and 

sectioned at 5 µm. Immunofluouresence with anti-Ki-67 antibody was perfomed. Appropriate 

secondary antibody labelled with Alexa Fluor 594 was used. The slides were fixed with 

ProLong Gold antifade reagent with DAPI to stain nuclei. A Leica DM 4000 B microscope 

was used for the images. A program designed in Matlab resulted in percentage of cells that 

are Ki67 at day 5, by distinguishing Ki67 positive cells compared to DAPI only.  

hLSEC proliferation on ECM substrates 

 48 well tissue culture treated plates were prepared with different ECM substrates as 

described above. 5000 hLSECs were plated on the different ECM protein coated surfaces and 

kept in 37°C in a humidified atmosphere containing 5% carbon dioxide for up to 5 days. 

hLSECs were counted at days 1, 3, and 5 using hemocytometer.  
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Histology and Immunofluorescence staining 

 Liver ECM discs seeded with hLSECs and HUVECs were washed with PBS and 

fixed in 10% Neutral Buffered Formalin (NBF). The discs were paraffin embedded and 

sectioned at 5 µm. Histochemical analysis was performed using Hematoxylin and Eosin 

(H&E) staining and immunofluouresence with anti-LYVE1 (abcam), anti-CD31 (Santa 

Cruz), anti-Integrin α5 (abcam), anti-Integrin α6,  anti-Integrin β1 (abcam), and anti-Ki-67 

antibodies. Appropriate secondary antibodies labelled with Alexa Fluor 594 were used. The 

slides were fixed with ProLong Gold antifade reagent with DAPI to stain for the nucleus. A 

Leica DM 4000 B was used for the images. 

hLSECs seeded on the different ECM substrates were fixed with 10% NBF at days 1, 

3, and 5. Immunofluouresence was carried out using anti-LYVE1 (abcam), anti-Integrin α5 

(abcam), anti-Integrin α6 (abcam), anti-Integrin β1 (abcam), Appropriate secondary 

antibodies labelled with Alexa Fluor 594 were used. The slides were fixed with ProLong 

Gold antifade reagent with DAPI to stain for the nucleus. A ZEISS M1 Axiovert 200M 

microscope was used for the images.  

Prostaglandin ELISA 

Media was collected from hLSECs seeded on the different ECM substrates at days 3 

and 5 in culture. Prostaglandin E2 (PGE2) concentrations were measured using a 

Prostaglandin E2 ELISA kit-Monoclonal (Cayman Chemical Company), according to the 

manufacturer’s instruction, and normalized to 10,000 cells.  

Statistical Analysis 

Data is shown as + standard deviation. Statistical analysis was done using Microsoft excel 

using Student’s T-test. p< 0.05 was considered significance.  
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RESULTS 

LSECs are difficult to grow and expand in vitro since they lose their native 

phenotype once removed from their natural microenvironment. Figure 1A shows that 

hLSECs maintain appropriate cobblestone-like phenotype in vitro. For our studies, we used 

LYVE1 as a specific marker for hLSECs, as opposed to the traditional endothelial cell 

markers, such as Ve-Cadherin which are expressed by all endothelial cells and not specific to 

hLSECs.  

 

Figure 1. Phenotypic characterization of cultured hLSEC. (A) Phase microscopy show typical hLSECs 
morphology in culture. (B, C) LYVE1 immunostaining of hLSECs and HUVECs shows LYVE1 
expression only in hLSECs. (magnification 40x).  
 

In the current study, we evaluated the potential for decellularized liver ECM for 

maintaining normal hLSEC phenotype, in vitro.  Figure 2 demonstrates that hLSECs seeded 

onto decellularized liver ECM express LYVE1, integrin α5, and integrin β1, and lack 

expression of CD31 and integrin α6, indicating preservation of the normal phenotype. In 

contrast, when HUVECs are seeded onto decellularized liver matrix they expressed CD31, 

but not LYVE1, indicating maintenance of a phenotype consistent with peripheral vascular 

endothelial cells. 
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Figure 2. Phenotypic characterization of hLSEC cultured on decellularized liver ECM. hLSECs and 
HUVECS were seeded on decellularized liver ECM and cultured for 1 week. (A, B) H&E staining shows 
growth of hLSECs and HUVECS on decellularized liver ECM. (C-J). Immunostaining of hLSECs and 
HUVEC for LYVE1, CD31, Integrin α5, Integrin α6, and Integrin β1, as indicated. (magnification 20x and 
40x). LYVE1 and Integrin α5 are only expressed by hLSECs, whereas CD31 is only expressed by HUVEC. 
Integrin α6 is not expressed by either hLSECs or HUVECs.  

 

The results presented above indicated the value of liver ECM in hLSEC culture.  

However, the decellularized liver ECM is not a practical substrate for use in clinical 

manufacturing because of batch variability and difficulties in retrieving cells from the matrix 

following expansion. To overcome these challenges, purified ECM proteins were tested for 

supporting both the attachment and expansion of hLSECs in culture [26, 27]. Tissue culture 

plastic was coated with the following ECM proteins: (1) Uncoated (plastic control), (2) 
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Fibronectin (FN), (3) Collagen I (Col), (4) Laminin (LN), (5) Collagen I + Fibronectin 

(Col+FN), (6) Collagen I + Laminin (Col+LN), (7) Fibronectin + Laminin (FN+LN),  and (8) 

Collagen + Fibronectin + Laminin (Col+FN+LN) and seeded with hLSECs. To measure 

attachment, media from each culture condition was collected at 30 minutes, 1 hour, and 2 

hours, and unattached cells were counted.  A progressive increase in the number of cells 

retained on the surface of the culture substrates were observed from 30 minutes to 2 hours in 

all conditions (Fig 3). At the 2 hour timepoint there were no significant differences in the 

number of attached cells among all conditions tested. However, at 30 minutes there was a 

significant difference in the number of cells which attached to all ECM substrates as 

compared to uncoated tissue culture plastic. The greatest number of hLSECs attached to FN 

and FN+Col coated surfaces and the least number of cells attached uncoated plastic (Fig 3C). 

The number of cells attached to both FN and FN+Col was significantly higher than any of the 

other ECM substrates at 30 minutes. Col alone or in combination with FN or FN+LN showed 

greater attachment than FN+LN and LN alone. This trend was maintained at one hour with 

the greatest number of hLSECs attached to FN and FN+Col coated plates and the least 

number of cells attached to uncoated tissue plastic (Fig 3A, B). There was a significant 

difference in the number of cells which attached to FN or Col versus plastic or laminin (Fig 

3A). In addition, there were significantly more cells attached to FN+Col and FN+LN+Col as 

compared to FN+Lam, Col + LN, or untreated plastic after 1 hour (Fig 3B).  
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Collagen I Fibronectin Laminin Collagen I + Fibronectin Collagen I + Laminin Fibronectin + Laminin Collagen I + Fibronectin + Laminin Plastic

Collagen I 1.000 0.006 0.088 0.014 0.698 0.068 0.106 0.001

Fibronectin 0.006 1.000 0.022 0.698 0.014 0.015 0.010 0.001

Laminin 0.088 0.022 1.000 0.023 0.108 0.890 0.059 0.032

Collagen I + Fibronectin 0.014 0.698 0.023 1.000 0.019 0.017 0.022 0.001

Collagen I + Laminin 0.698 0.014 0.108 0.019 1.000 0.089 0.155 0.003

Fibronectin + Laminin 0.068 0.015 0.890 0.017 0.089 1.000 0.044 0.020

Collagen I + Fibronectin + Laminin 0.106 0.010 0.059 0.022 0.155 0.044 1.000 0.001

Plastic 0.001 0.001 0.032 0.001 0.003 0.020 0.001 1.000

 

 

Figure 3. Attachment of hLSECs on ECM proteins. (A, B). 250,000 hLSECs were plated in wells coated 
with different ECM proteins (n=3) (A) and their combinations (B), as indicated, and the number of cells 
attached to the surface was measured after 30 mins, 1 hour, and 2 hours. C. The largest difference in cell 
attachment is seen at 30 minutes, with highest cell numbers on fibronectin and collagen and lowest on un-
coated dishes (plastic) and laminin. The number of cells attached on plastic is significantly lower than ECM 
coated plates (p<0.05). 
  
Table 1. p values at 30 minutes. 

 

We next determined the effects of the ECM on hLSEC proliferation in vitro. hLSECs 

were seeded onto decellularized native liver ECM and stained for expression of the 

proliferation marker, Ki67 (Fig 4A).  On native matrix, 42.15% of the hLSECs were positive 

for Ki67. To confirm the role of specific ECM substrates on hLSEC proliferation hLSECs 

were seeded onto different ECM substrates in the same manner as the experiments described 

above (Fig 4B). The cells proliferated on all substrates over the course of 5 days. At all the 

time points, there were significantly more cells on Col and FN substrates as compared to LN 

(p<0.05). Cells cultured on plastic alone showed significantly fewer cells than those plated 

onto all combinations of ECM substrates. Together, these results indicate that hLSEC 

proliferation, in vitro, was significantly increased when cultured on ECM protein substrates.  
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Figure 4. Proliferation of hLSECs decellularized liver ECM and on ECM proteins. (A) Detection of 

Ki67-positive hLSECs cultured on decellularized liver (42.15% cells are Ki67 positive) (B) 5,000 hLSECs 

were plated in wells coated with different ECM proteins and their combinations (n=3), as indicated, and the 

number of cells was measured at days 1, 3, and 5. hLSECs proliferate best on fibronectin and collagen 

coated surfaces and worst on surfaces containing laminin and un-coated surface (plastic).  

 
As mentioned above, hLSECs tend to lose their native phenotype in in vitro culture. 

To test the support of ECM protein on the maintenance of hLSECs phenotype  cells were 

seeded in wells coated with the different ECM proteins and their combinations and cultured 

for 5 days. Our results indicate that hLSECs maintain appropriate cobblestone-like phenotype 

when cultured on Col and FN while LN induces a spindle like morphology the hLSECs by 

day 5 (Fig 5).    

 

 

 

 

 

 
 
Figure 5. hLSEC Phenotype Maintenance at Day 5. Phase Microscopy shows that hLSECs grown on 
plastic (A) no longer maintain their typical cobblestone like morphology as they do when plated on 
fibronectin (B), Collagen (C), and Collagen + Fibronectin (E). hLSECs plated in presence of laminin begin 
to show more elongated morphology (D,F, G, and L) 

 

Subsequently the cells were also stained with multiple phenotypic markers to qualify 

maintenance of the normal LSEC phenotype (Figs 6-9). Immunofluorescence staining 
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showed that hLSECs express LYVE1 at similar levels when plated onto FN and Col.  In 

contrast, there was decreased LYVE1 expression by hLSECs cultured onto LN. At day 5, 

there was greater LYVE1 expression in hLSECs as compared to day 3 (Fig 6). Similar to day 

3, there was decreased LYVE1 expression in hLSECs cultured on LN at day 5. There was 

minimal LYVE1 expression in hLSECs plated on plastic at days 3 and 5.  

 

 

 

 

 

 

 

 

 

 

Figure 6. LYVE1 expression and quantification of hLSECs cultured on ECM proteins. Magnification 
20x, scale bar: 100 µm (A) hLSECs were plated in wells coated with different ECM proteins and uncoated 
wells (plastic), as indicated, and stained for LYVE1 at days 3 and 5. (B) Each image was separated into 3 
panels and ImageJ Analysis was used to measure the 8bit intensity value. The results indicate that hLSECs 
express LYVE1 when they are plated on ECM coated surfaces, and there is minimal expression in hLSECs 
cultured on un-coated surfaces (plastic).  

 

hLSECs are known to express specific integrins depending on whether they are in a 

normal liver environment or in a diseased liver environment. Integrin α5 is expressed by 

LSECs in the native healthy liver environment [26].  Immunofluorescence staining showed 

that hLSECs express integrin α5 when seeded onto surfaces coated with FN or Col but not on 
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LN (Fig 7). However, when LN was present along with other ECM proteins, hLSECs 

expressed integrin α5.  It is worth noting that integrin α5 staining, like LYVE 1, was 

increased in confluent cultures regardless of substrate composition. These results suggest that 

hLSECs may use integrin α5 for binding to FN and Col, which contributes to the support of 

the normal healthy phenotype, in vitro. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Integrin α5 expression and quantification of hLSECs cultured on ECM proteins. 

Magnification 20x, scale bar: 100 µm (A) hLSECs were plated in wells coated with different ECM proteins 
and uncoated wells (plastic), as indicated, and stained for integrin α5. (B) Each image was separated into 3 
panels and ImageJ Analysis was used to measure the 8bit intensity value. hLSECs do not express integrins 
α5 when grown on un-coated surfaces (plastic). hLSECs plated on fibronectin and collagen I only showed 
the greatest expression of α5, and no α5 expression observed in cells plated on laminin only. Lower integrin 
α5 expression is also observed in hLSECs plated in the different combination of ECM proteins.  

 

In contrast to integrin α5 expression by hLSECs in a normal healthy environment, 

integrin α6 is expressed in a diseased environment [26]. hLSECs showed expression of 

integrin α6 only on LN substrates.  Maximum integrin α6 expression was observed at day 5 

(Fig 8). A low level of integrin α6 was also observed  when hLSECs were seeded onto 
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FN+LN substrates, whereas integrin α6 staining was low or undetected in hLSECs seeded 

onto Col, FN, Col+FN, Col+LN and Col+FN+LN. These results indicate that LN is a major 

inducer of integrin α6 expression in hLSECs, but when LN is combined with other ECM 

proteins, this effect is eliminated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Integrin α6 expression and quantification of hLSECs cultured on ECM proteins. 
Magnification 20x, scale bar: 100 µm (A) hLSECs were plated in wells coated with different ECM proteins 
and uncoated wells (plastic), as indicated, and stained for integrin α6. (B) Each image was separated into 3 
panels and ImageJ Analysis was used to measure the 8bit intensity value.  hLSECs plated on laminin only 
showed the greatest expression of integrin α6 only after 3 days in culture. There is no expression of integrin 
α6 when cells plated on plastic, fibronectin only, collagen only, and on the ECM combinations lacking 
laminin. However, low integrin α6 expression is observed in hLSECs plated in combinations of collagen + 
laminin and fibronectin + laminin at days 3 and 5.  
 

 
Integrins have two subunits, α and β.  The results above showed that hLSECs express 

different α subunits when they seeded on different ECM proteins that may represent normal 

versus diseased environments. Subsequently, we examined the expression of the β subunit in 

hLSECs seeded on different ECM proteins. Immunofluorescence staining demonstrated that 

integrin β1 was expressed at similar levels regardless of the ECM coating compositions (Fig 



38 

 

9). These results suggest that β1 integrin is the subunit for both integrin α5 and α6 in 

hLSECS cultured on the different ECM coating combinations.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Integrin β1 expression and quantification of hLSECs cultured on ECM proteins.  
Magnification 20x, scale bar: 100 µm (A) hLSECs were plated in wells coated with different ECM proteins 
and uncoated wells (plastic), as indicated, and stained for integrin  β1. (B) Each image was separated into 3 
panels and ImageJ Analysis was used to measure the 8bit intensity value.  There are similar levels of β1 
expression at days 3 and 5 when hLSECs are plated on an ECM coated plate. There is no expression of 
integrin β1 when cells were plated on plastic.  

 

LSECs and activated kuppfer cells are the two main sources of prostaglandin E2 

(PGE2) in the liver [28]. PGE2 is one of the most potent vasodilators, and it increases the 

permeability of vessels within the microcirculation of the liver. The concentrations of PGE2 

were measured in media from hLSECs cultured on different ECM protein combinations after 

3 and 5 days of culture (Fig 10). There were significantly greater amounts of PGE2 secreted 

from hLSECs plated on ECM substrates, as compared to tissue culture plastic alone. A slight 

increase in PGE2 secretion was observed between days 3 to 5 in hLSECs plated on all ECM 

substrates except for LN. A progressive decrease in PGE2 secretion was observed in hLSECs 
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seeded onto plastic alone. These results indicate that cell-ECM interactions may regulate 

PGE2 secretion in hLSECs. 

 

 

 

 

 

 

 

Figure 10. Prostaglandin Secretion from hLSECs. hLSECs were plated in wells coated with different 
ECM proteins and uncoated wells (plastic), as indicated, and the amounts of Prostaglandin E2 (PGE2) in the 
media was measured using an ELISA (n=3). There is significantly less PGE2 secreted from hLSECs when 
cultured on plastic and laminin compared to hLSECs cultured on the other ECM proteins. There is also a 
significant decrease in PGE2 secretion from day 3 to 5 when cells are plated on plastic and laminin 
compared to an increase in PGE2 secretion in cells cultured on the other ECM proteins. 

 

DISCUSSION 

Liver transplantation is currently the only proven therapy for extending the life of 

patients with chronic liver disease. According to the Organ Procurement and Transplantation 

Network (OPTN), there are currently 15,000 patients awaiting a liver transplant in the United 

States. However, only 6,000 liver transplants were performed in the US in 2016. Liver 

bioengineering has the potential to provide an alternative option to donor liver 

transplantation. Multiple strategies for bioengineering functional liver tissue have been 

tested, but none of these have yet produced stable constructs that function long-term, in vivo 

[29]. Whole organ decellularization has opened the possibility of easily creating clinical scale 

scaffolds for bioengineering entire organs, including livers [7, 9, 12]. These acellular 

scaffolds have been shown to support both the viability and function of many cell types 

native to the liver. However, re-establishment of a functional sinusoidal endothelium has 
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remained a significant challenge. In order to repopulate a clinical scale liver scaffold with 

functional LSECs, it is necessary to first expand a vast number of LSECs, in vitro, while 

maintaining normal cell phenotype. Expansion of healthy LSECs in vitro has proven to be 

very difficult, and little success has been achieved with human cells [27, 30, 31]. Hence, the 

main objective of this study was to identify conditions in which hLSECs may be expanded in 

sufficient quantities, while preserving the functional LSEC phenotype. Building upon 

previous successes using decellularized liver ECM, pure ECM proteins were tested as 

substrates for expanding hLSEC populations while preserving a normal cell.  These 

substrates are more easily characterized than native ECM, and would be more amenable for 

use in clinical manufacturing processes. The results of the experiments described here within 

clearly demonstrate that hLSECs grown on specific compositions of ECM proteins displayed 

increased proliferative potential and maintained a more normal cell phenotype as compared 

to cells grown on tissue culture plastic. Interestingly, when hLSECs were seeded onto ECM 

proteins found predominantly in the sinusoidal endothelium of diseased liver tissue, the cells 

expressed integrins associated with pathologic conditions [26]. Taken together, the current 

study shows that hLSECs respond to specific ECM protein substrate compositions with 

increased proliferation and preservation of a more normal LSEC phenotype.  

LSECs are a unique type of endothelial cell that has fenestrations and lacks a distinct 

basement membrane. The fenestrae play an important role in proper liver function by 

allowing unfettered passage of serum, proteins and macromolecules into the space of Disse 

while retaining cells and platelets within the peripheral circulation. Healthy liver sinusoidal 

endothelium ECM is composed of proteins including collagens, fibronectin, hyaluronic acid, 

but is devoid of laminin [16, 32-34]. It is known that ECM proteins play a critical role in the 

maintenance of cell viability and function.  The current study demonstrates that for LSECs, 

these supportive properties also translate to the in vitro environment. [35].  
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We found that fibronectin and collagen I were both superior to laminin in supporting 

maintenance of the normal hLSEC phenotype and promoting cell proliferation, in vitro. 

Aside from their fenestrations, which can only be seen through electron microscopy, hLSECs 

can be distinguished from other types of endothelial cells by expression of LYVE1 [36]. Our 

results showed that hLSECs maintain LYVE1 expression for at least 5 days when cultured on 

substrates containing fibronectin, collagen I, and laminin. Interestingly, there was decreased 

LYVE1 expression by hLSECs when plated on laminin substrates, as compared to substrates 

containing fibronectin and collagen I. These results, combined with the results of LYVE1 

expression, are supported by a study using an ECM microarray system which showed that 

fibronectin and collagen supported a normal phenotype in rat LSECs [27] . March et al. also 

showed that rat LSECs maintained increased viable in the presence of collagen and 

fibronectin. In native liver, fibronectin is an important ECM protein for many of the liver cell 

types, and thus conforming our finding that fibronectin is critical for the maintenance of 

healthy hLSECs phenotype in vitro [37]. LYVE1 has been reported to be expressed by 

hLSECs in both healthy and cirrhotic livers, but its expression decreases in cirrhotic versus 

healthy livers. Therefore, our results suggest that laminin induces hLSECs to alter to a 

phenotype observed in cirrhotic livers [36, 38].  

As previously mentioned, the overall goal was to test ECM protein substrates for 

supporting not only the expansion of hLSECs, but also the maintenance of native hLSEC 

phenotype, in vitro. The presented studies indicate that hLSECs cultured on decellularized 

liver matrix continued to proliferate, expressed LYVE1, and lacked expression of CD31; all 

of which are characteristics of the healthy hLSEC phenotype [27]. These results are in 

agreement with a study done by Sellaro et al., where where it was shown that rat LSECs 

maintained their native phenotype when cultured on decellularized liver ECM[30]. 
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Cells respond to mechanical and biochemical changes in the ECM through crosstalk 

between integrins and the cell cytoskeleton.  This communication plays a strong role in 

regulating cell behavior. Integrins are heterodimeric transmembrane receptors composed of 

18 different α subunits and eight different β subunits that can be non-covalently assembled 

into 24 distinct combinations [24]. The integrin dimers bind to different ECM proteins with 

overlapping binding affinities [39]. hLSECs express different sets of integrins in healthy liver 

versus cirrhotic livers. Couvelard et al. has shown that hSLECs express α1β1 and α5β1 in 

healthy liver while they express α6β1 and α2β1 in cirrhotic liver. Our results show 

differential integrin expression by hLSECs cultured on substrates that mimic the ECM of 

both normal and diseased liver.  These results are in good alignment with other studies that 

have shown that LSECs have altered integrin signaling in disease states [40-42]. When 

hLSECs were cultured on laminin coated surfaces they expressed integrin α6 and lacked 

expression of α5, consistent with results observed by Couvelard et al.[26]. This result 

indicates that LSECs adopt an abnormal phenotype when cultured on laminin, which is only 

present in diseased states including liver injury and fibrosis [14, 43-46]. Previous studies 

have described the overexpression of certain laminin receptors in human hepatocellular 

carcinoma, α6β1 being one of them [41, 47]. This represents another example of the 

association between a pathologic liver condition and altered integrin subtype expression by 

LSECs. 

Prostaglandin (PGE2) secretion by hLSECs was significantly decreased when the 

cells were grown on matrix proteins that reflect a state of liver disease. Prostaglandins play a 

critical role in regulating proper blood flow within the liver capillary bed, as well as several 

other normal liver physiological processes [28]. Studies have shown that LSECs represent a 

significant source of PGE2 in the liver [48]. PGE2 plays an important role in cell growth and 

immune function and also has been shown to impart cytoprotective properties to hepatocytes 
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in various toxic, ischemic, and infectious models of liver injury [28, 49, 50]. Due to their 

significant role in healthy liver function, PGE2 secretion by LSECs represent an important 

biomarker for the maintenance of a normal LSEC phenotype. It has also been shown that 

there is decreased PGE2 production by hepatic macrophages and peripheral monocytes in 

patients with liver cirrhosis, as compared to healthy individuals[51]. In the current study, 

hLSECs plated onto laminin produced significantly less PGE2, as compared to hLSECs 

cultured on fibronectin and collagen I. These results suggest that there is a correlation 

between integrin sub-type expression and prostaglandin secretion.  

In conclusion, our studies indicate that specific ECM proteins within the cell 

substrate can affect the phenotype of hLSECs in vitro. We have shown that providing an 

appropriate composition of ECM proteins within the cell substrate can promote cell 

population expansion; perhaps indicating a strategy for generating a sufficient number of 

healthy hLSECs for tissue bioengineering and other regenerative medicine therapies that 

require large numbers of LSECs. The presented results also suggest a strategy for creating 

more accurate models for a variety of liver diseases including cirrhosis and cancer. Taken 

together, these findings provide the opportunity to move the field of liver bioengineering 

forward by providing cell culture substrates that promote the expansion of normal LSECs.  
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ABSTRACT 

Three of most abundant cell types in the liver are hepatocytes, liver sinusoidal 

endothelial cells (LSECs), and hepatic stellate cells (HSCs). Hepatocytes are the major cell 

type in the liver that play a role in synthesizing proteins, producing bile, as well as processing 

various molecules in the body. LSECs are specialized endothelial cells that play an important 

role in the metabolic and xenobiotic clearance functions of the liver and contain fenestrations 

which also play a critical role in proper liver homeostasis. HSCs are known as pericytes and 

are the largest reservoir for vitamin A in the body, and the major cell type involved in liver 

fibrosis.  HSC exist in 2 forms: quiescent (normal) and activated (in response to liver 

damage).  

In chapter 2, we showed that fibronectin plays a critical in phenotype maintenance of 

hLSECs in vitro while laminin induces pathological phenotype in hLSECs. In native liver, 

maintenace of hLSECs depends not only on the liver ECM composition but as well as their 

interactions with hepatocytes and HSCs. To this end, the specific objective of this study was 

to determine the effects of other hepatic cell types on hLSEC phenotype maintenace and 

proliferation in vitro. Furthermore, we determined if there is a difference in phenotype 

maintenance and proliferation of hLSECs when cocultured with hepatocytes and HSCs 

(quiescent and activated) in the presence of fibronectin versus laminin. Finally, Hepatocyte 

Growth Factor (HGF) is an angiogenic growth factor which plays a role in proper 

maintenance and growth of LSECs. In the liver, HSCs are known to be the main source of 

HGF, therefore, to isolate the effects of HSCs on hLSECs, we also tested the effects of HGF 

on hLSEC proliferation.  

Our results demonstrated hLSECs cultured on fibronectin by themselves or in the 

presence of hepatocytes and HSCs expressed Lymphatic Vessel Endothelial Hyaluronan 
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Receptor 1 (LYVE1) and integrin α5, indicating maintenance of the normal hLSEC 

phenotype.  Conversely, hLSECs grown on laminin in the presence of hepatocytes and HSCs, 

had decreased LYVE1 and expressed integrin α6, indicating loss of the normal LSEC 

phenotype. hLSECs cultured on fibronectin in the presence of hepatocytes and HSCs 

demonstrated greater proliferation, compared to hLSECs cultured by themselves on 

fibronectin. There was a significantly less number of hLSECs in all the conditions when 

cultured on laminin compared to fibronectin. There was no difference in cell numbers for 

hLSECs grown in the presence of HGF compared to quiescent HSCs when hLSECs.  

This study shows that specific ECM proteins in addition to coculturing hLSECs with 

other hepatic cells and HGF plays an important role in the preservation of the native hLSEC 

phenotype and support cell expansion, in vitro.  
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INTRODUCTION 

The liver is composed of at least 15 distinct cell types. The three most abundant cell 

types are hepatocytes, liver sinusoidal endothelial cells (LSECs), and hepatic stellate cells 

(HSCs), which together account for more than 85% of the total cell population in the liver.   

Hepatocytes play a critical role in synthesizing various proteins (i.e glucose, 

cholesterol, etc); producing bile (aids in digestion of fats); and chemically processing 

molecules found normally in the body, such as hormones, as well as foreign substances (i.e 

alcohol and other various toxins)[1]. LSECs are a specialized fenestrated endothelial cell type 

that plays a protective role in the liver. LSECs also function as a scavenger system in the 

liver: they remove waste macromolecules and play a vital role in the balance of lipids, 

cholesterol and vitamins[2]. HSCs are the body’s largest reservoir of vitamin A (retinoid) 

droplets. HSCs exist in two forms quiescent and activated. In healthy liver, HSCs exist in 

quiescent form and secrete soluble growth factors such as hepatocyte growth factor (HGF) 

which plays a critical role in the maintenace of the other primary hepatic cells, specifically 

LSECs and hepatocytes [3-5]. 

Upon liver injury, these various hepatic cell types are unable to function properly 

leading to chronic liver disease. 30 million people in the US suffer from liver disease[6]. 

Currently, liver transplantion is the long term treatment available for patients with End Stage 

Liver Disease. There are about 15,000 patients daily waiting for a liver transplant and only 

about 6,000 liver transplantations performed by the end of 2016[7]. Therefore, if Tissue 

Engineering/Regenerative Medicine (TERM) is successful, it can help solve the problem of 

liver shortage by increasing the number of organs that can be used for transplantation.  

Currently, decellularized liver scaffolds of clinically relevant size are used as a platform for 

liver tissue engineering [8-11]. These decellularized scaffolds have many advantages such as 

maintainance of the native liver microarchitecture and retention of important extracellular 
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matrix (ECM) proteins, such as fibronectin, laminin, glycosaminoglycans, etc which play a 

critical role in maintenace of hepatic cells in native liver. Specific to liver tissue engineering, 

the retention of the ECM proteins enhance attachment of newly seeded hepatic cells in the 

scaffold. Various studies have used decellularized liver scaffold of clinically relevant size 

and have repopulated the scaffold with primary hepatic cells[12, 13]. However, these studies 

have their limitations in that there was not complete recellularization of the scaffold. The 

greatest challenge in the field of liver tissue engineering is the expansion and maintenace of 

healthy hepatic cells in vitro to completely recellularize a liver scaffold of clinically relevant 

size.   

Therefore, maintenance and expansion of primary hepatic cells in vitro has a 

significant impact in the field of liver tissue engineering. However, once outside of the native 

liver microenvironment primary hepatocytes and LSECs lose their native phenotype and 

proliferation capabilities. Primary HSCs differentiate into an activated state and continue to 

proliferate outside of the native liver environment, however, these HSCs display a phenotype 

seen in diseased liver.  

Various approaches have been developed to enhance proliferation and maintenance of 

phenotype and function of these primary hepatic cells in vitro [14-18]. These studies, 

primarily done with rat hepatic cells, have shown that coculturing primary LSECs with 

hepatocytes or HSCs have positive effects on the maintenace of phenotype and function of 

primary hepatic cells [17, 19-21]. Studies have also shown that when endothelial cells are 

grown in the presence of HGF there is increased cell proliferation [22, 23]. As quiescent 

HSCs secrete HGF, this is likely to be one mechanism through which HSCs play a role in 

LSEC maintenance and growth.  

In chapter 2, we demonstrated that fibronectin increases hLSEC proliferation while 

maintaining their native phenotype in vitro. On the contrary, hLSECs grown on plastic and 
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laminin did not maintain native hLSEC phenotype maintenance in vitro. In the current study, 

we studied at the effects of coculturing primary hLSECs with hepatocytes and HSCs 

(primary, quiescent, and activated) on hLSEC phenotype maintenance and proliferation in 

vitro when hLSECs were cultured on plastic, fibronectin, and laminin. Our results indicate 

that ECM composition as well as the presence other hepatic cells influences hLSEC 

phenotype maintenance as well as their proliferation in vitro. Our results also demonstrated 

that hLSECs cultured on plastic and laminin with the addition of the other hepatic cells do 

not maintain appropriate native phenotype and do not proliferate as well as they do when 

cultured on fibronectin.  As HGF is known to play a role in the maintenance and growth of 

LSECs and that HSCs secrete HGF, we included exogenous HGF in our hLSEC culture 

system. Our results demonstrated that hLSECs grown in the presence of HSCs or HGF have 

similar levels of proliferation.  

MATERIALS AND METHODS 

Human Liver Sinusoidal Endothelial Cells (hLSEC) Culture 

hLSECs (Applied Biological Materials, Inc) were cultured in T-75 flasks coated with 

Fibronectin (Thermo Fischer Scientific) at 1 µg/cm2 at 37°C in a humidified atmosphere 

containing 5% carbon dioxide and grown to confluency. Endothelial Growth Media (EGM2) 

supplemented with 2% Serum (Lonza) and 1% Antimitotic/Antibiotic (AA) was supplied 

every 3 days.  

A total of 5000 hLSECs were seeded in each well of 24 well tissue culture plates on 

plastic of wells coated with 1 µg/cm2 Fibronectin (Thermo Fisher Scientific) or 1 µg/cm2 

Laminin (Corning). Cells were cultured under 2 different conditions: (1) EGM2 and (2) 50:50 

mixture of EGM2 and Hepatocyte Maintenance Media (HCM) (Lonza) at 37°C in a 

humidified atmosphere containing 5% carbon dioxide for up to 5 days. Some hLSECs were 
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cultured in EGM2 with exogenous 100 ng/mL Hepatocyte Growth Factor (HGF) (Thermo 

Fisher Scientific). hLSECs in 24 well plates were cultured for up to 5 days. Media was 

changed every other day. 

Activation of HSCs 

Fetal hepatic stellate cells (Fresh fHSC) were isolated from 18-22 week old fetal liver 

tissue sourced form Advanced Biological Resources. Fetal liver cells were isolated as previously 

described by Baptista et al. [24].  Briefly, liver tissue is dissected and the digested in Collagenase 

IV.  The digest will be passed through 50 and 100 µm cell strainer then centrifuged in 

Histopak.  The centrifugation will result in two enriched fractions; upper and lower.  The upper 

fraction consists of HSCs).  fHSC’s are isolated from the upper fraction by centrifugation through 

8% Nycodenz gradient solution as described in Maschmeyer et al [25]. These HSCs were 

passaged 4 times on plastic tissue culture plates resulting in activated HSCs.  

Co-Culture 

5000 hLSECs were seeded in 24 well tissue culture plates coated with 1 µg/cm2 

Fibronectin. For co-culture with hepatocytes, 100,000 primary human hepatocytes (TRL, 

Lonza) were seeded in 6.5mm Transwell with 8.0µm pore polycarbonate membrane inserts 

coated with 5 µg/cm2 Collagen I (Corning). Hepatocytes were cultured in a 50:50 mixture of 

EGM2 and Hepatocyte Maintenance (HCM) (Lonza) media for up to 5 days. Media was 

changed after 24 hours and then every other day. The membrane inserts were placed in the 

wells seeded with hLSECs. The cells were cultured in a 50:50 mixture of EGM2 and HCM 

for up to 5 days. Media was changed after 24 hours and then every other day.  

For co-culture with HSCs, 5000 HSCs (Primary quescient HSCs (TRL, Lonza) and 

activated HSCs) were cultured in a similar transwell system as hepatocytes above and 

supplemented with EGM2 for up to 5 days. Media was changed every other day. The 
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transwell inserts were placed in the wells seeded with hLSECs and cultured in EGM2 media 

for up to 5 days. Media was changed after 24 hours and then every other day. 

5000 HSCs were seeded in 24 well tissue culture plates. 5000 hLSECs were seeded in 

transwell inserts coated with 1 µg/cm2 Fibronectin (Thermo Fischer Scientific). The transwell 

inserts with the hLSECs were placed in the wells seeded with stellates and cultured in EGM2 

media for up to 5 days. Media was changed after 24 hours and then every other day. 

hLSEC proliferation when cocultured with hepatocytes, HSCs, and HGF 

 hLSECs cultured with hepatocytes, HSCs, and HGF were plated in 24 well plates as 

described above. hLSECs were counted at days 1, 3, and 5 post-seeding using 

hemocytometer.  

Immunofluorescence staining 

Cells from the different configurations described above were fixed in 10% NBF at 

their respective time-points. Following blocking, hLSECs were incubated in primary 

antibodies against LYVE1 (abcam), Integrin α5 (abcam), Integrin β1 (abcam) and stellate 

cells with alpha smooth muscle actin (αSMA) (abcam). Appropriate secondary antibodies 

labelled with Alexa Fluor Texas Red were used. The cells were mounted using ProLong Gold 

antifade reagent with DAPI to stain for the nucleus. A ZEISS M1 Axiovert 200M microscope 

was used for the images.  

Quantification of Immunofluorescence 

Fluorescence was quantified using ImageJ. Fluorescecent images were separated into 

3 separate panels and the 8bit intensity value within the red channel was measured. 

Prostaglandin ELISA 

Media was collected from hLSECs cultures in the different experimental groups at 

days 3 and 5. Prostaglandin (PGE2) concentrations were measured using a Prostaglandin E2 
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ELISA kit-Monoclonal (Cayman Chemical Company), according to the manufacturer’s 

instruction, and normalized to 10,000 cells.  

Urea Colorimetric Assay 

Media was collected from hepatocytes and hLSECs seeded in the different 

experimental groups at days 1, 3, and 5 in culture. Urea concentrations were measured using 

a QuantiChrom Urea Assay kit (BioAssay Systems), according to the manufacturer’s 

instruction.  

Statistical Analysis 

Data is shown as + standard deviation. Statistical analysis was done using Microsoft excel 

using a student’s t test. p< 0.05 was considered significance.  

RESULTS 

In native liver, LSEC maintenance and growth is influenced by the ECM composition 

as well as communication with the other hepatic cells types[26]. In chapter 2, we 

demonstrated that fibronectin is required for hLSEC proliferation and maintenance of their 

native phenotype in our in vitro culturing system. We also demonstrated that laminin induces 

a pathological type phenotype in hLSECs in vitro. To further advance our biomimetic liver 

microenvironment culture system, we cultured hLSECs on fibronectin (FN), laminin (LN), 

and plastic with hepatocytes and HSCs (quiescent and activated) and determined hLSEC 

phenotype and proliferation.  

To test the support of hepatocytes and HSCs on the maintenance of hLSEC 

phenotype, hLSECs were seeded on plastic wells and on wells coated with FN and LN. 

hLSECs were cultured for 5 days under these conditions and stained with phenotypic markers 

to qualify maintenance of the normal LSEC phenotype (Figs 1-4).   

Immunofluorescence staining showed that hLSECs express LYVE1 at similar levels 

in the presence of hepatocytes or HSCs, when cultured on FN (Fig 1). There was decreased 
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expression of LYVE1 by hLSECs under all the conditions when hLSECs were cultured on 

LN compared to those cultured on FN. LYVE1 expression by hLSECs was further decreased 

under all the conditions was least when they were cultured on plastic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. LYVE1 expression and quantification of hLSECs. (A) hLSECs were plated in the indicated 
conditions and stained for LYVE1 at day 5. (B) Each image was separated into 3 panels and ImageJ 
Analysis was used to measure the 8bit intensity value. The results indicate that hLSECs have greatest 
expression of LYVE1 when cultured on FN. There is similar levels of LYVE1 expression when cultured on 
FN regardless if they are cultured with other hepatic cells or by themselves. There is decreased LYVE1 
expression by hLSECs in the various coculture conditions when plated on LN compared to FN. There is 
minimum LYVE1 expression by hLSECS cultured on plastic. 
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Integrin α5 is expressed by LSECs in the native healthy liver environment [27].  

Immunofluorescence staining showed that hLSECs cultured by themselves and those 

cocultured with hepatocytes and HSCS express integrin α5 at similar levels when seeded onto 

surfaces coated with FN (Fig 2). These results suggest that hLSECs may use integrin α5 for 

binding to FN, which contributes to the support of the normal healthy phenotype, in vitro. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2. Integrin α5 expression and quantification by hLSECs. (A) hLSECs were plated in the 
indicated conditions and stained for integrinα5 at day 5. (B) Each image was separated into 3 panels and 
ImageJ Analysis was used to measure the 8bit intensity value. These results indicate that hLSECs have 
similar levels of expressions when cultured on FN regardless if they are cultured with other hepatic cells or 
by themselves. There is minimum expression of hLSECs when plated on plastic or LN. 
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Integrin α6 is expressed by LSECs upon liver injury [27]. hLSECs expressed integrin 

α6 only when cultured on LN. There is no expression of integrin α6 when hLSECs are 

cultured on plastic or FN (Fig 3). These results indicate that LN induces expression of 

integrin α6 expression in hLSECs, and that the addition of other hepatic cells does not 

eliminate this effect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Integrin α6 expression and quantification by hLSECs. (A) hLSECs were plated in the 
indicated conditions and stained for integrin α6 at day 5. (B) Each image was separated into 3 panels and 
ImageJ Analysis was used to measure the 8bit intensity value. The results indicate that hLSECs express 
integrin α6 when cultured on LN. There is minimum integrin α6 by hLSECs cultured on plastic or FN. 

 

Figures 1-3 demonstrated that native hLSEC phenotype is only maintained when 

hLSECs are cultured on fibronectin, but not plastic or LN, and the presence of hepatocytes or 

HSCs has minimal influence on this outcome. Next we aimed to evaluate the effect of 
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hepatocytes and HSCs co-culture on hLSEC proliferation when hLSECs cultured on 

fibronectin, laminin, and plastic (Fig 4). Results from chapter 2 demonstrated there were 

significantly more hLSECs when they were cultured on FN compared to plastic and LN. In 

this study, we observed greater number of hLSECs cocultured with hepatocytes and HSCs 

when hLSECs are cultured on FN compared to those grown on LN and plastic. There is also 

a significantly greater number of hLSECs cultured on FN in the presence of hepatocytes and 

HSCs compared to the number of hLSECs cultured alone on FN (p<0.05). This pattern of 

greater number of LSECs in the presence of hepatocytes and HSCs is consistent with 

hLSECs grown on LN except for when hLSECs were cultured in the presence of activated 

HSCs. There were significantly less number of hLSECs grown on LN in the presence of 

activated HSCs compared to those in the other conditions (p<0.05). There was no difference 

in the number of hLSECs grown on plastic in all the conditions.  

 

 

 

 

 

 

  
 

Figure 4. Number of hLSECs cocultured with hepatocytes and HSCs at day 5. (n=3) When hLSECs 
are cultured on fibronectin, there is significantly greater number of hLSECs in the presence of the 
hepatocytes and HSCs compared to hLSECs plated alone. However, there is no significant difference in 
hLSEC numbers between the different coculture conditions in presence of fibronectin. There are signficant 
differences in the number of hLSECs grown by themselves or when they are cocultured on fibronectin and 
laminin compared to the number of hLSECs grown on plastic 
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hLSECs (FN) hLSECs+Hepatocytes (FN) hLSECs + Quiescent Stellates (FN) hLSECs + Activated Stellates (FN)

hLSECs (P) 0.000270195 0.000113846 0.000103406 0.000138981

hLSECs+Hepatocytes (P) 0.000785942 0.000785942 0.000716276 0.000952378

hLSECs + Quiescent Stellates (P) 0.000251454 0.000274032 0.000251454 0.000327283

hLSECs + Activated Stellates (P) 8.36435E-05 7.06935E-05 6.5157E-05 8.36435E-05

Table 1. p values for hLSEC numbers when cultured on plastic versus fibronectin. 

  

Table 2. p values for hLSEC numbers when cultured on plastic versus laminin. 

 

HGF is an angiogenic growth factor which has shown to increase proliferation of 

endothelial cells in vitro [23]. In the liver it has been hypothesized that secretion of HGF 

from quiescent HSCs is a possible mechanism through with HSCs maintain LSEC function 

and growth in vivo [28]. Figure 4 showed that there was increase in proliferation of hLSECs 

when cocultured with HSCs. To analyze whether HGF secretion from quiescent HSCs is the 

mechanism through which HSCs improve hLSECs proliferation in vitro, exogenous HGF 

was added to the hLSEC media. Figure 5 shows that there is no significant differences in the 

number of hLSECS cultured with HSCs and those grown with exogenous HGF, indicative 

HGF secretion from HSCs may be a possible mechanism to improved hLSEC proliferation in 

vitro. 
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Figure 5. Number of hLSECs cultured with HSCs and HGF at Day 5. 5,000 hLSECs were plated in 
transwell plates on the indicated surfaces with primary quiescent and activated HSCs or the addition of 
HGF (100 ng/mL) and the number of cells was measured at day 5 (n=3). There is no significant difference 
in the number of hLSECs cocultured with HSCs and those grown with the addition of HGF when hLSECs 
are grown on fibronectin and plastic. 
 
 

LSECs and activated Kuppfer cells are the two main sources of prostaglandin E2 

(PGE2) in the liver and is a potent vasodilator [29]. However, upon liver injury, activated 

stellate cells are also a source of PGE2. The concentrations of PGE2 were measured in media 

from hLSECs cultured on FN in presence of the various hepatic cells and HGF after 3 and 5 

days of culture (Fig 5). There were significantly greater amounts of PGE2 secreted from 

hLSECs cocultured with the various hepatic cells and HGF compared to hLSECs and 

activated HSCs cultured alone (p<0.05). There were significantly greater amounts of PGE2 

secreted when HSCs were cultured with quiescent and activated HSCs and HGF compared to 

hLSECs+Heps (p< 0.05). A slight increase in PGE2 secretion was observed between days 3 

to 5 in hLSECs plated in all the conditions. These results indicate that cell-cell interactions 

may regulate PGE2 secretion in hLSECs.  
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Figure 6. Prostaglandin Secretion from hLSECs. Secretion of Prostaglandin E2 (PGE2) (n=3) was 
measured using an ELISA. There is significantly higher levels of PGE2 secreted when hLSECs are cultured 
with primary hepatocytes, HSCs and HGF compared to hLSECs alone at day 5. 

 

Prior studies have shown that rat LSECs enhance long-term maintenace of rat 

hepatocytes in vitro[18, 30, 31]. Since, the overall goal is bioengineer a functional liver with 

all the liver cell types, we tested primary human hepatocyte maintenance in our studies by 

measuring urea and albumin levels (albumin data to be completed 4/4/17). Urea and albumin 

production are specific parameters of functional hepatocytes. We measured urea 

concentration in media of hepatocytes at days 1, 3, and 5 using a colorimetric assay (Fig 8). 

At days 3 and 5 there is significantly higher amounts of urea secreted by hepatocytes when 

cocultured with hLSECs than when hepatocytes are cultured alone. We also observe an 

increase in urea secretion over the course of 5 days when hepatocytes are cocultured with 

hLSECs cultured on FN as opposed to a decrease in urea secretion between days 3 and 5 

when hepatocytes are cultured alone, or when hepatocytes are cocultured with hLSECs 

cultured on LN or plastic. Our previous results indicate that FN maintains healthy hLSECs in 

vitro while LN induces a pathological phenotype in hLSECs in vitro. Therefore, the 
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differences in urea secretion levels by hepatocytes cocultured with hLSECs plated on FN, 

LN, and plastic suggest that the health status of hLSECs may regulate urea production.    

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Urea Secretion from Hepatocytes. Secretion of urea (n=3) was measured using Bioassays 
QuantiChrome Urea Assay Kit. There are significantly higher levels of urea secreted from hepatocytes 
cocultured with the hLSECs cultured on FN at days 3 and 5 compared to hepatocytes cultured by 
themselves or those cocultured with hLSECs cultured on LN or plastic.   

 

DISCUSSION 

 Liver bioengineering has the potential to provide an alternative source for livers for 

transplantation for patients suffering from liver disease. Whole organ decellularization is a 

promising approach to create a scaffolding platform for liver cell repopulation[13, 32-34] 

However, there continue to be obstacles in the field of liver bioengineering- proliferation and 

maintenance of native phenotype and function of primary hepatic cells in vitro being 

paramount. The focus of this dissertation project has been on the proliferation of healthy 

hLSECs in vitro, however, in a bioengineered liver, hLSECs will be cultured together on the 

scaffold with hepatocytes and HSCs. Many studies have shown the advantages of coculturing 

LSECS with other liver cells to generate multicellular physiologically relevant in vitro liver 

models [35-37]. However, these studies had their limitations in that they used rat hepatic cells 

and not human. To this end, towards human liver bioengineering, we tested the effects of 

human hepatocytes and HSCs on human LSECs in vitro. Our results demonstrate that 
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coculturing hLSECs with other hepatic cells with the appropriate ECM proteins has the 

potential to expand hLSECs while maintaining their native phenotype, which as previously 

mentioned is often lost rapidly in vitro.  

 In the liver, the interactions between LSECs and hepatocytes play a critical in the 

maintenance of proper liver function. Our results, indicating maintenance of hLSEC and 

hepatocyte phenotype when hLSECs and hepatocytes are cultured together in the presence of 

fibronectin are in agreement with previous studies. One such study showed that rat LSECs 

expresses SE-1 (a sinusoidal endothelial marker specific to rat LSECs) for up to 4 weeks 

when cocultured with hepatocytes. In the same study, it was shown that hepatocytes 

maintained their metabolic function better in the presence of LSECs. Our studies indicate that 

simply coculturing human hepatocytes and hLSECs does not maintain native hLSEC 

phenotype and function and nor does it improve hLSEC proliferation. We found that the 

ECM support for hLSECs plays a critical role for in vitro maintenance of these cell types. 

During liver disease when LSECs lose their fenestrations and form an organized membrane it 

has detrimental effects including cell death on the hepatocytes. The loss of fenestrations 

blocks communication between LSECs and hepatocytes [38, 39].  Laminin is only found in 

the liver sinusoids of diseased livers, therefore, our results demonstrating hLSECs cultured 

on laminin portray a phenotype often seen in diseased liver and confirms that the phenotype 

of hLSECs can be influenced in vitro by the ECM microenvironment.  Building off of this 

observation in vitro as well as what is known about LSECs and hepatocytes in native liver, 

we hypothesize that the loss of hepatocyte function in vitro when they are cocultured with 

hLSECs cultured on laminin is due to the blockage in cell-cell communication.  

In the chapter 1, we discussed how the ECM composition of healthy liver is 

drastically different then the ECM composition of cirrhotic liver. There is higher content of 

ECM components in cirrhotic liver versus healthy liver. The greater levels of ECM secreted 
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in diseased liver increases stiffness of the liver which alters hepatocyte function[40]. In 

diseased liver, LSECs form an organized basement membrane and begin to secrete laminin. 

We hypothesize that since hLSECs grown on laminin portray phenotype seen in diseased 

liver, the hLSECs in our in vitro system when cultured on laminin are also secreting extra 

ECM proteins, altering the ECM composition for the hepatocytes in our in vitro system. 

Studies have shown that excess ECM alters hepatocyte function in vitro [41-43] therefore, we 

hypothesize that hLSECs grown on laminin generates an environment similar to a fibrotic 

liver environment therefore, altering hepatocyte function in vitro. However, further studies on 

stiffness and ECM quantification in our in vitro system need to be carried out.     

HSCs also play a critical role in maintenace of LSECs in vivo. HSCs are found in a 

quiescent state in native healthy liver however, liver injury leads to activation of HSCs, and 

these activated HSCs are thought to also play a role in capillarization of LSECs [17, 39, 44, 

45]. Our studies indicate that when hLSECs are cocultured with the various types of HSCs on 

fibronectin and they have similar LYVE1 expression patterns as well as proliferation patterns 

as mentioned for hLSECs cocultured with hepatocytes. There was significantly less LYVE1 

expression by hLSECs in all conditions when cultured on laminin compared to hLSECs in all 

the conditions when culture on fibronectin. When hLSECs were cultured on laminin in the 

presence of both types of HSCs there was greater LYVE1 expression by hLSECs compared 

to LYVE1 expression by hLSECs cultured on laminin in the presence of hepatocytes or by 

themselves. Hepatocytes are notoriously difficult to remain viable in vitro especially when 

not cultured in optimal conditions [46]. HSCs can remain viable for longer periods of time in 

vitro even if they differentiate into an activated state. We hypothesize that the danger signals 

secreted from the dying hepatocytes in the hLSECs+Heps condition when hLSECs are 

cultured on laminin exacerbates the loss of native phenotype by hLSECs in vitro (loss of 

LYVE1 expression).  
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There were significantly less number of hLSECs grown on laminin in the presence of 

activated HSCs than hLSECs grown by themselves on laminin. As previously mentioned, 

activated HSCs cause capillarization of LSECs in vivo[47, 48]. In our study, we observed 

native hLSEC phenotype maintenance and proliferation when hLSECs were cocultured 

together with activated HSCs when hLECs were cultured on fibronectin. Studies have shown 

that healthy rat LSECs promote reversion of HSCs to quiescence [17, 49]. Therefore, we 

hypothesize that the healthy hLSECs cultured on fibronectin revert the activated HSCs to 

quiescence, which is why we observe an increase in hLSEC numbers and maintenance of 

native hLSEC phenotytpe at day 5 when hLSECs are cultured on fibronectin with activated 

HSCs compared to hLSECs grown by themselves. However, phenotype analyses of HSCs 

need to be carried out to confirm this hypothesis. Excess secretion of ECM proteins from 

activated HSCs in a diseased liver environment leads to hepatocellular dysfunction and 

apoptosis[48, 50], similarily, we hypothesize that the introduction of laminin and activated 

HSCs with hLSECs in vitro further mimics a diseased environment for hLSECs in our system 

which results in induction of a pathological phenotype and decreased proliferation hLSECs in 

our in vitro system.  

Our studies showed that there were similar levels of proliferation of hLSECs when 

grown in the presence of quiescent HSCs and HGF. HGF is an angiogenic growth factor that 

regulates cell proliferation. Studies have demonstrated that HGF can increase endothelial 

proliferation in vitro[22, 23]. Quiescent HSCs are the major source of HGF in the liver [51]. 

We hypothesize that since there was no significant difference in hLSEC numbers in the 

presence of quiescent HSCs or HGF, that HGF secretion from HSCs could be a possible 

mechanism through with HSCs enhance hLSEC growth in vitro.  

In our study, we observed that hLSECs grown on plastic, even in the presence of 

other hepatic cells, do not maintain healthy phenotype or further proliferate in vitro. Studies 
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have shown that primary hepatic cells require ECM support to maintain their function and 

growth in vitro and that a lack of an ECM support for hepatic cells causes differentiation and 

cell death[16, 52].  In native liver, the ECM contains various growth factors and signals for 

proper maintenance, function and growth of cells in vivo. The ECM plays a role in the 

activation of Focal Adhesion Kinase (FAK), FAK initiates the cell cycle progression. More 

specifically, FAK works in concert with integrin signalling found in the ECM[53]. The 

integrin signals work together with cell cycle regulation which directs cells to proliferate, live 

or die, or exit the cell the cycle and differentiate[54]. To this end, we hypothesize that in our 

studies the decrease in hLSEC proliferation as well as lack of phenotype maintenance of the 

hLSECs grown on plastic compared to those grown on fibronectin is due to the lack of 

critical signals from the ECM and these signals are not provided by hepatocytes or HSCs. 

PGE2 secretion was increased by hLSECs when cocultured with hepatocytes or 

quiescent or activated HSCs than when hLSECs were cultured by themselves on fibronectin. 

There was significantly greater levels of PGE2 when hLSECs were cultured in the presence 

of HSCs compared to hLSECs+Heps. Activated HSCs are also a source of PGE2 in the 

liver[55, 56]. We hypothesize that there may be activation of some of the HSCs in vitro, 

leading to PGE2 secretion from the HSCs in addition to hLSECs in vitro. Further analyses on 

the state of HSCs need to be conducted to evaluate the effects of hLSECs on HSCs in vitro.  

All together our results from this study further support the importance of ECM 

proteins on hLSEC phenotype maintenance and proliferation and that coculturing hLSECs 

with hepatocytes and HSCs, and HGF enhances healthy hLSEC proliferation in vitro. Our 

results also indicate that hLSECs will continue to proliferate and maintain their native 

phenotype and function when they are seeded on a liver scaffold with hepatocytes and HSCs 

which is important in bioengineering in a fully functional liver for eventual transplantation.  
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ABSTRACT 

Numerous factors in the native liver microenvironment (ECM, cell-cell 

communication, molecular signaling factors, chemical/mechanical parameters, etc) work in 

concert to promote cell population expansion and support the phenotype of LSECs. In 

chapters 2 and 3 we studied the effects of ECM proteins and additional cell types in 

supporting hLSECs, in vitro. In this final chapter, we determined the effect of oxygen (O2) 

levels on hLSEC proliferation and phenotype maintenance, in vitro. O2 is a vital substrate for 

oxidative phosphorylation in cell mitochondria, but also has the potential to create redox 

stress if present at too high or too low concentrations. In standard tissue culture, oxygen 

levels are maintained at ambient atmospheric level (21%), which is much higher than O2 

levels in the liver (3-12%) [1, 2]. We measured the effect of O2 at 2% (hypoxic), 9% 

(normoxic), and 20% (physiologically hyperoxic) levels. hLSEC proliferation rates, 

phenotypic markers, and a marker for hypoxia were determined under each O2 level. Our 

results indicate that hLSECs adapt to the hyperoxic environment of traditional tissue culture 

conditions, and demonstrate a drastic loss in viability when returned to normal physiological 

O2 levels.  These results suggest that bioengineered vasculatures may be generated under 

20% O2, but may require readaptation to normal physiological O2 levels prior to implantation 

into a patient. 
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INTRODUCTION 

The oxygen (O2) level in traditional tissue culture is maintained at 21%.  This level is 

very convenient because it represents the O2 level in ambient air, and does not require 

systems for controlling O2 levels.  However, the only cells in the body that actually 

experience this O2 level are the cells within the lung alveoli [3].  All other cells within the 

body are exposed to much lower oxygen levels; generally in the range of 3-12% within the 

liver [1, 2]. In terms of liver bioengineering, this means that cells collected from tissue 

samples for liver construct generation are removed from their physiologically normal O2 

environment, and placed into a hyperoxic environment for cell expansion and liver tissue 

construct generation/maturation.  The matured construct will then be transplanted back into a 

patient where normal O2 conditions exist.  Figure 1 represents the liver bioengineering 

process. 

 

 

 

 

 

 

Figure 5. Changes in O2 levels during the liver bioengineering and transplantation process.  Primary 
liver cells are removed from 3-12% O2 and maintained and expanded at 21% O2. The liver cells are then 
repopulated on a liver scaffold and conditioned in a bioreactor at 21% O2. The bioengineered liver construct 
will then be placed into an environment of 3-12% O2.  
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To model these transitions among various O2 conditions, in vitro, we cultured 

hLSECs under O2 levels that represent conditions both within the body and within the 

traditional tissue culture environment. Previous studies have shown that primary cells 

cultured in physiologically normal O2 levels behaved similarly as they do in vivo [4, 5]. Other 

studies have demonstrated an increased proliferation potential when primary cells were 

cultured at physiologically normal O2 levels, as compared to cells grown under standard 

tissue culture O2 levels[6-8].  While discrepancies remain within the literature remain 

regarding the effects of ambient versus physiological O2 levels for expanding primary cells, 

no studies specific for human primary LSECs have been conducted. Using our established 

system for hLSEC culture described in earlier chapters, we tested the effects of various O2 

levels on hLSEC proliferation and phenotype, in vitro. We examined the effects of 2% 

(hypoxic in native liver), 9% (in the range of normal for native liver), and 21% (traditional in 

vitro conditions) levels of O2 on hLSEC proliferation and phenotype maintenace in vitro. Our 

results suggest that cells readily adapt to the physiologically hyperoxic conditions of 

traditional tissue culture.  However, an abrupt transfer of these adapted cells to 

physiologically hypoxic, or even normoxic conditions, result in a rapid decline in cell 

viability and loss of normal phenotypic marker expression.  These results have significant 

implications in designing strategies for liver vasculature bioengineering in constructs 

intended for transplant into patients. 
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MATERIALS AND METHODS 

hLSEC Culture 

hLSECs (Applied Biological Materials, Inc, Richmond, BC, Canada) were 

maintained in T-75 flasks coated with Fibronectin (Thermo Fischer Scientific) at 1 µg/cm2 in 

Endothelial Growth Media + 2% Serum (Lonza) (EGM2) supplemented with 1% 

Antimitotic/Antibiotic at 37°C in a humidified atmosphere containing 5% carbon 

dioxide/ambient O2, and grown to confluency. Media was changed every 3 days.  

hLSEC proliferation in varying oxygen levels 

 48 well tissue culture treated plates were coated with Fibronectin (Thermo Fischer 

Scientific) at 1 µg/cm2. 5000 hLSECs were plated in each well and kept at 37°C in a 

humidified atmosphere containing 5% carbon dioxide and 21% O2 for 24 hours. After 24 

hours, hLSECs were grown in 3 separate incubators set at different oxygen levels: (1) 21% 

O2 (2) 9% O2 (3) 2% O2 for up to 5 days. hLSECs were counted at days 1, 3, and 5 using a 

hemocytometer.  

Immunofluorescence staining  

hLSECs cultured under various O2 levels were fixed with 10% NBF at day 5. 

Immunofluouresence was carried out using anti-LYVE1 (abcam) and anti-HIF1α (abcam). 

Appropriate secondary antibodies labelled with Alexa Fluor Texas Red were used. The cells 

were fixed with ProLong Gold antifade reagent with DAPI to stain for the nucleus. A ZEISS 

M1 Axiovert 200M microscope was used for imaging.  

Prostaglandin ELISA 

Media was collected from hLSECs cultured under various O2 levels at days 3 and 5. 

Prostaglandin (PGE2) concentrations were measured using a Prostaglandin E2 ELISA kit-
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Monoclonal (Cayman Chemical Company), according to the manufacturer’s instruction, and 

normalized to 10,000 cells.  

Statistical Analysis 

Data is shown as + standard deviation. Statistical analysis was done using Microsoft excel 

using a student’s t test. p< 0.05 was considered significance.  

RESULTS 

We have demonstrated in previous chapters that hLSECs proliferate and maintain 

their native phenotype when cultured on FN and in the presence of additional hepatic cell 

types. Here, we expand our evaluation of tissue culture parameters to include O2 levels. 

Phenotype maintenance of hLSECs cultured under various O2 levels were determined 

by phase contrast microscopy and LYVE1 expression (Fig 2).  hLECS were isolated from 

cadaveric livers by the cell supplier.  During the isolation and cryopreservation processes, the 

cells experienced, for the first time, ambient atmospheric O2 levels rather than the 9% O2 

found in normal liver.  Following recovery from cryopreservation, hLSECs were expanded 

under 21% O2.  hLSECs were then transferred to incubators equilibrated to 2, 9 and 21% O2.  

hLSECs maintained a normal cobblestone morphology when cultured under 21% O2, while 

hLSECs cultured at 2% and 9% O2 did not. hLSECs cultured at 9% and 2% O2 exhibited a 

flattened morphology, typical of dying cells. hLSECs continued to express LYVE1 when 

cultured at 21% O2 while those cultured at 9% and 2% O2 showed minimal LYVE1 

expression, further indicating that hLSECs cultured at 21% O2 maintained viability and 

normal phenotype in vitro. 
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Figure 2. Phenotype characterization of hLSECs cultured in 21%, 9%, and 2% O2 at day 5. (A)Phase 
microscopy shows that hLSECs cultured at 21% O2 maintain proper cobblestone like morphology while 
hLSECs cultured at 9% and 2% O2 portray an abnormal phenotype, often associated with cells undergoing 
cell death. (B) LYVE1 expression by hLSECs (C) Each image was separated into 3 panels and ImageJ 
Analysis was used to measure the 8bit intensity value. (B,C) There is decreased LYVE1 hLSECs cultured 
in the lower O2 levels compared to those grown in 21% O2. 

 

Figure 3 demonstrates proliferation rates of hLSECs adapted to ambient O2 levels 

following transition to culture under various O2 levels. There is an increase in hLSEC 

numbers between days 3 and 5 when cultured at 21% O2, indicating hLSEC proliferation in 

vitro. Conversely, there is a decrease in the number of hLSECs from day 3 to 5 when 

hLSECs are cultured at physiologically normoxic or hypoxic conditions, indicating a loss of 

viability under these conditions. 

 

 

 

 

 

 

Figure 3. Proliferation of hLSECs cultured in 21%, 9%, or 2% O2. hLSECs were kept in culture in 
either 21%, 9%, or 2% O2 and hLSECs were counted at days  3 and 5. There is significantly higher number 
of hLSECs when cultured at 21% O2 compared to those grown in 9%, or 2% O2. There is an increase in 
hLSEC numbers between days 3 and 5 when hLSECs are cultured in 21% O2  and a decrease in hLSEC 
number when cultured in 9% or 2%.  
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Maintenance of hLSEC function was determined under various O2 levels by 

measuring prostaglandin (PGE2) levels using an ELISA (Fig 4). There was a significantly 

lower levels of PGE2 secreted from  hLSECs cultured at 2% and 9%  O2, as compared to 

PGE2 levels by hLSECs cultured at 20% O2. 

 

 

 

 

 

  

 

 

 

 

 

 

 
Figure 4. Prostaglandin Secretion from hLSECs. Secretion of Prostaglandin E2 (PGE2) (n=3) was 
measured using ELISA. There is significantly higher levels of PGE2 secreted when hLSECs are cultured  in 
21% O2 compared to hLSECs cultured in 9% and 2% O2 at days 3 and 5. 

 

To determine whether 2% and 9% O2 levels stimulated a hypoxic response in hLSEs 

adapted to ambient, 21% O2, Hypoxia-inducible factor 1- α (HIF1α) expression was 

determined in hLSECs cultured under various O2 conditions. HIF1α is a marker expressed 

only when cells experience hypoxic conditions. Figure 5 demonstrates that hLSECs express 

HIF1α when cultured at physiologically normal hypoxic O2 levels (2%). Surprisingly, these 

ambient O2 adapted cells also expressed HIF1α when transitioned to 9% O2, which is a 

physiologically normal O2 level.   Cells cultured at 21% O2 levels showed no HIF1α 

expression. These results indicate that once hLSECs adapt to ambient, 21% O2, rapid 
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transition back to physiologically normoxic conditions results in hypoxic shock to the cells, 

with detrimental effects to both cell viability and cell function.  

 

 

 

Figure 5. HIF1α expression by hLSECs cultured in 21%, 9%, and 2% O2. hLSECs express HIF1α 
when cultured at 2% and 9% O2. There is no HIF1α expression by hLSECs when cultured in 20% O2. 

 

DISCUSSION 
 

In these experiments, we explored the effects of transitioning hLECs between 

physiologically normal conditions and the physiologically hypoxic conditions commonly 

used during the cell expansion and construct generation phases commonly employed in the 

clinical biofabrication setting. Normal O2 levels in the liver vary from 3-12%, which is much 

lower than the 21% O2 in the standard tissue culture environments. Previous studies have 

suggested positive effects on both phenotype maintenance and proliferation potential when 

primary cells are cultured under physiologically normoxic O2 levels [4, 9, 10]  However, 

these studies have largely failed to consider return to normoxic conditions following 

adaptation to physiologically hyperoxic O2 conditions commonly used in the laboratory 

tissue culture setting.  

Expansion of hLSECs, in vitro, is notoriously difficult. Following removal from the 

native liver microenvironment, hLSECs lose their fenestrations and adopt a phenotype 

consistent with a diseased state.  The results described within this chapter indicate that while 

cells easily adapt to ambient, 21% O2 used in traditional in vitro culture, transition back to 
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physiologically normoxic conditions, as would be the case during transplant of a 

bioengineered liver into a patient, could negatively affect the health of the cells of the 

bioengineered vasculature.  

The results presented in this chapter indicate that although O2 levels in normal liver 

tissue range from 3-12%, hLSECs sense these levels as hypoxic following acclimation to 

ambient atmospheric O2 levels. HIF-1 is a heterodimeric transcription factor which consists 

of both an α and β-subunit. The β subunit is constitutively expressed. The α subunit is 

oxygen regulated and begins to accumulate under conditions of hypoxia[11]. When cells are 

provided with sufficient O2 levels, HIF1 exists at very low levels, as the α subunit is rapidly 

degraded by proteasomes through the ubiquitin-proteasome pathway[12, 13]. However, 

during hypoxia, the α subunit stabilizes and allows the HIF-1 heterodimer to accumulate. It is 

hypothesized that the stablized HIF-1 protein interacts with tumor suppressor p53, which can 

lead to programmed cell death through Bax or p21 [14]. Expression of HIF1α in primary 

cells has previously been shown to promote apoptosis, which could explain the decrease in 

viability of the ambient O2 adapted hLSECs observed following transition to 2% and 9% O2 

[8, 15, 16].  

We have confirmed that 2% and 9% O2 levels are seen as hypoxic by hLSECs 

acclimated to 21% O2. In the context of native liver, our results are in agreement with a study 

by Motoyama et al. which showed that hypoxia induces LSEC apoptosis in vivo[17]. These 

results are also in agreement with a study conducted by Samarasinghe and Farrell, which 

showed that rat LSECs showed increased cell death when exposed to more than 24 hours of 

hypoxia[18]. Martinez et al. also demonstrated that LSECs cultured at 5% O2  in vitro lost 

their fenestrations over two days, which would be consistent with the reduction of LYVE1 

expression by ambient O2 adapted hLSECs following transition to either 2% or 9% O2 [19].    
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When primary cells are isolated from native tissue, not all the cells survive or attach 

to culture plates under ambient O2 conditions. However, the cells that do attach and remain 

viable at 21% O2, remain functional and proliferate [20, 21]. It is likely that these cells have 

adapted to the hyperoxic conditions of traditional tissue culture. However, when these 

hLSECs are rapidly transitioned back to physiologically normal O2 levels, the hLSECs sense 

the new environment as hypoxic, leading to a stress response hallmarked by HIF1α 

expression. Future studies are planned to confirm that freshly isolated hLSECs maintained at 

physiologically normal O2 would retain a normal phenotype and proliferate under these 

conditions. 

Currently, cells for liver tissue engineering are expanded and the bioengineered liver 

is generated and matured at 21% O2 [22]. However, it is important to consider that these 

bioengineered liver constructs will be transplanted into patients where O2 levels will be much 

lower (Fig 1). Based on the results of this study, it is clear that this rapid transition back to 

physiologically normal O2 levels could promote significant cell death within the liver 

sinusoidal endothelium cell population. Therefore, it is important to develop clinical 

manufacturing strategies that would either maintain cells at physiologically normal O2 or 

gradually readapt the construct to physiologically normal O2 levels prior to implantation.    

Taken together, the results of these studies confirm that in vitro expansion of hLSECs 

may be conducted under ambient, 21% O2. However, reacclimation to physiologically 

normoxic conditions should be considered prior to reintroducing these cells to the in vivo 

environment.   
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Tissue engineering has the potential to increase number of livers available for patients 

needing transplantation. Numerous studies have shown the benefits of using porcine 

deceullularized liver scaffolds [1-5]. The use of these scaffolds are ideal for liver 

bioengineering purposes since decellularization removes the cellular components of the liver, 

which are responsible for xenogeneic immune rejection, while maintaining important ECM 

proteins, which are conserved among species, the 3 dimensional (3D) structure of the liver, 

and the vasculature network [4, 6-8]. The ability to produce a scaffold with ECM proteins in 

their appropriate location in the decellularized liver scaffold is a significant advantage since 

replicating  ECM proteins artificially is difficult and expensive but are required for cell 

attachment, maintenance, and growth. Another benefit of using scaffolds of porcine origin is 

that they are readily available and close in size and structure to human livers. Therefore, 

when the decellularized porcine liver scaffold is completely repopulated with human hepatic 

cells, there would be little to no issues with immunogenecity in the patient: truly personalized 

medicine. Prior studies have shown that the hepatic cells seeded into decellularized liver 

scaffolds recognize the ECM proteins and growth factors and attach and maintain their 

appropriate phenotype in their correct location on the decellularized scaffolds better than they 

would on traditional 2D tissue culture system[9, 10].  

Although many advances have been made in the field of liver bioengineering, the 

expansion and maintenance of primary hepatic cells in vitro still remains to be an issue. The 

liver is made up of 15 different cell types. Two of the most abundant cell types in the liver 

are hepatocytes and LSECs. Hepatocytes are the major cell type in the liver that play a role in 

synthesizing proteins, producing bile, as well as processing various molecules in the body. 

LSECs are specialized endothelial cells that play an important role in the metabolic and 

xenobiotic clearance functions of the liver. These hepatic cells lose their ability to function 

and proliferate outside of the liver microenvironment. To overcome this challenge, numerous 
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attempts have been made to enhance replication of the primary liver cells in vitro[11, 12]. 

Studies have reported various culture conditions that have improved expansion of primary rat 

liver cells[12-16].  Limited studies have been done enhancing culture conditions for primary 

human liver cells[11, 17]. All together, these prior these studies have demonstrated the 

importance of ECM substrates and cellular composition needed for expansion of healthy 

primary liver cells in vitro. Even though these studies showed improved function and 

expansion of the primary liver cells in vitro, expansion of sufficient healthy human primary 

liver cells in vitro for repopulation of clinically relevant liver scaffolds has not yet been 

achieved.  

In this thesis project we focused on the expansion of healthy hLSECs for eventual 

repopulation of the sinusoidal endothelium of clinically relevant sized liver scaffolds. LSECs 

are a unique endothelial cell type in that they have fenestrations which distinguish them from 

other typical vascular endothelial cells in the body. LSECs are a critical cell type in the liver 

since they perform a wide range of functions for normal liver homeostasis including: (1) 

serving as a selective sieve, (2) participating in the metabolic and clearance functions of the 

liver, (3) metabolizing various macromolecules (i. e glycoproteins, ECM components, etc), 

and (4) serving as a platform for various immune cells in the liver. The functions carried out 

by LSECs make them a vital link in the intricate network of cellular interactions within the 

liver and are critical cell type needed to repopulate a liver scaffold for eventual 

transplantation purposes [18, 19]. 

Once outside of their native liver microenvironment LSECs lose their ability to 

proliferate and they begin to display a phenotype often seen in diseased livers (lack of 

fenestrations, decreased LYVE1 expression, loss of integrin α5 expression and increase in α6 

expression)[20-22]. These alterations to LSECs also lead to hepatocyte dysfunction. The loss 
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of fenestrations by the LSECs blocks the exchange in materials normally occurs between 

hepatocytes and LSECs which leads to the failure of liver function    

Studies have shown the importance of ECM composition on rat LSEC maintenance 

and proliferation in vitro and in vivo[14, 23]. Since our overall goal is to bioengineer a liver 

for humans, this dissertation focused on expansion and maintenance of primary human 

LSECs in vitro. Our findings described in chapter 2 demonstrated that fibronectin is critical 

for the expansion of healthy hLSECs on 2D surfaces and laminin induces a phenotype often 

seen by LSECs in fibrotic livers. In the field of liver sinusoidal endothelial cell biology, 

LSEC phenotype is determined by Scanning Electron Microscopy (SEM) or Transmission 

Electron Microscopy (TEM) to confirm fenestrations. However, these analyses have 

limitations in that they are time consuming, expensive and only provide information about 

LSECs on a single cell level. Our studies have demonstrated that there is a clear distinction in 

integrin α5 (expressed by healthy LSECs) and α6 (expressed by diseased LSECs) expression 

and LYVE1 expression by hLSECs when grown on the various ECM substrates in vitro 

which can be used to identify phenotype of hLSECs when expanded in vitro.  

We also examined hLSEC proliferation and maintenance directly on decellularized 

liver tissue discs. Our results indicated that hLSECs continued to proliferate and maintained a 

healthy phenotype on the decellularized liver scaffold. Even though, we did not repopulate an 

entire decell liver scaffold with hLSECs, the results from chapter 2 can be applied to whole 

liver engineering since our decellularized liver discs were representative of the substrate the 

hLSECs will be maintained on during the liver bioengineering process in vitro. Even though 

one of major benefits of the use of decellularized liver scaffolds for whole liver 

bioengineering is the retention of native ECM proteins, it is important to remember that 

during the decellularization process there is a loss of some of these proteins [6, 24]. Our 

results from chapter 2, suggest that preconditioning liver scaffolds with fibronectin may 
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further improve proliferation and maintenance of hLSECs in the liver scaffolds during the 

recellularization process.  

In chapter 2 we also demonstrated that hLSECs grown on plastic do not maintain 

hLSEC phenotype. Studies have demonstrated that if primary cells are not provided with an 

appropriate ECM substrate results in cell death or the cells differentiate into fibroblasts [25-

27]. We hypothesize that hLSECs grown on plastic undergo cell death since proper adhesion 

signals are not provided from an ECM substrate and the cells that do attach on the plastic 

differentiate into fibroblasts. Further studies will examine whether the hLSECs grown on 

plastic express specific fibroblast markers.   

Results from chapter 3 further demonstrate the importance of ECM substrates for the 

expansion and maintenance of hLSECs phenotype. Numerous studies have shown that 

coculturing rat LSECs and hepatocytes, maintains healthy phenotype for LSECs and 

hepatocytes in vitro [28-30]. Hepatocytes make up the majority of the cell type in the liver 

and carry out most of the metabolic and detoxification functions of the liver. Proper 

maintenance of hepatocytes depends on their interactions with healthy LSECs. For example, 

during liver disease, LSECs lose their fenestrations and develop an organized basement 

membrane. This continuous basement membrane has adverse effects on the hepatocytes, 

including cell death. Our results from chapter 3 indicated that the ECM composition of 

hLSECs not only plays a critical on hLSEC maintenance but also on hepatocyte function 

maintenance. Our results demonstrated that hLSECs grown on laminin portray a diseased 

phenotype, and this diseased phenotype is associated with hLSECs having an organized 

membrane. Studies have shown that excess ECM proteins leads to hepatocyte dysfunction 

both in vivo and in vitro [31-33]. We hypothesize the ECM proteins of the organized 

basement membrane of hLSECs effects hepatocytes by creating a stiff environment. To 

confirm this hypothesis studies will be conducted to measure differences in ECM quantities 
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as well as stiffness in our different conditions. Further studies will be performed to test the 

effects HUVECs on hepatocyte function, to determine whether the fenestrations specifically 

from the hLSECs play a role in improved hepatocyte function or do other ECs such as 

HUVECs also play a role in hepatocyte function.   

In healthy liver, HSCs remain in a quiescent state while HSCs in diseased liver are 

activated and is one of the leading source of excess ECM deposition in the liver. Therefore, 

we examined the effects of the quiescent and activated HSCs on hLSEC phenotype and 

maintenance in vitro. hLSECs cultured on fibronectin either with quiescent or activated 

HSCs showed maintenance and proliferation of hLSECs in vitro by day 5. A study by 

DeLeve et al. has shown that healthy hLSECs reverse activated HSCs to quiescence when 

cultured in vitro [34]. In our studies we observed that activated HSCs did not induce a 

pathological phenotype in hLSECs grown on fibronectin. We hypothesize that this is because 

the hLSECs grown on fibronectin remained healthy and reverse HSCs to quiescence. 

However, further investigation will be done on the status of HSCs in vitro to test whether the 

HSCs in our culture system remain quiescence or become activated.  

hLSECs grown on laminin with either quiescent or activated HSCs showed lack of 

native hLSEC phenotype maintenance and decreased proliferation. Furthermore, our results 

demonstrated that hLSECs grown on laminin in the presence of activated HSCs had 

detrimental effects on hLSEC proliferation. We hypothesize that laminin, in addition to the 

activated HSCs in vitro, compounds the effects hLSECs experience during liver disease 

leading to hLSEC death in vitro.  

Our results from chapters 2 and 3 also have the potential to generate improved in 

vitro liver models for disease modeling and therapy development. Our studies found that 

laminin induces a phenotype seen by LSECs in diseased livers. Activated HSCs in the 

presence of hLSECs grown on laminin decreases hLSEC proliferation and native phenotype 
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maintenance. There have been significant advances in the use of 3D liver organoids and liver 

on chip for drug development testing as well as studying liver development [35-37]. A study 

by Ford et al. showed that altering stiffness of the ECM substrate of hLSEC as well as the 

addition of inflammatory cells with hLSECs alters hLSEC phenotype (expression of CD31 

and loss of fenestrae)[38]. Our results suggest that inclusion of laminin and activated HSCs 

in the in vitro system could further replicate the physiologically relevant disease environment 

for hLSECs.  

Finally, in chapter 4 we observed that hLSECs grown at physiologically normal O2 

levels in vitro experience hypoxia which leads to hLSEC dysfunction and cell death. We 

hypothesize that since hLSECs were immediately expanded at 21% O2 following isolation, 

and hLSECs either selected for, or adapted to, this O2 level and continued to maintain their 

native in vivo phenotype and function.  Further studies will investigate whether hLSECs 

expanded immediately upon isolation, at physiologically normal O2 levels, would have 

similar phenotype maintenance and proliferation as they do at 21% O2 in vitro. The theme of 

this thesis has been to bioengineer a liver in vitro for transplantation in a patient. If the 

bioengineered liver is maintained and conditioned in a bioreactor which is maintained at 21% 

O2 there is the serious risk of hepatocellular death in the liver construct upon transplantation 

in the patient. Our results suggest that all aspects during the bioengineering process of the 

liver need to be maintained at physiologically normal O2 levels or the bioengineered liver 

slowly needs to be adapted to physiologically normal O2 levels prior to implantation to avoid 

failure of the transplant.  

Our studies found that manipulation of the ECM composition and coculturing 

hLSECs with other hepatic cells increases hLSEC proliferation and maintenance of their 

native phenotype in vitro. Future studies still remain to be conducted which could further 

improve the findings from this thesis. As blood flow plays a critical role in the maintenance 
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of LSECs in vivo[41, 42], future studies introducing flow in the in vitro hLSEC culturing 

system could further mimic the native liver environment for the hLSECs and possibly 

enhance proliferation of the hLSECs outside of the liver microenvironment. Flow can be 

introduced into the system by culturing hLSECs on fibronectin within a microfluidic 

device[43].  

Future experiments will be conducted determining whether hLSECs cultured on 

laminin initially and then on fibronectin will revert back to a healthy phenotype or not. We 

will also test the effects of collagen IV and III on hLSEC phenotype in vitro since these are 

two other collagens hLSECs interact within the liver sinusoidal endothelium for proper cell 

function. Furthermore, to get more specific and quantitative data gene expression analysis 

using for LYVE1 and the various integrins will be performed. 

In summary, our studies have advanced the field of liver tissue bioengineering by 

demonstrating the expansion of healthy hLSECs in vitro is significantly improved when 

hLSECs are provided with appropriate native liver sinusoidal endothelium ECM proteins 

with the addition of hepatocytes and HSCs.   
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graft-versus-host disease) is now available for licence  
o Researched and compiled a database of potential Angel Investors within the 

Southeast US interested in the key research areas at Wake Forest, providing 
Innovations Office with easily accessible investment sources for future research. 
 

PUBLICATIONS
 

Journal Articles 

•••• Dhal A, Soker S., “Effects of the Extracellular Matrix Proteins on Human Liver 
Sinusoidal Endothelial Cells Maintenance and Expansion in vitro”, Organogenesis, (In 

Submission). March 2017. 

•••• Peloso A, Dhal A, Zambon JP, Li P, Orlando G, Atala A, Soker S., “Current 
achievements and future perspectives in whole-organ bioengineering,” Stem Cell 

Research & Therapy Vol.6, pp. 1-11, June 2015. 

•••• Ko IK, Peng L, Peloso A, Smith CJ, Dhal A, Deegan DB, Zimmerman C, Clouse C, 
Zhao W, Shupe TD, Soker S, Yoo JJ, Atala A., “Bioengineered transplantable porcine 
livers with re-endothelialized vasculature,” Biomaterials Vol. 40, pp.72-79, February 
2015. 

•••• Moran EC, Dhal A, Vyas D, Lanas A, Soker S, Baptista PM., “Whole-organ 
bioengineering: current tales of modern alchemy,” Translational Research Vol. 163, pp. 
259-267, April 2014. 
 

Book Chapters 

• Abritee Dhal, Matthew Brovold, Anthony Atala, Shay Soker. “Principles of Organ 
Bioengineering,” Regenerative Medicine Applications in Organ Transplantation. Edited 
by Giuseppe Orlando, Academic Press, November 2015. 

• Abritee Dhal, Dipen Vyas, Emma C. Moran, Daniel B. Deegan, Shay Soker, Pedro 
Baptista. “Translational Regenerative Medicine- Hepatic Systems,” Translational 
Regenerative Medicine. Edited by Anthony Atala and Julie Allickson, Elsevier, January 
2015. 

• Graca Almeida-Porada, Abritee Dhal, Christopher Porada and Shay Soker. “Peripheral 
blood stem cells” Principles of Regenerative Medicine, Thid Edition. Edited by Anthony 
Atala, Elsevier, February 2017 (In Submission). 

 

SELECTED ORAL PRESENTATIONS
 

• Development of an Acellular Porcine Liver Approach for Bioengineering of Livers for 
Transplantation. Tissue Engineering and Regenerative Medicine International Society 
Americas (TERMIS-AM) Annual Conference. November 10 – 13th, 2013 (Atlanta, GA)  
 

 



99 

 

SELECTED POSTER PRESENTATIONS.
 

• Extracellular Matrix Proteins Support a Native Phenotype of Human Liver Endothelial 
Cells and Increase their Proliferation in vitro. TERMIS-AM Annual Conference. 
December 11 – 14th, 2016 (San Diego, CA) 

• Effects of Extracellular Matrix Proteins on Human Liver Sinusoidal Endothelial Cells 
Maintenance and Proliferation in vitro. North Carolina Tissue Engineering and 
Regenerative Medicine Society (NC-TERMS) Annual Conference. October 27, 2016 
(Chapel Hill, NC)  

• Optimizing Human Liver Sinusoidal Endothelial Cell Culture Conditions in vitro. NC-
TERMS Annual Conference. October 16th, 2015 (Winston-Salem, NC)  

• Bioengineering of Vascularized Pig Livers Using Acellular Scaffolds. NC-TERMS 
Annual Conference. October 18th, 2013 (Winston-Salem, NC) 

• Bioengineering of Piglet Livers Using Acellular Organ Scaffolds. NC-TERMS Annual 
Conference. September 10th, 2012 (Raleigh, NC)  
 

AWARDS AND HONORS
 

•••• Third Place Poster Award at NC-TERMS Annual Conference (Chapel Hill, NC, 2016) 

•••• Wake Forest Molecular Medicine and Translational Science Travel Award (Winston-
Salem, NC 2016) 

•••• Third Place Poster Award at Wake Forest Institute for Regenerative Medicine Annual 
Lab Retreat (Pinehurst, NC, 2016) 

•••• Top Poster Award at Wake Forest University Graduate Student Research Day (Winston-
Salem, NC, 2013)  

•••• Bates College Key Member (Lewiston, ME, 2011) 
 

TEACHING EXPERIENCE 
 

NORTH CAROLINA WESLEYAN UNIVERSITY, Rocky Mount, NC 

•••• Invited Lecturer for Advanced Histology Class, April 4, 2017 

 
WAKE FOREST INSTITUTE FOR REGENERATIVE MEDICINE, Winston- Salem, NC              

•••• Guest Lecturer for Winthrop University Stem Cell Biology Class, April 10, 2015 

 

BATES COLLEGE, Lewiston, ME                                                                                                   
January 2009 – April 2011 

•••• Teaching Assistant 
o Organismal Biology (January 2011 – April 2011 &  January 2009 – April 2009) 
o Cellular and Molecular Biology (September 2010 – December 2010),  
o Chemical Reactivity (January 2010 – April 2010) 

•••• Chemistry Tutor, September 2008 – April 2009                                                                                                             
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VOLUNTEER & LEADERSHIP EXPERIENCE
 

WAKE FOREST INSTITUTE FOR REGENERATIVE MEDICINE, Winston-Salem, NC 

• Research Mentor, June 2013-Present 

• Co-Chair for Scientific Talks Committee for Annual Lab Retreat, January 2017 
o Reviewed institute-wide submitted abstracts and selected 5 abstracts to be 

podium presentations. Assessed scientific quality of data submitted by top 
scientists in diverse subjects (3D bioprinting, body-on-a-chip, 3D organoid 
development, cancer-on- a- chip, etc) within the regenerative medicine and tissue 
engineering field. 

• Co-Moderator for Scientific Talks at Annual Lab Retreat, January 23, 2017 

• Judge for Scientific Poster Session at Annual Lab Retreat, February 2014 
o Viewed over 80 posters and analyzed scientific data and innovativeness of 

various projects and determined which posters should be awarded 1st, 2nd, or 3rd 
place.  

• Student Social Co-Chair, September 2012- June 2016 
o Organized numerous social events for graduate students and professors at the 

Institute for Regenerative Medicine to connect and network outside of normal 
work hours 

 

WAKE FOREST SCHOOL OF MEDICINE 
• Student Representative Molecular Medicine and Translational Science Executive Committee             

July 2014-July 2016 
 

WAKE FOREST GRADUATE STUDENT ASSOCIATION, Winston-Salem, NC                                                

• Social Co-Chair, September 2014 – June 2015 

• Student Representative for MCB, September 2011 – May 2012 
 

SHERWOOD ELEMENTARY SCHOOL SCIENCE FAIR, Winston-Salem, NC  

• Volunteer Judge, December 2014               
 
TERMIS-AM CONFERENCE, Atlanta, GA                                                                                                

• Student Co-Chair for Remodeling & Repopulation of Acellular Matrices Session 
 
BATES COLLEGE, Lewiston, ME                                                                                       

• Co-President for the College’s Southeast Asian Club, September 2008 – May 2011    

• Co-President for Class of 2011, September 2007– May 2008     
 

 


