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ABSTRACT 

One of the goals of liver bioengineering is to develop in vitro platforms in order to study 

the complexities of development, disease, and drug metabolism in a fashion that is highly 

replicative of in vivo processes, but superior in terms of speed, cost, and reproducibility.    

One such approach is through bioengineered 3D organoids.  Though the use of a variety of 

substrates such as acellular tissue scaffolds or hydrogels of various compositions, cells are 

cultured and allowed to interact with the substrate and with other cells. Importantly, stromal 

cells of the liver constitute only a small percentage of the liver itself but exert the most 

profound influence on both liver organogenesis and pathology.  Approaches using 

organoids to study liver disease often fail to consider the influence of stromal cells. This 

thesis aims to explore the role of stromal cells, specifically the hepatic stellate cell, in the 

study of congenital and acquired liver diseases associated with fibrosis to better understand 

the causes and the treatments of such disorders.  To this end, we investigated the effect of 

inhibition of normal stromal cell signaling on development, which clinically generates 

fibrosis.  Next, we studied the influence of a fibrotic environment induced by resident 

stromal cells on the developing liver.  Finally, we determined the range of fibrotic 

phenotypes stromal cells are able create within an organoid.   Collectively, the findings in 

this thesis exemplify the importance of stromal cell inclusion within bioengineered 3D 

organoids to effectively study liver disease in vitro.
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CHAPTER 1 

 

INTRODUCTION 

Within this introduction, I will discuss hepatic anatomy, function, and embryologic origins. 

I will further describe liver disease, from congenital to acquired disorders, and the primary 

cellular agonist responsible for this pathology – the hepatic stellate cell. Lastly, I will 

outline the current state of liver disease modeling, both in vivo and in vitro, and how this 

can teach us about liver development and disease. Against this backdrop, the reader will 

possess the knowledge to appreciate the scope and significance of the research presented 

here.  

Diseases of the liver have serious implications and multiple etiologies (congenital, 

hereditary, and environmental) [1-4]. Liver fibrosis, a hallmark of most chronic liver 

diseases, is characterized by an increase in extracellular matrix proteins leading to impaired 

tissue function [5, 6]. Symptoms of liver disease can include jaundice, fluid retention, 

excretory dysregulation, and diabetes [7]. Chronic liver disease can be life threatening, 

making early intervention and appropriate treatment imperative.  

 The liver is the largest internal organ in the human body and has numerous vital functions 

that impact multiple body systems including the circulatory, digestive, endocrine, immune, 

and renal systems. Primarily, the liver filters blood coming from the digestive system 

through detoxification, nutrient regulation, and drug metabolism. Bile, a green fluid 
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produced by the liver and stored in the gallbladder, aids in these processes as well as fat 

digestion and fat-soluble vitamin storage [8].  

BILIARY TREE ANATOMY AND FUNCTIONS 

Within the liver lies the remarkable biliary tree through which bile is transported.  

Interwoven into the great mass of the liver parenchyma, 2 km of ducts and ductules form 

the hepatic organ’s integral network of bile drainage.  This biliary network is roughly 

divided into two major systems, the intrahepatic and extrahepatic.  The intrahepatic system 

can be further divided into the left and right hepatic duct, which terminate at the common 

duct of the extrahepatic biliary tree.  This common duct drains into the gall bladder for 

storage and then ultimately to the duodenum of the small intestine [9].   

The intrahepatic biliary tree connects to all 8 segments of the liver in a series of ducts with 

continuously smaller diameter.  The right and left hepatic ducts (lobar ducts) are 

approximately 3.3mm-3.5mm in diameter.  These are further subdivided into segmental 

ducts (interlobar) corresponding to the area of liver drainage. Beyond the segmental ducts 

the diameter decreases further still with septal, or intralobar, ducts (100-400um), 

interlobular ducts (15um-100um), and the small bile ducts (<15um).  Small bile ducts are 

further divided into the peribiliary ductiles and the canals of Hering. These interface with 

the bile canaliculus consisting of the apical face of transversely opposed hepatocytes.  From 

the aspect of biliary drainage, beginning from the intralobular ducts and ending at the bile 

canaliculi demark the origin and termination point for each functional sub-unit of the liver: 

the liver lobule [9-11].  
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The liver lobule is composed of millions of hepatocytes, which are roughly hexagonal 

(Figure 1).  At each of the 6 points of the hexagonal liver lobule runs the portal triad. The 

portal triad consists of the portal vein, hepatic artery, and bile duct. The portal vein drains 

nutrient and toxin rich blood from the gastrointestinal tract into the liver lobule and the 

sinusoid which are vessels composed of fenestrated epithelial cells.  The hepatic artery 

carries oxygenated blood to the cells of the lobule. Both vein and artery drain and terminate 

at the aptly named central vein, which lies in the center of the liver lobule.  Bile flows in 

the opposite direction, from the apical side of the hepatocytes aligned radially into hepatic 

chords (Figure 1) [12].   

 

  

Figure 1. Liver lobule (A) and hepatic circulation (B) 

 

The vital functions of the biliary tract are transporting waste products from the liver as well 

as the transport and modification of bile salts.  Hepatocytes endlessly recapture and 

synthesize bile acids, which are then transported into the bile canaliculi.  The canaliculi are 

formed in the space between hepatocyte apical faces, which are bound by claudin and tight 

A. B. 
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junction formation.  Transport is driven via ATP-dependent active transporters, chiefly 

comprised of the bile salt export pump (BSEP) and ABC/multi-drug resistant transporters 

MRP-2 and MDR-1 [13, 14].  Here the bile acid reaches 1000x concentration to that of the 

hepatocyte.  From the biliary canaliculi the bile flows to the smallest intrahepatic biliary 

ducts eventually leading to the gallbladder. In the gallbladder, bile is collected and 

concentrated until it can be released into the small intestine [15].  

The biliary system’s excretory function effectively removes dangerous lipophilic 

molecules. It also eliminates substances not easily filtered or removed during renal 

processing, such as bile salts and bilirubin. Bile itself is constituted mainly of water but 

also bile salts, cholesterol, bilirubin, harmful toxins, and drug metabolites [15-17]. Fat 

emulsification is bile salt’s primary function, which aids in fat digestion and intestinal 

absorption.  Bile also eliminates cholesterol and protects from infection through IgA 

excretion and intestinal immune system stimulation [18].  

DEVELOPMENTAL ORIGINS OF THE BILIARY SYSTEM 

ENDODERM 

The origin of the biliary tract begins at the gastrulation stage of the primitive zygote.   The 

primitive streak gives rise to an anterior and posterior primitive streak driven by TGF-β, 

FGF, and WNT signaling [19, 20].  The former of which gives rise to the definitive 

endoderm [21].  After the definitive endoderm is formed, consisting mainly of the gut tube 

and brachial arches [22], the further developed endodermal foregut is derived in the 3rd 

week of human gestation and is driven largely by FOXA2 and GATA4/6 [12].   This 
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endodermal foregut contains the all common progenitors of the liver, lungs, gallbladder, 

and pancreas [12]. 

LIVER DIVERTICULUM 

Adjacent to the newly developing heart, a growing mass of epithelial cells from the gut 

differentiate into hepatoblasts, largely driven FGF and BMP molecules originating (Figure 

2) in the septum transversum (STM) [23]. The gut epithelial cells have been differentiated 

into albumin, HNF4α, and AFP expressing cells, which are now called hepatoblasts [24].  

The hepatoblasts begin their invasion of the STM in a process largely driven by GATA-6 

and Hhex [25].  After this invasion, hepatoblast populations proliferate rapidly. FGF, HGF 

and TGF-β help induce this expansion [26]. 

Figure 2. Hepatoblast differentiation and expansion into the STM 

TUBULOGENESIS AND CHOLANGIOCYTE DIFFERENTIATION 

During this invasion, the hepatoblast populations interact with mesenchymal cells, 

including endothelial cells and hepatic stellate cells (HSCs).  These cells produce a host of 
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growth factors such as FGF, HGF, TGF-β, Retinoic Acid, and Wnt, which induce rapid 

proliferation as they expand into the STM (Figure 3) [26]. 

 

 

Figure 3. Factors mediating hepatoblast proliferation 

Endothelial cells and cells within the portal mesenchyme signal hepatoblasts, in both a 

juxtacrine and paracrine fashion, to initiate the complex algorithm of simultaneous 

differentiation and tubulogenesis, which is not fully complete in utero [27]. Two major 

pathways have been found to play the most prominent roles: the Notch signaling pathway 

and the TGF-β pathway.  Notch signaling activation from the portal mesenchyme induces 

the formation of ductal plates, the first stage of biliary development [28, 29] (Figure 4). 

TGF-β and Jagged1 are produced from cells within the periportal mesenchyme.  The first 

layer of hepatoblasts surrounding the portal vein are differentiated primitive 

cholangiocytes expressing both Sox9 and TGF-βRII [30].  The second layer of cells from 

the portal vein begins to delaminate from the first cell layer.  This second layer of cells 

begins to express TGF-βRII while the first layer of cells expresses TGF-β, thus 



7 
 

differentiating the second layer of cells into cholangiocytes [30].  The gradient is 

spatiotemporally governed by HNF-6 within the hepatoblasts to inhibit TGF-β signaling 

[31].  This controls the formation of further biliary cysts within the parenchyma.  

Mesenchymal cells have already begun to surround the newly forming duct and have begun 

to express Jagged1 [32]. This will maintain the newly formed cholangiocytes in their 

terminally differentiated state and ensure the patency of the bile duct. Notch signaling, 

along with a local gradient of TGF-β, terminally differentiates progenitor cells to mature 

cholangiocytes and activates the complex [28]. 

 

Figure 4. Hepatoblast differentiation and tubulogenesis   

 In fetal mouse models, Notch and TGF-β signaling molecules have been shown to be 

mesenchymal precursory cells that are p75NTR+ and give rise to hepatic stellate cells 

(HSCs) and portal mesenchymal cells [33].   HSCs are one of the required cellular 

components of tubulogenesis and are also critical for appropriate liver progenitor cell 
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(LPC) differentiation and overall liver formation [34, 35]. HSCs are a dynamic population 

of cells with a spectrum of functionality. HSCs  many functions include supporting the 

growth of liver progenitor cells [36] through the release of FGF and other growth factors, 

providing for additional activation of Notch signaling pathways, and contributing to ECM 

deposition [5].  Broadly, HSCs are defined as existing in one of two states: quiescent or 

activated, although the latter state is better defined as a continuum rather than simply a 

binary, on/off state. In the adult liver, quiescent hepatic stellate cells (qHSCs) are the 

body’s primary reservoir for vitamin A and may also act as pericytes, controlling the liver 

vasculature [37].   In their activated form, HSCs are beneficial in that they serve as the 

wound repair mechanism to heal damaged tissue. However, unregulated and chronically 

activated hepatic stellate cells (aHSCs) can become pathogenic.  

CHRONIC LIVER DISEASES AND FIBROSIS 

Chronic liver disease (CLD) claims the lives of tens of thousands of people every year and 

represents an economic burden in the billions.  Chronic liver disease is comprised of some 

100 different liver disorders and is a major cause of mortality in the United States and 

worldwide.  Globally, the number of deaths is estimated to be approximately 1,000,000 

annually [38].  The most common liver disorders include non-alcoholic fatty liver disease 

(NAFLD), non-alcoholic steatohepatitis (NASH), and alcoholic liver disease (ALD), all of 

which are increasing in prevalence. Many late stage liver disorders involve fibrosis and 

distortion of the liver ECM.  Fibrillar collagens I and III accumulate, causing hepatocyte 

dysfunction and death, which can ultimately result in liver failure. Hepatic failure is fatal 
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unless a transplant is received. Liver fibrosis, a hallmark of many CLD disorders, has a 

myriad of initiating events from autoimmune, and viral, to environmental and congenital. 

FETAL LIVER FIBROSIS 

Pediatric liver fibrosis occurs in a large number of congenital disorders [39].  Biliary 

Atresia (BA), Congenital Hepatic Fibrosis (CHF), Progressive Familial Intrahepatic 

Cholestasis (PFIC), Caroli’s Syndrome (CS), and Alagille Syndrome (AGS) are such 

ailments that although individually rare, collectively affect between 1 in 13,000-70,000 

[40, 41] individuals and are the primary cause of pediatric liver failure and transplant need 

[16].  Additional major co-morbidities include cholestasis, portal hypertension, cirrhosis, 

and an increased likelihood of hepatocarcinoma and cholangiocarcinoma, all of which 

require a lifetime of medical care [40].  In many congenital liver disorders, abnormal 

cellular development or increased proliferation of hepatoblasts occur resulting in tissue 

malformations during critical phases of biliary tubulogenesis (Figure 5) [41, 42]. These 

ductal plate malformations (DPM) result in abnormal biliary structures that appear dilated 

or cystic and cannot maintain normal bile flow through the biliary tract. This ultimately 

culminates in leakage of bile and toxins into the liver [43].  
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Figure 5. Developmental abnormalities resulting in ductal plate malformations 

 

Alagille syndrome is one such disorder that results in ductal plate malformations.  

Constitutional genetic mutations result in failure to properly synthesize the correct 

configuration of Notch receptors or Jagged1 proteins consequently causing aberrant 

signaling and DPM formation. DPMs can also be caused by increased signaling through 

Notch pathways within the hepatoblasts of the developing liver [44, 45]. This increased 

Notch signaling can lead to amplified hepatoblast proliferation, resulting in yet another 

ductal plate malformation, which has been observed in some cases of Biliary Atresia [46].  
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HEPATIC STELLATE CELLS 

Of the non-parenchymal cells types contained within the liver, the hepatic stellate cell 

(HSC) is one of the most critical.  Comprising approximately 5-8% of the liver’s total cell 

population, the HSC normally resides in the space of Disse between the hepatocytes and 

the liver sinusoidal epithelial cells [35].   Within the healthy liver it exists within a state of 

quiescence, and contains the body’s major vitamin A stores.  However, this cell has a highly 

plastic phenotype and it also exists in another highly dynamic state: activation.  An ever 

growing list of factors can induce hepatic stellate cell activation such as TGF-β, PDGF, 

DAMPS, PAMPS, and ROS [47-50].   Activation leads to highly increased proliferation, 

contractility, migratory, and secretory functions of the cell [51].  The primary function of 

the hepatic stellate cell’s increased capabilities is to repair the liver when it becomes 

damaged.  This state of activation exists on a dynamic spectrum: necessary and beneficial 

at one end and highly destructive at the other, particularly in cases where activation 

pathways are chronically induced.   

HEPATIC STELLATE CELL ORIGIN 

Although great strides have been made to isolate the embryonic origin of the HSC, several 

confounding factors have arisen.  Unusually, HSCs express markers from all three germ 

layers which can vary between animal models [33, 52].  Most recent research has taken 

place in mouse, rat, or zebrafish models.  In murine models, several markers have been 

pushed to the forefront and have been used to track HSC development from the primordial 

embryo.  The neurotrophin receptor p75NTR [53] puts HSC origin in the neural crest, 

whereas Wilms Tumor 1 (WT1) places it within the mesoderm.   
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Utilizing WT1 expression researchers were able to ascertain, to some extent, the HSC 

origin.  During development, WT1+ progenitor cells arise within the STM.  These 

progenitor cells differentiate into mesothelial (MCs), sub-mesothelial cells (subMCs), 

portal mesenchymal cells (PMC), and hepatic stellate cells (HSCs) (Figure 6), which 

surround the growing liver bud [54]. Mesothelial cells are derived from the STM, which 

ultimately is derived from the mesoderm.  Researchers have found that HSCs can originate 

directly from the WT1+ STM progenitor cells or indirectly through a second source, the 

mesothelial and submesothelial cells [54]. WT1+ mesothelial and sub-mesothelial cells 

migrate towards perivascular mesenchyme.  This migrating cell population can now 

loosely be aggregated into either portal mesenchymal cells (portal fibroblasts, smooth 

muscle cells, fibroblasts) or hepatic stellate cells.  Interestingly, WT1 expression has been 

indicated as a marker for distinct sub-populations of aHSCs during fibrosis [55].  

 

Figure 6. Origins of HSCs via WT1+ progenitor cells  
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HEPATIC STELLATE CELL FUNCTION 

 Hepatic stellate cells are highly plastic and facilitate a multitude of functions.  These 

functions evolve from fetal development into adulthood.  During development, HSCs 

orchestrate and influence a multitude of developmental systems such as liver bud growth, 

hepatic vasculature, fetal hematopoietic, and biliary systems.  Knockout models of WT1, 

p75NRT, and LHX2, all necessary for the proper differentiation of hepatic stellate cells, 

have resulted in malformations of the developing liver [54, 56, 57].  During liver bud 

expansion, HSCs synthesize WNT9a and WNT2, which cause hepatoblast proliferation 

[58].   Additionally, the progenitors of HSCs excrete HGF and pleiotropin, further aiding 

in the hepatoblasts expansion [59].  HSCs were also found to synthesize Jag1, important 

for biliary differentiation, in select animal models [53].  HSCs also support hematopoiesis, 

by recruiting hematopoietic cells into the developing liver through the expression of the 

chemotactic protein SDF1alpha [60].  During angiogenesis of the vasculature within the 

expanding liver, HSCs act as resident pericytes assisting in the maturation and vascular 

integrity of the vessels within the liver [61].   

As HSCs more fully develop, they begin to acquire lipid droplets [62].  This accumulation 

of lipids allows the HSC to store vitamin A, in the form of retinoid esters. This is a primary 

HSC cellular function once its adult phenotype is achieved after birth [62].  This reservoir 

is imperative, as it represents the body’s major vitamin A store consisting of approximately 

60-80% of overall reserves [63-65].  HSCs also act as pericytes in the adult liver and 

respond to a host of vasoactive molecules that induce contraction of the HSCs and 

manipulate blood flow through the liver.  Wound repair is another principal function of the 

hepatic stellate cell.  In order to facilitate wound repair the HSC must undergo a large 
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phenotypic shift, allowing the cell to proliferate, contract, synthesize large amounts of 

ECM, and produce cytokines and chemokines [66, 67].   

HEPATIC STELLATE CELL ACTIVATION 

Quiescent HSC (qHSC) undergo a phenotypic shift when they become activated, which are 

subsequently referred to as activated HSC (aHSC).  An ever growing number of factors 

have been identified that can induce an HSC from a quiescent to activated state (Figure 7) 

[51].  When the liver tissue is under stress by infection or environmental toxins, 

parenchymal cells release a host of signaling molecules such as ROS, DAMPS, and 

PAMPS, which trigger HSC activation [68].  Non-parenchymal cells can also induce HSCs 

into an activated state through molecules such as TNFα, IL-1β, or TGF-β amongst others 

[69-71].  Tissue stiffness, sensed by the qHSC via FAK signaling, can also induce HSC 

activation [72, 73].   aHSCs maintain an activated state partially due to TGF-β autocrine 

signaling [74].  When the infection or toxin is removed or remediated the resolution of 

aHSC population is achieved by a number of mechanisms such as apoptosis, reversion to 

quiescence, or conversion into a “primed” state, much like of a primed immune cell [75-

77]. 
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Figure 7. Factors mediating HSC activation 

 

Acutely activated HSCs serve the beneficial purpose of maintaining homeostasis within 

the liver however, when HSCs are chronically activated they become destructive by 

initiating and perpetuating fibrosis within the liver [78, 79].  Chronically activated HSCs 

eventually cause cirrhosis and cancer which can result in the need for liver transplant or in 

death [80-82].  The scarification of the liver is brought about by the continual and 

unregulated synthesis of ECM proteins, mainly consisting of fibrillar collagens, and by 

production of TIMPs which inhibit ECM turnover via MMPs [83, 84].  aHSCs also have 

the ability to contract and crosslink fibrillar collagen through LOXL2 [85].  This 

contraction and crosslinking increases the local and global rigidity of liver tissue [86, 87].  

The resultant pathogenic ECM is more rigid and has highly irregular protein content.  

Increased rigidity can cause hepatocytes and biliary cells to abnormally function and 
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transdifferentiate [88-91].   This rigidity increases directly with clinical fibrosis scores, 

ranging from approximately 4-7 kPA for normal liver tissue and upwards of 24-70 kPA in 

stage F4, which is consistent with highly fibrotic/cirrhotic liver tissue [92, 93].  This 

increase in rigidity, fibrillar collagen content, TIMP1, and TGF-β expression is similar 

across multiple etiologies of fibrosis [94-96].   

MODELS OF LIVER DEVELOPMENT 

The question of development has fascinated scientists far back into antiquity.  Greek 

philosophers may have first posited the question of a systematic stepwise development 

process.  This study of development became a field unto itself: embryology.  Embryology 

had been studied previously, but was not fully and rigorously formalized until the early 

1800s by Karl Ernst von Baer and Heinz Christian Pander. These researchers undertook 

work from previous scientists and developed a cornerstone of developmental science, the 

germ layer theory.   According to the germ layer theory, there are three distinct layers of 

cells from which all subsequent cells are derived.  The finer molecular basis for the 

developmental sciences, including liver development, mainly has come via mouse models 

[97], but other animals including zebrafish, chicken, and xenopus have also been studied.  

Despite all the rigorous and groundbreaking work achieved in animal models, variations in 

molecular pathways [98, 99] and spatial/temporal differences [12, 28] can be problematic 

when it comes to the study of human development. While still in its infancy, in vitro 

modeling of human liver development may help unlock further knowledge into its 

organogenesis.  Several groups have achieved success in recapitulating molecular 

pathways of liver development.  In Chapter 1, a decellularized liver ECM was used in 
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combination with fetal progenitor cells to mimic stages of biliary development such as the 

ductal plate and more fully formed ducts apparent during tubulogenesis [100].  Dianat et 

al. utilized human embryonic stem cells and the immortalized hepatoblast-like cell line, 

HepaRG, to create tubule-like structures by employing defined media and 3D culture 

techniques [101]. 

In vitro modeling of liver development has the potential to overcome obstacles involved 

with in vivo animal models such as non-homologous genes, gestational differences, and 

variance in temporal and spatial developmental cues. This type of modeling also overcomes 

both the high cost and time constraints of animal studies. An in vitro system allows for a 

high degree a flexibility regarding both cellular components and substrate modifications.  

In vitro models, like the 3D organoids developed in this study, utilizing progenitor and 

stromal cells help us better understand key aspects of development and congenital liver 

disorders.  In turn, such a system could also be used as a platform for biomarker discovery 

or for drug screening.  

LIVER DISEASE MODELS 

IN VIVO MODELS 

In vivo models of multiple liver diseases exist, as rodent models have long dominated the 

field beginning in the 1930s [102, 103], however other animals such as zebrafish have 

gained traction in recent decades [104, 105].  Rodent models include both spontaneous and 

induced genetic mutations.  Genetic models have been used to replicate multiple types of 

liver disorders including metabolic syndromes and hepatitis.  The Gunn rat mimics type I 
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Crigler-Jajjar syndrome, where a mutation in UGT1A1 causes the impaired uptake of 

unconjugated bilirubin, which in return results in ever accumulating levels of bilirubin 

leading to progressive fibrosis, cirrhosis, and neurological complications [106].  The Long 

Evans Cinammon (LEC) rat has been used extensively to study prolonged hepatitis and 

liver cancer due to the aberrant copper storage observed in Wilson’s disease [107, 108].  

To model the more prevalent liver diseases, such as NAFLD and NASH, leptin deficient 

(ob/ob) or leptin receptor deficient (db/db and fa/fa) rodents become obese and exhibit 

abnormally low activity levels when fed high fat or high sucrose diets [109-112].  These 

models partially replicate initial onset of steatosis in NASH or NAFLD, but are not used 

for more severe disease stages, illustrating the need for late state disease modeling [113, 

114].   

Toxic drug induced models have been used extensively to represent acute and chronic 

fibrosis.  Acetaminophen toxicity induces severe acute liver failure in both humans and 

mice and has been used on a variety of rodent models.  Carbon Tetrachloride (CCL4) has 

been used since the 1930s to induce acute liver injury [115].  CCL4 is hepatotoxic, creating 

free radicals and metabolites which induce Kupffer cells to produce pro-inflammatory 

cytokines and induce hepatocytes to accumulate lipids and become necrotic.  

Thioacetaminophen (TAA) also induces acute liver failure and results in liver cirrhosis 

over long-term administration.  Bile duct ligation (BDL) of rats induces liver necrosis and 

has been used to investigate late stage fibrosis and cirrhosis [116].  CCL4 or TAA in 

conjunction with alcohol or high fat/sucrose diets have been used to study alcohol and non-

alcohol induced disorders [117-119].  Several issues arise in the use of these in vivo models. 

Murine models of NASH and NAFLD do not progress pass the initial stages of the disease 
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and do not progress much into fibrosis, which is common in humans.  Genetic models of 

liver fibrosis also require special diets to induce fibrosis, which can lead to confounding 

results.  BDL models have early high mortality rates and are not useful for longer term 

studies of liver fibrosis.  Mouse models of alcoholic liver disease are not very useful as 

they fail to fully develop fibrosis without additional factors.  Generally speaking, chronic 

liver disease in humans can take decades whereas animal models develop such diseases 

within weeks or months and may not capture the long term complexities of the human 

disorder.  Rat and mouse models also have distinct immune systems from humans, which 

when making attempts to interpret the immune influence on liver disease challenging.  

Additionally, metabolic differences in animals as compared to humans can make 

assessment of pharmaceuticals problematic as drugs to not always have the same toxicity 

or therapeutic value between species.  Collectively, these shortfalls have kept research from 

obtaining any clinically translatable anti-fibrotic drugs to date. 

IN VITRO MODELS 

Primary hepatocytes cultured on tissue culture plastic in a monolayer (2D) have been and 

are still used to study drug metabolism and toxicity.  Immortalized hepatocyte-like cell 

lines such as HepG2 and HepaRG are used for their combination of exceedingly regular 

and repeatable patterns of both metabolism and protein synthesis [120-122], highly 

accelerating the preclinical studies of pharmacological treatments.  2D cultures of hepatic 

stellate cells, either primary or immortalized, have been instrumental in understanding the 

mechanisms of both stellate cell activation and fibrosis, as well as investigating potential 

treatments using stellate cells.  In vivo, cells exist in a highly complex environment where 
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there are constant interactions with other cells and the ECM, creating a complex network 

of chemical and mechanical signaling that cells rely on for appropriate function.  With this 

in mind, researchers have increasingly turned to cell cultures of single and multicellular 

3D constructs, collectively referred to as organoids.  Organoids take into account cellular 

crosstalk and ECM interaction, which more closely mimics in vivo environmental 

conditions [123]. To mimic fibrosis, researchers have co-cultured hepatocytes and HSCs 

within a 3D organoid along with the exogenous application of acetaminophen to show how 

damaged hepatocytes induce the activation of HSCs [124].  Other models of drug induced 

fibrosis using methotrexate and alcohol have also been developed [125].  Liver organoid 

models have been used to replicate metabolic dysfunction, as researchers have isolated 

liver tissue from patients with Wilson’s disease to create organoids showing similar copper 

accumulation [126]. To a certain extent, NAFLD has also been replicated in vitro by the 

3D culture of hepatocytes in the presence of free fatty acids [127].   

Scaffold-free spheroid models have also come into the forefront in liver disease research.  

Such models incorporate hepatocytes and other non-parenchymal cells of the liver [128].  

While these systems can take into account some complex cell-cell interactions, they do not 

account for the cell-ECM interactions that can influence metabolic functionality.  

Additionally, as there is no scaffold, environmental mechanical changes found in fibrotic 

livers elicited by the hepatic stellate cells, are not replicated in scaffold-free spheroid 

systems. Spheroid based systems generally only contain a small number of cells which can 

make proper assessment challenging. Therefore, these systems lack true representation of 

the in vivo liver environment.   
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Induced pluripotent stem cell models of liver disease have also been utilized.  These models 

have the benefit of having a relatively infinite amount of cells to study.  However, these 

systems take many weeks or months to generate the appropriate cell phenotype which can 

be costly, limiting the accessibility to all researchers [129, 130].  Additionally, the 

protocols to differentiate these cells vary widely leading to differences in the terminal 

phenotype of the target cells [129].   

Chip-based model systems have also been used in the study of liver diseases.  These 

systems incorporate multiple cells types within a microfluidic system that, to a certain 

extent, replicate physiological fluid flow through the vascular system [131, 132].  Chip-

based systems utilizing 2D cell culture, however, would not replicate the key 

environmental influences from the ECM.  These models can also be expensive, requiring 

specialized equipment for the manufacture of the actual chips, which also reduces the 

ability to conduct high throughput research [133].  This puts these type of models systems 

out of reach for many researchers in the field of liver disease.   

3D in vitro disease modeling also allows researchers to manipulate the often overlooked 

mechanical aspects of the cellular micro-environment.  In standard 2D tissue culture, cells 

grow on highly rigid surfaces which can induce perturbations into the multitude of cellular 

processes routinely observed in vivo [134]. Studies have been conducted to characterize 

the effect of substrate stiffness on hepatocyte function [89].  Additional studies on substrate 

stiffness found that hepatoblasts cultured on stiffer substrates increased expression of 

CK19 [91, 135]. These manipulations of substrate stiffness are generally achieved through 

chemical cross-linking or the use of varying ECM components.  However, these means do 

not necessarily capture the mechanical aspects of the ECM as would be expected when 
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naturally remodeled by stellate cells found natively within liver. Biologic increases in 

micro-environmental rigidity are achieved through cross-linking, contractility, collagen 

fiber alignment, and protein deposition via hepatic stellate cells.  To make matters more 

complex, these environments are not homogenous throughout.  An in vitro model system 

incorporating hepatic stellate cells to more accurately reflect tissue micro-environment 

modification would be paramount. 

Many aspects of liver diseases associated with fibrosis are still not fully understood and 

many current models are lacking several salient features of fibrosis.  The available models 

either do not utilize human cells or the cell lines utilized fail to recreate mechanical or 

organizational attributes of the diseased liver tissue. In some cases, models do not even 

consider the effect of stromal cells, the primary cellular agonist of the fibrotic phenotype, 

whatsoever.  Within this dissertation we have described models that incorporate stromal 

cells, mainly in the form of the hepatic stellate cell, to more accurately reflect aspects of 

hepatic development and the fibrotic environment.  We first construct of a model of liver 

development and ascertain its ability to replicate features of Alagille syndrome.  We will 

look at biliary duct formation and determine the functional aspects of Notch signaling with 

regards to duct maturation.  We have also endeavored to create a more well-defined and 

universally applicable model to establish the relationship of pathogenic stromal cells to the 

developing liver in terms of developmental outcomes such as duct formation or expression 

of biliary markers.  Additionally, we have generated models of fibrosis to more accurately 

reflect the mechanical properties of mild to severe fibrotic stages, as observed in clinical 

data. Modeling a spectrum of fibrotic phenotypes may be utilized to better understand the 

responses of stromal cells to pharmaceutical therapeutics. 
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ABSTRACT 

Several three-dimensional cell culture systems are currently available to create liver 

organoids. In general, these systems display better physiologic and metabolic aspects of 

intact liver tissue compared with two-dimensional culture systems. However, none reliably 

mimic human liver development, including parallel formation of hepatocyte and 

cholangiocyte anatomical structures. Here, we show that human fetal liver progenitor cells 

self-assembled inside acellular liver extracellular matrix scaffolds to form three-

dimensional liver organoids that recapitulated several aspects of hepatobiliary 

organogenesis and resulted in concomitant formation of progressively more differentiated 

hepatocytes and bile duct structures. The duct morphogenesis process was interrupted by 

inhibiting Notch signaling, in an attempt to create a liver developmental disease model with 

a similar phenotype to Alagille syndrome. Conclusion: In the current study, we created an 

in vitro model of human liver development and disease, physiology, and metabolism, 

supported by liver extracellular matrix sub-strata; we envision that it will be used in the 

future to study mechanisms of hepatic and biliary development and for disease modeling 

and drug screening. (Hepatology 2018; 67:750-761) 

INTRODUCTION 

Until recently, most of the available liver cell culture models have been standard two-

dimensional (2D; monolayer) systems. However, these models did not accurately mimic 

human liver tissue development and physiology. Improvements in cell culture techniques 

have enabled the creation of tissue models that better mimic human liver tissue and can 

advance our understanding of liver dis-ease origin and progression and aid in the 
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development of novel and improved treatments [1]. Currently, there are several models of 

hepatic micro tissue available that display human-specific metabolism and physiologic 

responses, [2-8] but none are accurately able to mimic facets of liver organogenesis. Hence, 

the lack of key cell types and the limitations observed in the replication of organ 

development are now central milestones being addressed by scientists to make these 

organoids more complex and mature. Alternatives such as humanized animal liver models, 

[9-11] which can reproduce some human-specific drug metabolism, pathogen–host 

interactions, and diseases in vivo, also cannot replicate human liver development [12] and 

are restricted to phenomena occurring at a postnatal stage. Our prior research, [13] using 

an intact lobe of an acellular liver extracellular matrix (ECM), perfused with human fetal 

liver progenitor cells (hFLPCs), showed organization of liver-like tissue with partially 

functional hepatocytes and biliary ductal structures. In the current study, we created human 

liver organoids that were self-assembled in vitro from hFLPCs seeded onto small, acellular, 

liver-specific ECM discs. These three-dimensional (3D) liver organoids demonstrated 

simultaneous human hepatobiliary organogenesis and partial metabolic and secretory 

functions of intact human liver tissue. Beyond the applications for human liver 

development research and modeling of liver congenital diseases, this system may be 

incorporated in high-throughput platforms for drug activity and toxicity screening.  

MATERIALS AND METHODS 

Supplies and reagents were from the following sources: Abcam (Cambridge, UK); 

Advanced Bioscience Resources (Alameda, CA); American Bio (Natick, MA); Amresco 

(Solon, OH); BD Biosciences (Franklin Lakes, NJ); Bethyl Laboratories (Montgomery, 
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TX);Bioassay Systems (Hayward, CA); Cell Sciences (Can-ton, MA); Cell Signaling 

Technology (Beverly, MA);Cole-Palmer (Vernon Hills, IL); Dako (Carpinteria, CA); 

Invitrogen (Carlsbad, CA); Johnson and Johnson(Arlington, TX); Leica Biosystems 

(Buffalo Grove, IL);Leica GmbH (Germany); Life Technologies (Carlsbad, CA); Marshall 

Bioresources (North Rose, NY); Miltenyi Biotec Inc. (Auburn, CA); Olympus (Tokyo, 

Japan); Peprotech (Rocky Hill, NJ); PhoenixSongs Biologicals (Branford, CT); 

Phenomenex Inc. (Torrance, CA); Qiagen (Germantown, MD); Roche Life 

Sciences(Indianapolis, IN); Santa Cruz Biotechnology (Dallas, TX); J.L. Shepherd and 

Associates, Inc. (San Fernando, CA); Sigma-Aldrich (St. Louis, MO); Sakura Finetek 

(Torrance, CA); Tree Star Inc. (Ashland, OR); Worthington Biochemical Corporation 

(Lakewood, NJ). 

LIVER HARVESTING AND DECELLURIZATION 

Livers from 4-5-week-old ferrets (Marshall Bioresources) were used throughout the 

experiments for decellularization and disc preparation. A detailed description of ferret liver 

harvesting and decellularization has been published [14]. Briefly, livers were harvested 

with intact vessels, and the portal vein was cannulated with 16-guage cannulae (Cathlon 

Clear; Johnson &Johnson). Livers were then connected to a pump (Masterflex L/S 

peristaltic pump with Masterflex L/S easy load pump head and L/S 14-gauge tubing; Cole-

Palmer) and perfused with 2 L of distilled water at the rate of 6 mL/min. Livers were then 

perfused with 4 L of detergent made up of 1% Triton-X 100 (Sigma-Aldrich) with 0.1% 

ammonium hydroxide (Sigma-Aldrich). Finally, livers were perfused with 8 L of distilled 

water to wash out the decellularization detergent. 
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ACELLULAR LIVER DISC PREPARATION 

To obtain liver discs, decellularized livers were cut into small lobes, embedded in optimal 

cutting temperature compound in plastic molds (Sakura Finetek), and flash-frozen with 

liquid nitrogen. These cryopreserved liver lobes were mounted onto a cryotome 

(LeicaCM1950) to obtain liver ECM discs. The cryotome temperature was set at around –

8°C to –10°C to maintain the liver lobes at warmer temperatures, facilitating thick and 

intact sectioning of liver lobes. Sections were cut at 300 µm thickness. To generate a disc 

from the liver sections, an 8-mm-diameter biopsy punch was used, which was equipped 

with a plunger in order to place the discs in a 48-well plate. The 48-well plates were kept 

inside the cryotome until the required numbers of discs were obtained. The discs were then 

air-dried for up to 4-6 hours or until they were almost dry. This is a critical step in disc 

preparation to preserve the intactness of the discs. Following the drying step, the discs were 

washed carefully with multiple washes of phosphate-buffered saline and kept in phosphate-

buffered saline 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). 

ISOLATION OF HFLPCS 

Human fetal livers were obtained from Advanced Bioscience Resources and were at 

developmental stages between 18 and 21 weeks of gestation. A detailed description of 

isolation of hFLPCs has been published [14]. Briefly, non-hepatic tissue was removed by 

scalpels, and livers were enzymatically digested at 37°C by 6 mg/mL collagenase type IV 

(Worthington Biochemical Corporation) and 2,000 units of deoxyribonuclease (Roche Life 

Sciences). Following digestion, hematopoietic and non-parenchymal cells were separated 
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from the parenchymal cell fraction by density gradient using Histopaque-1077 (Sigma-

Aldrich; 10771). The lower fraction cell pellet was re-suspended in Kubota’s medium, [15] 

plated onto collagen-IV-coated (5mg/cm2; Sigma-Aldrich; C5533) and laminin-coated 

(1mg/cm2; BD Biosciences; 354259)15-cm culture plates, and incubated at 37°C. The cells 

were washed the next day to remove blood cells and maintained in Kubota’s medium for 

up to 7 days.  

HFLPC SEEDING ON ACELLULAR DISCS AND MATRIGEL 

hFLPCs were harvested from culture plates using collagenase-IV and counted. Sterilized 

discs were incubated with Kubota medium for 30-45 minutes prior to cell seeding and then 

air-dried in a biosafety cabinet. hFLPCs (3 X 105to 5 X 105cells) were suspended in10µL 

volume in seeding medium for each disc. The cell suspension was slowly pipetted on top 

of each disc and incubated for about 1 hour at 37°C for attachment before putting in 

additional seeding medium. As a 2D control, the same numbers of hFLPCs were seeded on 

collagen-IV-coated and laminin-coated 48-well tissue culture plates. Matrigel (Corning; 

3562354) control experiments used hFLPCs (1 X 105) suspended in 60µL lactate 

dehydrogenase elevating virus–free Matrigel (5.5µg/mL) and placed in a well of a 96-well 

plate, allowed to become a gel at 37°C for 30 minutes, and then supplemented with seeding 

medium. The next day, the discs and cells in 2D and Matrigel were incubated with liver 

differentiation medium (LDM) made of advanced Roswell Park Memorial Institute (RPMI) 

medium containing ascorbic acid (10 mg/L), dexamethasone (10–7M), cAMP (2.45 mg/L), 

human pro-lactin (1µg/L), human glucagon (1mg/L), human epidermal growth factor (40 

µg/L; R&D Systems), niacinamide (5 mM), tri-iodothyronine (0.67 µg /L), alpha-lipoic 



37 
 

acid (0.105 mg/L), (D-Ala2, D-Leu5)-enkepha-lin acetate (0.056 µg /L), hepatocyte 

growth factor (20 ng/mL; Peprotech), Free Fatty Acid Mix (76 µL/L), human growth 

hormone (3.33µg/L), high-density lipoprotein (10 mg/L; Cell Sciences), and oncostatin M 

(10 µg/L; Peprotech). All factors were obtained from Sigma-Aldrich unless stated 

otherwise. The culture medium was changed every 24 hours, and the discs were cultured 

for up to 3 weeks before harvesting them after 1 week and 3 weeks for 

immunohistochemical and molecular analyses, respectively. In some experiments10 nM 

N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phe-nyl]glycine-1,1-dimethylethyl ester 

(DAPT) was added to the medium to inhibit Notch signaling.  

ALBUMIN AND UREA ASSAYS 

For hepatocyte functional analysis, culture medium was collected at 7, 14, and 21 days 

from cells growing on discs, Matrigel, and in 2D culture. For standard control, adult human 

hepatocytes were grown in collagen I/Matrigel sandwich culture, and medium was 

collected after 48 hours. The medium was stored at –80°C until it was used for analysis. 

For analyzing albumin (ALB) synthesis, an enzyme-linked immunosorbent assay was 

performed using a human ALB ELISA kit (Bethyl Laboratories Inc.; E101). At least three 

different media samples were used and analyzed in triplicate. ALB concentrations were 

normalized per nanogram of DNA. Urea was measured by colorimetric assay using the 

Quantichrom Urea Assay Kit (Bioassay Systems; DIUR-500) and normalized per 

nanogram of DNA. 
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DRUG METABOLISM ASSAY 

Liver organoids were incubated with phenobarbital (1 mM) to induce cytochrome P450 

(CYP450) enzymes for up to 48 hours prior to adding diazepam and 7-ethoxy coumarin for 

drug metabolism assay. The culture medium was collected at 3, 6, 12, and 24 hours after 

addition of diazepam and 7-ethoxy coumarin. 

Trichloroacetic acid was added to medium at 1:4 volume, and the samples were incubated 

overnight at 4°C. The samples were then centrifuged, and the supernatant was collected 

and stored at –20°C for liquid chromatographic–mass spectrometric analysis. The 

metabolites were analyzed using high-performance liquid chromatography (HPLC)–

tandem mass spectrometry. The auto-sampler and HPLC was a refrigerated Reliance 

Stacker and a dual-pump HPLC from Spark Holland. The triple-quadrupole mass 

spectrometer was a Quattro II with a Z-spray interface in the positive ion mode from 

MicroMass/Waters. The gradient used for column elution was based on the mix of the two 

following solvents:  

HPLC solvent A=H2O : methanol 95 : 5 

with 0:15% formic acid 

HPLC solvent B=methanol 

The gradient of A:B was as follows: 0 minutes, 95:5;10 minutes, 30:70; 20 minutes, 30:70; 

22 minutes, 95:5; and 30 minutes, 95:5, with a flow rate of 200µL/min. The source 

temperature was 80°C, and the desolvation temperature was 250°C using nitrogen. Cell 
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medium (25µL) was injected onto a Hypersil C18 BD 2.0 X 150 mm column (Phenomenex 

Inc.) at 50°C. The multiple reaction monitoring pairs were as follows: 

7-OH coumarin 339 > 163m/zce=20 eV 

Temazepam 301 > 255m/zce=22 eV 

Oxazepam 287  > 241m/zce=22 ev 

Diazepam 285 > 193m/zce=30 ev 

Nordiazepam 271  > 140m/zce=30 eV 

7-ethoxycoumarin 191 > 163m/zce=20 eV 

4-OH coumarin 163 > 121m/zce=24 eV 

7-OH coumarin 163 > 107m/zce=24 eV 

Quantitation of the metabolites was performed using response curves in cell media from 

10 pg/µL to 1000pg/µL of each metabolite versus 500 pg/µL of internal standard 4-OH 

coumarin. 

IMMUNOFLUORESCENCE ANALYSIS 

The discs were fixed in 10% neutral-buffered formalin, tissue-processed, and paraffin-

embedded for histological analysis. Using a microtome (Leica Biosystems), 5 µm sections 

were cut from the embedded paraffin blocks and stained with hematoxylin and eosin using 

an Autostainer XL (Leica Biosystems). For immunofluorescence analysis, the slides were 

deparaffinized and the antibody target retrieval was carried out using Target Retrieval 

Solution (Dako; S1700). Following target retrieval, the slides were treated with 1% sodium 
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borohydride in phosphate-buffered saline to reduce the tissue auto fluorescence. The slides 

were then blocked for 30 minutes using serum-free protein block (Dako; X0909). Primary 

antibodies were diluted in antibody diluent (Dako; S0809) prior to adding to the slides. The 

slides were incubated overnight at 48Cwith primary antibodies (Supporting Table S1). The 

next day, slides were washed (three times) with 1 X Tris-buffered saline with Tween 20 

for 10 minutes. The slides were then incubated with appropriate Alexa Fluor secondary 

antibodies for 30 minutes and then washed three times with 1 X Tris-buffered saline with 

Tween 20. The slides were cover slipped with Prolong Gold Antifade Reagent with 40,6-

diami-dino-2-phenylindole (Cell Signaling Technology;8961). Imaging was done using 

either a LeicaDM4000B or an Olympus Fluoview FV10i. 

GENE EXPRESSION STUDIES 

DNA and RNA from the liver organoids were extracted using the Allprep DNA/RNA mini-

kit (Qiagen). Complementary DNA was synthesized from 200-400 ng of total RNA using 

Superscript III first-strand synthesis (Life Technologies). RT-PCR was performed using 

the SuperScript III One-Step RT-PCR system with Taq DNA polymerase (Life 

Technologies). The primers used are listed in Supporting Table S2. Expression of genes 

analyzed was normalized using glyceraldehyde 3-phosphate dehydrogenase as a 

housekeeping gene. The PCR mix was run on a 1% agarose (American Bio) in a Tris 

acetate (Amresco) buffer. The bands were quantified by densitometric analysis using 

Image J software (n53-5). For cytochrome enzyme gene expression analysis, the organoids 

were not incubated with phenobarbital prior to the analysis. Quantitative real-time PCRs 

were carried out with Power SYBR Green PCR Master Mix (Life Technologies; 4367659) 
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with a primer concentration of 300 nM and 5-10 ng of complementary DNA. Each reaction 

was split into three 10-mL technical replicates and put into a 384-well PCR plate. The 

conditions for the reactions were set at 958C for 10 minutes, 40 cycles of 958C for 15 

seconds, and 608C for 1 minute. Cycle threshold values were determined by the ABI 

7900HTFast Real-Time PCR system and used for further data analysis. An unpaired t test 

was performed to deter-mine the statistical significance of the samples. 

FLOW CYTOMETRY 

Following cell harvesting from culture dishes, a sample of cells was taken for fluorescence-

activated cell sorting analysis. We performed this analysis on five different human fetal 

liver samples. Briefly, 200,000 cells were loaded per tube, fixed in 4% paraformaldehyde, 

and permeabilized with 0.1% saponin for intracellular markers. All cell samples were then 

pelleted and extensively blocked with the use of Fc blocking reagent (Miltenyi Biotec Inc.) 

for 15 minutes. Immunolabeling followed immediately with antibodies raised against 

epithelial cell adhesion molecule (EpCAM) phycoerythrin (EBA-1;Santa Cruz 

Biotechnology), intercellular adhesion molecule 1 allophycocyanin (HA58; BD 

Biosciences), alpha-fetoprotein (AFP; C-19; Santa Cruz Biotechnology) plus donkey anti-

goat AF594 (Invitrogen), ALB fluoresce in isothiocyanate (Bethyl Laboratories), 

cytokeratin 18 (CK18; Leica Biosystems GmbH) plus goat anti-mouse AF633 (Invitrogen), 

α-smooth muscle actin (ab5694;Abcam) plus donkey anti-rabbit AF488 (Invitrogen), 

CD105 phycoerythrin (266; BD Biosciences), and CD31 allophycocyanin (WM59; BD 

Biosciences) for 30 minutes in the dark at 4°C, followed by incubation with secondary 

antibody where needed for an additional 30 minutes after three washes. Negative controls 



42 
 

were also prepared with mouse monoclonal anti-KLH immuno-globulin G1 isotype control 

antibodies fluoresce in isothiocyanate, phycoerythrin, and allophycocyanin (340755, 

340761, and 340754; BD Biosciences). In the case of the goat anti-AFP, mouse anti-CK18, 

and rabbit anti-α-smooth muscle actin antibodies, staining with secondary antibody alone 

was used as a negative control. Cell fluorescence was measured immediately after staining 

with a Becton Dickinson FACSCalibur flow cytometer (BD Biosciences), and all data were 

analyzed using FlowJo software, version 7.1.3 (Tree Star Inc.). 

RESULTS 

LINEAGE SPECIFICATION OF HUMAN LIVER PROGENITORS INSIDE LIVER 

ECM 

To create human liver organoids, we used our previously described decellularization 

method to fabricate liver ECM scaffolds [13, 14, 16, 17] and then sectioned the scaffold 

and seeded sections (8-mm ECM discs) with hFLPC cultures that contained liver stromal 

(25%-40%) and endothelial (5%-15%) cells (Supporting Figure S1). Within 2-3 weeks post 

seeding and culture in LDM, the cells and ECM self-assembled into 3D organoid structures 

with progressive cellular organization and differentiation (Supporting Figure S2A-C). 

Large clusters of cells expressing hepatoblast markers (ALB+/CK19+/EpCAM+) were 

observed after 1 week, suggesting lineage restriction to the hepatoblast (Figure 1A, top 

panel). After 3 weeks, there were clear changes in cell phenotype including ALB+/CK19–

/EpCAM– clusters and ALB–/CK19+/EpCAM+ ductal structures, suggesting parallel 

lineage specification into hepatocytes and polarized cholangiocytes, respectively (Figure 

1A, bottom panel). In contrast, hFLPCs seeded in Matrigel maintained their progenitor 
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phenotype (ALB+/CK19+/EpCAM+) even after 3 weeks in culture, suggesting no parallel 

lineage specification into hepatocytes and cholangiocytes (Supporting Figure S3A). We 

also identified asymmetrical primitive ductal structures with half of the circumference lined 

by CK19+ cells and the other by ALB+ cells, suggesting an inter-mediate phase of lineage 

specification (Figure 1B) [18]. Progressive maturation of hFLPCs into hepatocytes was 

assessed by immunostaining, showing clusters of cells expressing both AFP and ALB after 

1 week of culture, similar to fetal liver tissue (Figure 1C, left panels). In contrast, after 3 

weeks of culture, the hFLPCs completely lost AFP expression, which is suggestive of 

committed progenitors or a stage of adult liver cells (Figure 1C, right panels). However, 

there were several non-stained cells, which constitute a mixed population of stromal cells 

(data not shown). Gene expression analysis showed expression of hepatocyte nuclear 

factor4-alpha (HNF4α), a hepatocyte differentiation regulator, in organoids after 3 weeks 

of culture, to levels that were higher than those of hFLPCs but lower than those detected 

in adult liver (Figure 1D). Cells in Matrigel showed higher levels of HNF4α compared to 

hFLPCs, but the levels were lower compared to the organoids, suggesting less hepatocytic 

maturation in Matrigel (Supporting Figure S3B). The differentiation results were further 

supported by expression of SRY (sex determining region Y)-box 9 (SOX9), a biliary 

marker (Supporting Figure S3B). Similarly, expression ofHNF6, a cholangiocyte 

differentiation regulator, progressively increased in organoids between 1 and 3weeks of 

culture and was higher than in hFLPCs and adult liver tissue (Figure 1D). However, the 

expression level of HNF1b, another regulator of cholangiocyte differentiation and bile duct 

formation, was higher in liver progenitors and showed similar lower expression after 1 and 

3 weeks of culture, comparable to adult liver (Figure 1D). Together, these results suggest  
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Figure 1. Lineage specification of hFLPCs and formation of liver organoids. (A) 

Distribution and phenotypic characteristics of hFLPCs during 1 (top panel) and 3 (bottom 

panel) weeks of differentiation in culture. Cells were stained for EpCAM, ALB, and CK19 

and for cell nuclei (40,6-diamidino-2-phenylindole). Scale bar, 20mm. (B) 

Immunostaining of liver organoids after 3 weeks of differentiation shows ductal structures 

containing cells expressing both CK19 (green) and ALB (red). (C) Expression of AFP 

(green) and ALB (red) in liver organoids after 1 and 3 weeks of differentiation in fetal and 

adult liver tissues. Scale bar, 20mm. (D) RT-PCR analysis of the expression of hepatic 

transcription factors HNF4a, HNF6, and HNF1bin freshly isolated hFLPCs, liver 

organoids after 1 and 3 weeks of differentiation, and adult liver tissue. Abbreviations: 

DAPI, 40,6-diamidino-2-phenylindole; GAPDH, glyceral-dehyde 3-phosphate 

dehydrogenase. 

premature hepatocytic and biliary phenotypes. Liver tissue contains specific ECM 

molecules that surround the different liver zones and regulate specific cell differentiation, 

function, and regeneration (19). We observed normal patterning of ECM molecules around 

the bile duct structures and the hepatocyte clusters in the liver organoids (Supporting Figure 

s S2D and S12). Specifically, CK19+ bile ducts were surrounded by laminin and collagen-
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IV, which are involved in the duct morphogenetic process, while ALB+ hepatocytes were 

surrounded by collagen-I and fibronectin. 

HEPATOCYTIC MATURATION OF HUMAN LIVER PROGENITOR CELLS 

Immunohistological characterization of the hepatocyte clusters showed expression of 

several hepatocytic markers such as HNF4α, α1-antitrypsin, and cytochrome P4503A4 

(CYP3A4) after 3 weeks in culture (Figure 2A). RT-PCR analysis confirmed the 

expression of mature hepatocyte markers including glucose 6-phosphatase, aspartate 

aminotransferase, and tyrosine aminotransferase (Figure 2B); and the differentiated liver 

organoids also showed significantly higher ALB and urea secretion compared with hFLPCs 

differentiated in culture plates and Matrigel (Figure 2C; Supporting Figure S4). Due to the 

presence of a mixed population of cells within the discs including hepatocytes, the levels 

of ALB and urea are lower compared to 2D culture of adult hepatocytes (302 ng/mL/ng 

DNA and 1.25 mg/dL/ng DNA, respectively) when normalized using DNA content. To 

further evaluate the metabolic maturation of hFLPCs, gene expression analysis 

demonstrated increased expression of CYP3A4 at 3 weeks compared with 1 week of 

culture, whereas the expression of cytochrome P450 3A7 (CYP3A7) was slightly 

decreased after 3 weeks of culture (Figure 2D). These isoforms represent postnatal and 

fetal isoforms of CYP450, respectively. In addition, different levels of expression of other 

CYP450 isoforms were con-firmed by RT-PCR analysis, including CYP2B6, CYP2C9, 

and CYP2E1 (Figure 2D). Finally, to demonstrate metabolic activity, we incubated the 

liver organoids with diazepam and 7-ethoxy coumarin and detected the phase I metabolites 

temazepam (CYP3A4) and nordiazepam (CYP2C19/3A4), as well as 7-hydroxy coumarin 
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(CYP2A6/2E1/1A2), respectively (Supporting Figure S6 and S7). However, we failed to 

detect phase II glucuronic acid–conjugated metabolite. The liver organoids also expressed 

significantly higher levels of bile acid transporters expressed in hepatocytes such as bile 

salt export pump (BSEP) and sodium taurocholate co-transporting polypeptide (NTCP) 

compared to hFLPCs (Supporting Figure S5), thus, further confirming progressive hepatic 

differentiation and maturation within the liver organoids. 

Figure 2. Hepatocytic maturation and differentiation of hFLPCs in liver organoids. (A) 

Immunostaining of liver organoids after 3 weeks of differentiation showing clusters of 

cells positively stained for mature hepatocyte markers such as ALB, HNF4α, α1‐

antitrypsin, and CYP3A4. Scale bar, 20 µm. (B) RT‐PCR analysis of glucose‐6‐

phosphatase, aspartate aminotransferase, and tyrosine aminotransferase in liver organoids 

after 1 and 3 weeks of differentiation and in adult liver tissue. (C) Measurements of ALB 

and urea in conditioned media of liver organoids and hFPLCs in culture dishes during 3 

weeks of differentiation (*P < 0.05). (D) RT‐PCR analysis of the fetal isoform CYP3A4, 

adult isoform CYP3A7, CYP2B6, CYP2C9, and CYP2E1 in freshly isolated hFLPCs and 

liver organoids after 3 weeks of differentiation and in adult liver tissue. Abbreviations: 

A1AT, α1‐antitrypsin; AST, aspartate aminotransferase; DAPI, 4′,6‐diamidino‐2‐

phenylindole; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; G6PC, glucose‐6‐

phosphatase; TAT, tyrosine aminotransferase. 
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BILE DUCT MORPHOGENESIS INSIDE THE SELF-ASSEMBLED LIVER 

ORGANOIDS 

The liver organoids exhibit different stages of bile duct morphogenesis including single or 

double ductal layers, transient asymmetrical primitive ductal structures, immature ducts 

without defined lumen, and mature ductal structures, resembling duct developmental stages 

observed in human fetal liver (Figure 3A).These stages were quantified as percentages of 

total biliary structures (CK19+/ALB-), showing 33% with single or double ductal layers, 

47% immature ducts without defined lumen, and 20% mature ductal structures (Figure 3B). 

Proliferating cells were observed of the nascent immature ductal structures but were absent 

or detected only outside mature ducts, further indicating bile duct organogenesis in the liver 

organoids (Figure 3C, D).The ductal structures within the liver organoids were negative 

for albumin and positive for markers indicative of biliary tree progenitors and mature 

cholangiocytes including CK19, EpCAM, and SOX9 (Figure 3E, top panels). Evidence 

that these ductal structures contain more mature cholangiocytes included (1) typical bile 

duct apical–basal polarity, (2) the presence of primary cilia (stained for α-acetylated 

tubulin) and apical sodium-dependent bile salt trans-porter in the apical membrane, and (3) 

b-catenin on the basolateral membrane (Figure 3E, bottom panels).  Moreover, we observed 

long ductular structures with lumen spanning about several hundred micrometers (Figure 

3F) and a few branched ducts (Figure 3F).Signals from the portal mesenchyme, specifically 

Jagged 1, activate the Notch2 receptor and guide bile duct morphogenesis [20, 21].  
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Figure 3. Bile duct formation and cholangiocyte differentiation of hFLPCs in liver 

organoids. (A) Different stages of ductal morphogenesis in human fetal liver tissue (top 

panel) and liver organoids after 3 weeks of differentiation (bottom panel), stained with 

CK19 (red) or laminin (green; blue color denotes 4′,6‐diamidino‐2‐phenylindole–stained 

nuclei). (B) The relative proportions of the different stages of bile duct formations, as 

shown in (A), were quantified and are presented as percentages of total ductal structures. 

(C) Proliferating cells are observed in immature (left panel), but not in more mature ductal 

structures (right panel) (D) Graph representing percentage of Ki67‐positive ducts in liver 

organoids. (E) Characterization of ductal structures formed in liver organoids after 3 weeks 

of differentiation using antibodies against CK19, ALB, EpCAM, acetylated α‐tubulin, 

apical sodium‐dependent bile transporter, β‐catenin, and SOX9. (F) A bile duct structure 

of more than 100 μm surrounded by ALB+ cells and branched biliary duct surrounded by 

AFP+/ALB+ hepatoblasts. Scale bar, 20 µm. Abbreviations: ASBT, apical sodium‐

dependent bile transporter; DAPI, 4′,6‐diamidino‐2‐phenylindole. 

 

The Notch ligand Jagged 1 is expressed in cells surrounding the ductal structures within 

the liver organoids (Figure 4A). These cells were CK19-negative and ALB-negative, 
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suggesting that they may represent the portal stellate cell population in the hFLPC 

preparation (Supporting Figure S1). To further confirm the role of Notch signaling in bile 

duct development in the liver organoids, we supplemented the LDM with an inhibitor of 

Notch signaling, DAPT. This inhibition increased the number of biliary structures at the 

earliest stage of ductal formation (ductal layer) and showed a trend toward a decrease in 

the number of immature ducts, with a total absence of mature ductal structures (Figure 4B). 

In parallel, RT-PCR analysis showed a significant reduction in the expression of 

transcription factors regulating cholangiocyte differentiation including HNF6 and Sox9 

and mature markers of cholangiocytes such as anion exchange protein 2 and gamma-

glutamyl transferase 1 (Figure 4C). To validate a reduction of Notch-2 signaling in our 

experimental setup, we performed a double immunofluorescence staining of Notch-2 notch 

intra-cellular domain and CK19 in the DAPT-inhibited and control liver organoids. The 

result was a visible decrease in Notch-2 notch intracellular domain presence in the cells 

cultured in medium containing DAPT (Figure 4D). 
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Figure 4. Role of Jagged 1 in bile duct development. (A) Jagged 1 expression in cells 

surrounding CK19‐positive bile duct structures inside the liver organoids after 3 weeks of 

differentiation (inset, higher magnification of a ductal structure). (B) hFLPCs, seeded in 

liver ECM discs, were differentiated for 3 weeks in LDM and LDM containing DAPT. The 

relative proportions of the different stages of bile duct formation were quantified and are 

presented as percentages of total ductal structures. (C) RT‐PCR analysis of the expression 

of transcription factors regulating bile duct morphogenesis, HNF6 and SOX9, and of 

mature markers of cholangiocytes, anion exchange protein 2 and gamma‐

glutamyltransferase 1. (D) Notch intracellular domain (NICD) and CK19 expression in 

organoids treated with DAPT and control. *P < 0.05. Abbreviations: AE2, anion exchange 

protein 2; DAPI, 4′,6‐diamidino‐2‐phenylindole; GGT1, gamma‐glutamyltransferase 1.  

DISCUSSION 

In vitro models of human tissue and organ development mostly use human embryonic and 

induced pluripotent stem cells [22, 23]. However, these models do not fully recapitulate 

the simultaneous differentiation of liver progenitors to the hepatocytic and biliary fates and 

the formation of liver with these two tissues pre-sent. The generation of bona fide mature 

bile ducts is especially difficult in vitro [21, 24] and requires the presence of a 3D 
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environment for efficient cellular polarization and organization [25, 26]. Scaffolds made 

from liver ECM were shown to possess the 3D environment that can guide differentiation 

and maturation of human liver progenitors [27]. Here, we demonstrate a model of self-

assembled human liver organogenesis. Liver ECM discs were used as scaffolds for 

hFLPCs, resulting in 3D organoids that recapitulated to some extent the hepatobiliary 

differentiation of the fetal liver, including liver metabolic and secretory function sand 

formation of biliary tubular structures. We propose that the unique structure and 

composition of the liver ECM provide an environment for specific cell–ECM interactions 

that lead to the concomitant differentiation of hepatoblasts into hepatocytes and 

cholangiocytes. An important aspect of the current study was the use of a single culture 

media combination to achieve both hepatocytic and biliary differentiation of the hFLPCs. 

Others have used defined serum-free media, as well as specialized biomaterials, to 

differentiate human embryonic and induced pluripotent stem cells into functionally mature 

hepatocytes [28, 29]. Similarly, we compared Matrigel with our scaffold and showed that 

hFLPCs exposed to Matrigel in the same culture conditions did not completely mature into 

cholangiocytes and hepatocytes. Hence, these results clearly indicate that the liver ECM is 

superior in inducing maturation of hFLPCs into hepatocytes and biliary epithelium. 

Furthermore, we have documented the presence of laminin and collagen-IV around the 

developing bile duct structures and collagen-I and fibronectin in close proximity to the 

hepatocytes. Although we have not determined whether these molecules were already 

present in the acellular liver ECM preparations or secreted by the fetal cells, their presence 

at exact locations further strengthens our model. We have previously shown that hFLPCs 

cultured inside a ferret liver ECM developed into a native liver tissue including hepatocytic 
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and biliary structures, [13] suggesting a conservation of cell differentiation signals from 

the ECM among different species. Additionally, double immunofluorescence staining of 

CK19/laminin, CK19/collagen-IV, ALB/fibronectin, and ALB/collagen-I suggested that 

the CK19+ or ALB+ cells were not the cells expressing those ECM molecules (Supporting 

Figures S2D and S12). Hence, this provides a reliable indication that the fetal cells detected 

in these images synthesizing ECM molecules (collagen-I1, collagen-IV1, laminin1, or 

fibronectin1cells) are most likely the stromal cell population present in the hFLPC 

preparations. Models of tissue development have important applications in the discovery 

and treatment of human dis-eases. Especially in the liver, the Gunn rat model of inherited 

bilirubin–uridine diphosphate glucuronosyltransferase deficiency such as the Crigler-

Najjar syndrome [30] and the inv mouse (partial deletion of the inversin gene) model of 

biliary atresia [31] have been particularly helpful in the study of hepatic and biliary 

diseases, respectively. However, these models are not optimal for the study of human-

specific congenital dis-eases and corresponding new therapeutic targets, due to differences 

in fetal liver development between species. Hepatocyte maturation is a dynamic process 

highlighted by changes in levels of various cytokines and transcription factors associated 

with differentiation and maturation of hepatoblasts into hepatocytes. The transcriptional 

switch from AFP to ALB is one of the hallmarks of hepatocyte maturation that was 

demonstrated in our liver organoid model. Unlike previously described bioengineered 

human liver tissue, [7] our model also depicts a stepwise maturation process including 

inducible CYP450 isoforms. However, we were not able to document complete hepatocytic 

maturation because the organoids were not able to complete the metabolism of diazepam 

and 7-ethoxy coumarin beyond phase I metabolites. Additional immunofluorescence 
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staining of hepatocytes and cholangiocytes present in adult and fetal liver sections with 

mature markers previously used in our liver organoid analysis (Figures 2 and 3) presented 

a phenotype for these cells more comparable to fetal/neonatal bile ducts and hepatocytes 

rather than adult. Expression of some adult markers was similar to the adult liver (HNF4a, 

ALB, CYP3A4, CK19, etc.). However, some were equally absent in fetal liver sections and 

in our organoids (Aquaporin-4, anion exchange protein 2, etc.) (Supporting Figures S8-

S10). These suggest that the differentiated cells within the organoids present an immature 

phenotype, which we believe could be potentially further matured in culture. Models 

depicting development of the bile ductal structures are also important to study hereditary 

biliary atresia diseases. The liver organoids showed a progressive trend of developmental 

generation of bile duct structures by histology, but molecular analysis (RT-PCR) did not 

show a progressive increase in mature cholangiocyte markers. As mentioned above, we 

believe that this was probably due to a cellular phenotype more similar to a fetal/neonatal 

bile duct rather than that of an adult. In Alagille syndrome, for example, mutations in 

Jagged 1 lead to inactive Notch path-way, causing bile duct paucity or biliary atresia [32, 

33]. During fetal development, signals from adjacent cells, such as endothelial and stellate 

cells, regulate bile duct organization around the portal mesenchyme [20, 34-36]. Flow-

cytometric (fluorescence-activated cell sorting) analysis showed that hFLPC preparations 

contain a population of stromal and endothelial cells (Supporting Figure S1) that can be 

found surrounding hepatocyte clusters and biliary structures in liver organoids cultured for 

3 weeks (Supporting Figure S11). Furthermore, this stromal population (alpha-smooth 

muscle active–positive) found in hFLPC preparations most probably contains the cells 

expressing the Notch ligand Jagged 1that supported bile duct development and maturation 
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in the liver organoids [20]. To validate the role of Notch signaling in bile duct development 

in the liver organoids, a Notch inhibitor, DAPT, which inhibits c-secretase, was added to 

the liver differentiation culture media. We observed attenuated maturation of the bile duct 

structures along with significant reduction in the expression of transcription factors 

regulating bile duct development. Besides providing a better model for human liver 

development, the liver organoids may be used for drug development and toxicity screening 

applications. New drugs are usually tested in rodent models for predicted toxicity; 

however, rodent metabolism is different from that in humans. Cultures of human 

hepatocytes have been developed to address this limitation. The self-assembled organoids 

present significantly more complex liver structures compared with 2D in vitro hepatocyte 

culture and simple 3D gel–based hepatocyte culture systems and, thus, have a higher 

potential to accurately predict drug metabolism and toxicity. The current study presents 

self-assembled liver organoids consisting of hepatocytes and biliary structures. The liver 

organoids replicate some of the key processes of fetal liver development, which can be 

manipulated in vitro to hinder bile duct development, creating a model exhibiting a 

phenotype similar to Alagille syndrome. These results are similar in many aspects to 

previous data from other in vitro models using differentiated cholangiocytes from 

pluripotent stem cells [3, 37, 38]. However, none of these previous studies presented long 

or branched biliary ducts or the step-by-step developmental stages of bile duct 

organogenesis. Furthermore, our model has the potential to become an in vitro system to 

test drug teratogenesis in the liver, including a novel class of drugs targeting the Notch 

pathway (c-secretase inhibitors) that are under clinical trials for multiple diseases [39]. 

Nonetheless, future efforts should address the lack of fully developed non-parenchymal 
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components, such as the vasculature and mesenchyme, as well as the presence of cells from 

the innate immune system (Kupffer cells), with important roles in the inflammation 

cascade. Collectively, the liver organoids developed here can serve as a tool to study 

congenital diseases, develop novel therapeutic strategies, and provide important 

information to guide research toward creating functional tissues for trans-plantation in 

patients suffering from end-stage diseases.  
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PRE-INTRODUCTION CHAPTERS 3 AND 4 

Many congenital cholangiopathies ultimately result in fibrosis of the liver.  In some 

diseases, such as Alagille syndrome modeled in Chapter 2, fibrosis occurs beginning in the 

post-natal period and continues throughout adulthood [1].  However, in some cases such 

as in the embryonic form of biliary atresia, this process can begin in utero [2].  To address 

the impacts of fibrosis on the development of the liver, specifically on the genesis of bile 

ducts, we proposed to use the HepaRG cell line as our progenitor cells and two different 

hepatic stellate cells to generate a gradient of fibrotic environments.   

The modeling of congenital liver diseases through the use of primary derived fetal cells 

can be a challenge logistically.  Recent changes in science policy have made it unlikely 

that some researchers will be able to obtain such tissues to further the study of these 

devastating diseases.  To address this issue we proposed a new model which does not fully 

rely only on primary fetal cells.  HepaRG can differentiate into hepatocyte-like and 

cholangiocyte-like cells that have been used successfully for studies in drug metabolism 

and have been shown by other research groups to be able to form bile ducts in 3D culture 

mimicking aspects of development and disease [3].  HepaRG cells are bipotential, and 

during early culture, express markers of both hepatocyte and cholangiocyte such as CYP3A 

and CK19.  As HepaRGs are cultured such markers of differentiation become restricted to 

each of the respective cells [4].  Cytochromes expressed by the early hepatocytes progress 

from predominantly fetal form to adult form [5].  HepaRGs have also been used in in vivo 

studies where they were injected into mice and successfully developed into functional liver 

cells [6]. As such, HepaRG cells were proposed in lieu of the human fetal liver progenitor 

cells (hFLPC).   
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Within the liver, hepatic stellate cells normally exist in a quiescent state during which they 

store vitamin A.  When hepatic stellate cells go through a process called activation and 

eventually, if this mechanism of activation is chronically induced, transdifferentiate into a 

diseased, highly activated, myofibroblastic form of the cell, key events take place which 

are relatively well defined within the literature that highlight the transition into an activated 

state [7].  One such key event is the expression of alpha-smooth muscle actin (αSMA) 

which is used in a multitude of studies as a marker of activation  as quiescent hepatic 

stellate cells (qHSC) do not express αSMA [8, 9].  Expression of αSMA has also been 

shown to increase with advancing fibrosis in vivo and in vitro [10]. In Chapter 2, the 

stromal fraction cultured within the model of liver development was not precisely defined 

in terms of which cells were within the population.  An additional gradient isolation helped 

ensure the selection of hepatic stellate cells which were then subsequently activated in 

culture through serial passaging.  Generally speaking, regardless of etiology, the activated 

hepatic stellate cell/myofibroblast derived from quiescent hepatic stellate cells present in 

the fibrotic liver tend to dominate over all others [11].  The use of the primary plate 

activated hepatic stellate cell (aHSC) and the use of the well-defined LX-2, a hepatic 

stellate cell line, ensure that the fibrotic environment generated was solely due to the 

hepatic stellate cell and in effect reduces the complexity of interactions with other cell types 

found within the portal mesenchyme.  

Researchers found that LX-2 cells express αSMA during all types of culture, thus, at a 

minimum, LX-2 is partially activated [12].  Additionally, glial fibrillary acidic protein 

(GFAP) has been shown to decrease with time with more advanced, chronic types of 

fibrosis.  Our gene expression analysis of LX-2 and our primary culture activated hepatic 
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stellate cells (aHSC) show that aHSC more highly expresses αSMA than LX-2 (Figure 1A) 

and that GFAP expression is lower in aHSC (Figure 1B). 

 

Figure 1. Relative fold expression αSMA and GFAP normalized to LX-2 

 

Quiescent hepatic stellate cells produce little to no collagen I [10], but synthesize the 

protein when they become activated, and increases in expression per cell in later stages of 

fibrosis as compared to early stages [8].  We found a large difference in collagen expression 

between aHSC and LX2 (Figure 2). 
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Figure 2.  Relative fold expression of collagen I as compared to LX-2 

 

Researchers also routinely use exogenous TGF-β to more “fully” activate LX-2 cells in 

culture systems [13, 14], which has been shown to increase collagen production more 

indicative of later stage more highly activated hepatic stellate cells.  This was also found 

in our cultures of LX-2 (Chapter 4, Figure 4B).  Accordingly, reviews of the literature and 

our data indicate that LX-2 and aHSC are not quiescent, but are activated and each have 

different levels of activation.  First, quiescent hepatic stellate cells do not express αSMA 

whereas, both cell types at least meet the criteria for being in an activated state.  Second, 

quiescent hepatic stellate cells produce little to no collagen I and as both LX-2 and aHSC 

express collagen I, they again meet the criteria for being in an activated state.  Third, 

expression patterns of the described genes change overtime as HSCs become more highly 

activated/myofibroblastic-like indicative of later stages fibrosis, which includes the 

upregulation of collagen I and αSMA expression as well as the down-regulation of GFAP. 

These patterns were mirrored in our cell lines.  Fourth, the routine use of exogenous TGF-

β gives the LX-2 cell line a more highly activated/myofibroblastic like pattern of gene 

aHSC expression normalized to LX-2 

*** 
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expression closer to that of our primary derived aHSC. Collectively, this indicates that LX-

2 is in an intermediate state of activation relative to the aHSC, which are in a more highly 

activated/myofibroblastic state. Both of these cell lines are used throughout the remainder 

of the dissertation.  
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ABSTRACT 

Although rare, developmental disorders of the biliary tract can be devastating, and 

represent the ultimate cause for pediatric liver transplantation.  The goal of this study was 

to develop a model system that recapitulates physico-mechanical and cellular components 

of biliary development within a fibrotic environment.  Liver organoids were fabricated 

from the immortalized progenitor cell line, HepaRG, and were co-cultured with fetal 

primary plate-activated hepatic stellate cells (aHSC) or LX-2 cells embedded within a 

collagen I gel.   Cellular phenotype, ECM remodeling capabilities of the stellate cells, the 

rigidity of the collagen gel substrate, and the ability to form biliary lumens were 

determined.  The aHSCs created a more highly contracted, rigid environment, and had 

more greatly remodeled the collagen gel substrate than in LX-2 cells co-cultures.  The 

aHSCs also had higher relative expression of TGF-β, TIMP-1, LOXL2, and COL1A2 

potentially indicating an overall more fibrotic phenotype than LX-2 cells.  HepaRGs were 

able to form CK19-positive biliary-duct like structures with lumens within the LX-2 co-

culture liver organoid to a greater extent than with aHSC.  These results indicate that 

severity of fibrosis has an effect on the state of biliary development. 

 

Keywords 

Biliary Development, Fibrosis, Hepatic Stellate Cell, HepaRG 
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INTRODUCTION 

A common hallmark of a multitude of biliary tract developmental abnormalities is the 

prevalence of fibrosis within the liver tissue [1].  Fibrosis is the abnormal and continual 

deposition of extracellular matrix (ECM) caused by a combination of ECM overproduction 

and the failure to effectively proteolyze these overabundant proteins that ultimately results 

in reduced organ function, cirrhosis, or organ failure.  Fibrosis and its mechanisms have 

been studied extensively in the fully formed liver, but there has not been substantial 

research about the effects of fibrosis in developing livers, which is evident in a variety of 

congenital liver disorders. Developmental disorders of the biliary tract are rare yet 

devastating and have few therapeutic solutions.  Biliary Atresia (BA), Congenital Hepatic 

Fibrosis (CHF), Progressive Familial Intrahepatic Cholestasis (PFIC), Caroli’s Syndrome 

(CS), and Alagille Syndrome (AGS) are such ailments, affecting between 1 in 13,000-

70,000 [1, 2], and although relatively rare, are the primary causes of pediatric liver failure 

and transplant need [16]. In many congenital liver disorders, abnormal cellular 

development or increased proliferation of hepatoblasts can occur, resulting in tissue 

malformations during critical phases of biliary tubulogenesis [3, 4]. These ductal plate 

malformations (DPMs) result in abnormal biliary structures that appear dilated or cystic 

and cannot maintain normal bile flow through the entire biliary tract, ultimately resulting 

in cholestasis [3].  Additional major co-morbidities include cholestasis, portal 

hypertension, cirrhosis, and an increased likelihood of hepatocarcinoma and 

cholangiocarcinoma [2].  Much of the fibrotic environment is due to the predominant 

matrix-producing cell in the liver, the Hepatic Stellate Cell (HSC), which has an integral 

role in the normal development of livers, but may also have a role in abnormal 
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development, though this has not been well defined.  There are no cures for these diseases, 

only treatments to alleviate symptoms. Antibiotics and anti-inflammatories along with 

alterations in diet may delay the progression of the disease. The best measure for those 

with severe manifestations or cumulative progression of the diseases is to receive a liver 

transplant or a partial hepatectomy to remove diseased tissue [4].  In infants, the Kasai 

procedure can be performed to bypass damaged parts of the biliary tract to restore flow to 

the intestine, but 50% of these cases will still require transplant by age 5 [7].  In all, 85% 

will require a transplant before age 20 [5]. Approximately half of all total neonatal 

transplants are due to biliary atresia and the consequent effects of fibrosis [8].  

The development of fibrosis is driven by specific cellular phenotype, expression of genes 

involved with secretion of ECM proteins, and ECM remodeling. Fibrillar collagen is the 

main extracellular component of normal and fibrotic tissue.  A multitude of mediators act 

on fibrillar collagen to increase tissue stiffness.  The crosslinking of collagen I by LOX 

increasing tissue stiffness, at least during the early stages of fibrosis, is potentially thought 

to precede the activation of the HSCs [6].  As healthy liver progresses into a fibrotic state, 

there is a large increase in ECM protein synthesis such as Collagens I, III, IV, and 

fibronectin, as well as HSC contraction [7].  The increase in overall stiffness of the fibrotic 

liver tissue directly affects the function and growth of the liver cells [7-9].  Recent studies 

have indicated that increased tissue stiffness can induce liver progenitor cells to become 

more susceptible to increased Notch signaling [10].   

Beyond the Kasai shunt procedure, animal models of biliary developmental disorders have 

resulted in no viable clinical pharmaceutical treatments. In general, animal models can be 

costly, time-consuming, may not accurately depict human cellular responses, and lack the 
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ability to vary the level of fibrosis to study the resulting abnormalities. Most in vitro models 

of human disease employ human cells in standard 2D (monolayer) culture systems and 

genetic manipulation of human embryonic stem cells (hESCs) in vitro [11-13].  Human 

congenital disease models are more difficult to create in vitro since they rely on multiple 

cell types and aberrant regulation of multiple factors that control tissue development. The 

recent gene editing developments in mature human cells and hESCs yielded several new 

in vitro models, yet most of them target a single cell type and do not replicate the intricate 

cell-cell and cell-matrix interactions between multiple cell types and ECM proteins during 

tissue and organ development.  

We have recently developed a model of self-assembled human liver organogenesis. Liver 

ECM discs were used as scaffolds for human fetal liver progenitor cells (hFLPCs), 

resulting in 3D organoids that demonstrated simultaneous human hepatobiliary 

organogenesis and partial metabolic and secretory functions of intact human liver tissue 

[14].  We then used this system to study hereditary biliary diseases such as Alagille 

Syndrome. During fetal development, signals from adjacent cells, such as endothelial and 

stellate, regulate bile duct organization around the portal mesenchyme [15-18]. In Alagille 

Syndrome, mutations in JAG1 lead to inactivation of the Notch pathway, causing bile duct 

paucity [19, 20]. By incubating the liver organoids with a Notch inhibitor, DAPT, which 

inhibits γ-secretase, we observed attenuated maturation of the bile duct structures along 

with significant reduction in the expression of transcription factors regulating bile duct 

development [14].  The goal of the current study was to develop an in vitro model system 

of fibrotic liver tissue and to further test the effects of the fibrosis conditions on liver tissue 
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development. We constructed a 3D culture system (tissue organoids) from human cells 

either isolated from fetal liver tissue or well-studied cell lines.  

MATERIAL AND METHODS 

CELL CULTURE 

LX-2 cells were provided by Dr. Scott Friedman (Icahn School of Medicine at Mount Sinai, 

New York, NY), and were cultured at 5% CO2 at 37°C in DMEM high glucose 

supplemented with 2% (v/v) fetal bovine serum (FBS) and were passaged up to 10 times.  

HepaRG cells were purchased from Biopredic © and were maintained in culture according 

to the manufacturer specifications.  Primary fetal hepatic stellate cells (HSC) were isolated 

according to previous reports [21, 22] and passaged on tissue culture plastic.  The primary 

fetal hepatic stellate cells become activated through subsequent passaging acquiring a 

highly fibrotic phenotype.  

ORGANOID CONSTRUCTION 

Organoids were manufactured by the combination of LX-2, HSC, and/or HepaRG cells 

encapsulated within ~1 mg/ml Collagen I rat tail (BD Biosciences ©).  First, cells in two-

dimensional culture were dissociated in 0.05% Trypsin-EDTA (0.05%), Phenol Red 

(ThermoFisher Scientific ©) and neutralized by each cell lines’ respective maintenance 

media.  Cells were counted using a standard hemocytometer.  5.0X105 cells were used in 

each organoid that consisted of one cell type, whereas co-cultures consisted of 2.5X105 of 

each cell type, resulting in a total of 5.0X105 cells per organoid.  Cells were dispensed into 

a 15 ml centrifuge tube, and were centrifuged at 1200 rpm for 5 minutes.  The supernatant 
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was removed leaving only the cell pellet.  A standard solution of stock Collagen I rat tail 

(BD Biosciences ©), PBS (ThermoFisher Scientific ©), dH2O, and NaOH was prepared 

beforehand, resulting in a 1 mg/ml solution of Collagen I.  Collagen solution was added 

such that the resulting mixture had a cellular concentration of 5.0X106 /ml.  100 µl of this 

solution was dispensed into each of the six wells of the PDMS collagen mold.  The cell-

collagen solution was allowed to solidify by placing the 6-well tissue culture plate 

containing the PDMS mold into a standard cell culture incubator (37° C) for a period of 25 

minutes. 3 mL of Williams’ E Medium (ThermoFisher Scientific ©) was then added to 

each well of the 6-well tissue culture plate. Organoids were then incubated (37° C) 

overnight. 

ORGANOID CULTURE 

Organoids were maintained in culture for periods of up to 3 weeks.  HepaRG growth 

medium was used for all experiments, including co-cultures.  Media was changed every 

other day until samples were processed for analysis.   

CONTRACTION ASSAY 

The contraction assay was used to measure the cells’ ability to contract the surrounding 

collagen matrix in which the cells are embedded; the smaller the organoid, the higher the 

degree of contraction that is expected.  For each organoid, an image was taken of the 

individual organoid on the 7th day of cell culture.  Contraction was calculated by image 

analysis.  The surface area of each organoid was calculated by use of Adobe Photoshop 

and ImageJ.  The magic wand tool was used to isolate the organoid from the background 
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image.  All organoids were copied as layers to a new document including a ruler used as a 

scale bar.  The resulting image was opened in ImageJ and converted to an 8-bit black and 

white image. The diameter of each organoid was measured in triplicate and the surface area 

of the organoid was calculated. 

RHEOLOGY AND ELASTIC MODULUS CALCULATION 

Elastic moduli of samples were determined through generation of a force-displacement 

curve through compression testing on a TA Instruments HR-2 Discovery rheometer 

equipped with a flat, 8mm, round geometry. Briefly, samples were placed onto the center 

of the rheometer stage and excess liquid was removed. Initially, the geometry was 

positioned above the sample at a gap of 2500 µM without contacting the sample surface. 

The sample was compressed at a constant speed where force and gap distance 

measurements were collected every 0.25 seconds of compression. Samples were discarded 

after compression.  All samples had a roughly circular shape.  Sample area was calculated 

using diameter measurement captured and measured by image analysis immediately before 

compression.  Stress values were generated by dividing force measurements by sample 

area (equation 1). Sample height was calculated from the measured force values contained 

within the output data set where the first value in a string of increasingly positive values 

>0.005 newton was noted and the corresponding height of the geometry above the plate 

was recorded as the sample height. Strain values were generated by subtracting the gap 

distance from the sample height and dividing the total sum by the height (equation 2). 

Stress and strain were then plotted against one another to yield a stress-strain curve 

consisting of two phases: an initial amorphous phase and a subsequent crystalline phase 
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occurring after a curve elbow. Elastic modulus was calculated by finding the slope of the 

amorphous phase. 

   (1) 

  (2) 

CT-FIRE AND CURVEALIGN ANALYSIS 

CT-Fire and CurveAlign is a program designed by the Laboratory for Optical and 

Computational Instrumentation at the University of Wisconsin, which uses quantifiable 

parameters of fiber alignment [23]. Fibers are isolated from images by identifying edges 

(curvelet transform [CT]) and fiber extraction (FIRE) algorithm and connecting those 

edges to segment total fibers (Figure 5, left panels). These segmented fibers are then 

analyzed to generate histograms of fiber parameters, such as angle, width, length, and 

straightness. Longer and/or thicker fibers may indicate crosslinking of the collagen chains, 

and a lower angle variance may indicate an increase in fiber alignment due to remodeling 

by the hepatic stellate cells.  This software, used to analyze the collagen fibers, can be used 

to assess overall ECM remodeling capabilities of the HSC’s.   FFPE blocks were cut and 

stained with the Picrosirius red (PS-red), which were then imaged using polarized light 

microscopy with a linear polarizing filter. Images captured were exposed for the same 

amount of time for each group within a statistical test.  Entire organoids were captured by 

use of motorized stage and tiling of the images.  Resulting tiled TIFF images were imported 

into Adobe Photoshop.  Images were converted to grayscale and a suitable black level was 

chosen and applied to all of the other images for background normalization.  Three 
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500x500 pixel ROI’s were selected from each of the organoids resulting in a minimum of 

9 ROI per group.  CT-Fire was allowed to batch process each group using the default 

settings for thresholding.  CurveAlign analysis was performed using the same method.  

Default settings were used with the exception of the sampling rate, which was changed to 

0.06 instead of the default 0.001 to allow for higher levels of sampling.  

RNA ISOLATION AND QPCR 

Organoids were collected and stored in RNALater (Qiagen ©) and stored at -20 °C for 

RNA extraction.  RNA was extracted using Fibrous Tissue RNA kit (Qiagen ©).  1-2 steel 

beads were used for each organoid when using the TissueLyser (Qiagen ©) for a period of 

up to 5 minutes to break apart the collagen gel. The remaining steps of the RNA extraction 

were performed according to the manufacturer’s instructions (Qiagen ©).    Equimolar 

concentrations of RNA were converted to cDNA using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems by ThermoFisher Scientific ©) according to the 

manufacturer’s instructions.  qPCR was accomplished by using PowerSYBR Green PCR 

Master Mix (Applied Biosystems by ThermoFisher Scientific ©) in a 96-well plate using 

the QuantStudio 3 Real-Time PCR System ©. Each condition was performed in triplicate. 

Cycling conditions included hot activation (50°C for 2 minutes followed by 95°C for 10 

minutes), amplification (95°C for 15 seconds, 60°C for 1 minute) repeated 40 times, and 

quantification by SYBR Green fluorescence measurement. Automated thresholding was 

used to acquire ΔCT of each sample.  Primers were selected from the open source Harvard 

PrimerBank © database. The following primer pairs were used:  
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β2M (Forward, F) 5'-GAGGCTATCCAGCGTACTCCA-3' and (Reverse, R) 5'-

CGGCAGGCATACTCATCTTTT-3';  

MMP9 (F) 5’-GGGACGCAGACATCGTCATC-3’ and (R) 5’-TCGTCATCGTCGAAATGGGC-3’;  

TGFβR1 (F) 5'-CACAGAGTGGGAACAAAAAGGT-3' and (R) 5'-CCAATGGAACATCGTCGAGCA-3';  

TGFβR2 (F) 5'-GTAGCTCTGATGAGTGCAATGAC-3' and (R) 5'-CAGATATGGCAACTCCCAGTG-3';  

COL1A2 (F) 5'-GGCCCTCAAGGTTTCCAAGG-3' and (R) 5'-CACCCTGTGGTCCAACAACTC-3';  

LOXL2 (F) 5'-AGGACATTCGGATTCGAGCC-3' and (R) 5'-CTTCCTCCGTGAGGCAAAC-3';  

CCL2 (F) 5'-CCTTCTGTGCCTGCTGCTCATAG-3' and (R) 5'-TCTTCGGAGTTTGGGTTTGCTTGT-3';  

MMP2 (F) 5'-GGCCCTGTCACTCCTGAGAT-3' and (R) 5'-GGCATCCAGGTTATCGGGGA-3';  

TGFβ1 (F) 5'-CAATTCCTGGCGATACCTCAG-3' and (R) 5'-GCACAACTCCGGTGACATCAA-3';  

TIMP1 (F) 5’-ACCACCTTATACCAGCGTTATGA-3’ and (R) 5’-GGTGTAGACGAACCGGATGTC-3’ 

STATISTICAL ANALYSIS 

qPCR results were calculated by using the Livak method. Samples were normalized to their 

respective β2M value then normalized to either the control, the 2D counterpart or to LX-2.  

The resultant -ΔΔCt was transformed to fold change by the formula 2^-ΔΔCt, then the log 

base 2 was taken.    Absolute log values greater than 0.59 represent a fold change greater 

than 1.5.  Statistical analysis was performed through MATlab, Graphpad and Excel.  One-

way ANOVA and Students t-test statistics were evaluated and considered significant using 

a p-value of <0.05 for statistical significance. 
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RESULTS 

ACTIVATED HEPATIC STELLATE CELLS (HSC) INDUCE CONTRACTION AND 

STIFFENING OF 3D ORGANOIDS 

HSC activation is a major contributor to liver fibrosis in cirrhosis and other liver 

pathologies [24-27]. As the 1st step to create a model for liver fibrosis, we evaluated 2 

different types of HSCs in 3D liver organoids: LX-2, an immortalized HSC line that 

represents an intermediate level of HSC activation, and primary HSCs that were activated 

by serial passaging in tissue culture plastic plates (aHSC) (Figure 1A). Each of the HSCs 

types were encapsulated in Type I Collagen (Col I, 5x105 cells/organoid) and placed in a 

PDMS mold to allow self-assembly and the organoids were then cultured for up to 3 weeks 

(Figure 1). To further simulate liver development in the 3D organoids, we used an 

immortalized cell line, HepaRG, which mimics hepatoblasts that develop into hepatocytes 

and cholangiocytes [28].  3D organoids containing HepaRG cells (5x105 cells/organoid) 

showed only moderate contraction, compared with LX-2 or aHSC cell-containing 

organoids (data not shown). Once we defined the general behavior of single cell type 

organoids, we created organoids composed of co-cultures of HepaRG cells with LX-2 or 

aHSC cells (2.5x105 cells of each cell type/organoid) (Figure 1B). Macroscopic 

observations showed a similar pattern as observed for the single cell type organoids (Figure 

1B), with little contraction for organoids composed of HepaRG cells alone, and 

significantly higher contraction when LX-2 or aHSC cells were included in the organoids 

(Figure 1C).   The organoids containing aHSC+HepaRG were approximately 68% smaller 

in compared to HepaRG alone whereas, HepaRG+LX-2 were 21% smaller as compared to 

HepaRG in terms of surface area.  Additionally, HepaRG+aHSC organoid were 59% 
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smaller than HepaRG+LX-2.  This amount of contraction is highly significant with p-

value=0.0001 for HSC containing organoids vs HepaRG alone and a p-value of 0.004 

comparing LX-2 and aHSC containing organoids. Increased tissue stiffness is a hallmark 

of a fibrotic liver environment, potentially due to a combination of crosslinking of collagen 

fibers and contraction [29-31]. To assess the stiffness of the liver organoids, we performed 

rheometric analysis of the organoids (Figure 2). As expected, we observed a significant 

increase in Young’s modulus, a measure of material stiffness, in organoids that contained 

LX-2 or aHSC cells in coculture compared with organoids containing HepaRG cells alone.    

Interestingly, co-culture of HepaRG with aHSC cells resulted in a 25% increase in the 

Young’s modulus of the organoids, compared with aHSC alone.  Together, the results 

suggest that 3D organoids could serve as an ex-vivo model of diseases associated with fetal 

liver fibrosis. 

 

Figure 1. Fabrication and contraction of liver organoids 

A.) Schematic of organoid construction. Organoids were fabricated by mixing HepaRG 

cells, Collagen I, and one of two types of HSC and dispensing into a PDMS mold, as 

described in the Methods (shown are mold design (left) and organoids in culture (right)). 

B.) A macroscopic view of the different liver organoids, as indicated. C.) Surface area 

analysis of the different organoids after 2 weeks in culture showing a significant 

contraction for HepaRG+aHSC organoids compared with HepaRG and HepaRG+LX-2 

organoids. (**** p-value of <0.0001, *** p=0.004) 
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Figure 2. Stiffness of liver organoids   

Young’s modulus of the different liver organoids was calculated using rheological analysis, 

as described in the Methods. aHSC and HepaRG+aHSC organoids show significantly 

higher stiffness than other organoid types. Data is presented as average of 3 organoids (**** 

p-values <0.0001, *** p-value=0.001, ** p-value=<0.01) 

 

HSCS ACTIVELY REMODEL COLLAGEN I IN THE LIVER ORGANOIDS  

Extracellular matrix (ECM) remodeling is often associated with wound healing and tissue 

regeneration. However, unregulated remodeling, which often leads to excessive collagen 

production and hyper-bundling via cross-linking, yields denser and stiffer ECM and 

subsequently tissue fibrosis [32]. The results described above indicated that the collagen in 

the organoids underwent conformational changes in the presence of LX-2 and aHSC cells. 

In order to determine if these changes could be associated with collagen bundling, we 

carried out imaging studies coupled with image analysis of collagen fiber properties. Initial 
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H&E staining shows a difference in the cellular organization of organoids containing single 

cell types and co-cultures. In the organoids containing HepaRG cells alone, the cells were 

concentrated in one side of the organoid, whereas in organoids containing LX-2 and aHSC 

the cells are evenly distributed in the organoids (Figure 3). Organoids containing co-

cultures showed a similar uniform cell distribution; in addition, these organoids showed 

some formation of cellular structures at the center of the organoids, especially those of 

HepaRG+aHSC organoids (Figure 3D).  Masson’s trichrome staining was further 

performed to better identify cellular vs collagenous regions in the organoids, showing 

cellular clusters surrounded by collagen-rich areas in HepaRG+aHSC organoids (Figure 

3F). As comparison, we stained fibrotic human liver specimens and similarly observed 

cellular structures surrounded by collagenous areas (Figure 3G).   

 

Figure 3.  Histological analysis of liver organoids  

Different types of liver organoids, as indicated, were cultured for 1 week and processed for 

H&E (A-E) and Masson’s trichrome (F,G) staining, as described in the Methods. H&E 

staining show that the different organoids show different cellular organization and 

Masson’s trichrome staining show similarities between cellular and collagenous areas 

between (F) HepaRG+aHSC organoids and (G) fibrotic human liver tissue. (200x 

magnification) 
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Picrosirius Red (PS-Red) staining allows not only visualization of the overall collagen fiber 

organization but also the ability to distinguish between highly bundled (thick, red to orange 

color) and unbundled (reticular, dark to light green color) collagen fibers by using polarized 

light microscopy. PS-Red imaging showed that organoids containing HepaRG cells alone 

are mainly green or unbundled collagen fibers, whereas organoids containing LX-2 and 

aHSC cells, alone or co-cultured with HepaRG, are mostly orange to bright red (Figure 4). 

Specifically, organoids containing aHSC cells alone are orange while the HepaRG+aHSC 

organoids are bright red, especially in the center of the organoids. Organoids containing 

LX-2 cells are shown as green to orange in color, with some brighter lines throughout the 

organoids. Healthy and fibrotic liver samples showed a similar trend. There is limited 

bundled collagen within the normal liver parenchyma, and bundled collagen is observed 

only around the hepatic portal structures (Figure 4). In contrast, samples from fibrotic liver 

showed thick and bundled collagen throughout the parenchyma, in addition to bridging 

fibrosis connecting the septa and the portal triad, including the biliary tract and the 

vasculature (Figure 4). 
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Figure 4. Collagen remodeling in liver organoids  

Different types of liver organoids, as indicated, were cultured for 1 week and processed for 

Picrosirus red staining and imaging, as described in the methods (A-E). Clinical Samples 

of healthy and fibrotic human liver tissue sections (right panels) were processed for 

Picrosirus red staining for comparison (F-G). The color ranges from green  yellow  

orange  bright red indicate of increasing fiber bundling, as depicted in the diagram. aHSC 

and HepaRG+aHSC organoids show higher orange and red staining compared with the 

other organoid types, and similar to fibrotic human liver tissue. (Large tiled images, 

constrained to show the entire organoid regardless of size, black levels equalized 

throughout). 

 

QUANTITATIVE ANALYSIS OF COLLAGEN I FIBERS IN THE LIVER 

ORGANOIDS  

To better characterize the conformational changes of the collagen I present in the liver 

organoids, we analyzed the PS-Red images by quantifying the collagen fiber properties 

using CT-FIRE.  Organoids containing only HepaRG cells had equal fiber length as that of 

organoids containing LX-2 cells alone; however, the latter produced organoids with a 

significantly thicker fiber. Organoids containing aHSC cells alone had significantly longer 

and thicker fibers compared with the HepaRG and LX-2 containing organoids (Figure 5A). 
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Organoids containing co-cultures of HepaRG+LX-2 cells did not show longer fibers than 

organoids containing HepaRGs alone; however, the fibers were thicker in HepaRG+LX-2 

organoids. When aHSCs were co-cultured with HepaRG cells, organoids showed fibers 

that were significantly longer and thicker than in organoids with LX-2+HepaRG cells 

(Figure 5B). Similar analyses of collagen fiber properties were carried out in healthy and 

cirrhotic liver specimens. Cirrhotic liver tissue revealed fibers that were thicker, wider, and 

more highly aligned than that of healthy liver tissue (Figure 5C). 

The alignment of the collagen fibers, another indicator of higher fiber organization, was 

also calculated to further evaluate collagen remodeling (Figure 5D).  A wide distribution 

of fiber angles was observed, denoted on a scale from 0 to 1, where 0 indicates all fibers 

being fully aligned with one another with no difference in fiber angles and 1 indicates 

completely unaligned fibers. Fiber alignment in the HepaRG organoid appears mostly 

random, confirming the similar trend of the lower fiber length and width values. Organoids 

containing LX-2 or aHSC cells showed similar better alignment than HepaRG organoids. 

Organoids containing co-cultures of HepaRG+LX-2 had similar alignment as the LX-2 

alone organoids, whereas organoids containing co-cultures of HepaRG+aHSC showed the 

highest fiber alignment. Similar trends in fiber alignment were observed when comparing 

healthy and fibrotic liver tissue specimens. Fibrotic liver tissue contained fibers that were 

more aligned than that of healthy liver tissue. These results indicate not only that the 

presence of aHSCs induced a greater degree of contraction of the organoids and increase 

in stiffness, but that the presence of aHSCs also resulted in formation of more highly 

bundled, longer and thicker collagen fibers, which are often associated with the anatomy 

of fibrotic liver tissues [33, 34] 
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Figure 5. Analysis of fiber properties in the liver organoids 

Picrosirus red images were analyzed with the CT-FIRETM program.  Fiber length and width 

(pixels) were calculated from A.) mono-culture and B.) co-culture.  C.) Analysis of fiber 

length and width from fibrotic human liver tissue comparing healthy any fibrotic sections, 

as shown in Figure 4.  D.) Overall angle variance of all collagen fibers in human liver 

tissues (left) and organoids (right), where 0 indicates all fibers are completely aligned and 

1 indicated random organization. Organoids containing aHSC alone and HepaRG+aHSC 

co-cultures have longer and wider fibers, with lower angle variance, compared with the 

other organoids. Similarly, fibrotic liver tissue has longer and wider fibers, with lower 

angle variance, compared with healthy liver tissue.  

QPCR ANALYSIS OF PATHWAYS ASSOCIATED WITH FIBROTIC HSCS 

To further characterize the differences in the fibrotic characteristics of the LX-2 and aHSC 

organoids, we analyzed genes associated with fibrosis including COL1A2, TIMP1, TGF-

β1, LOXL2, MMP2, CCL2, TGF-βR1, TGF-βR2, SNAI2 and MMP9 (Figure 6).  Comparing 

the relative expression levels between organoids containing either aHSC or LX-2 revealed 

that aHSC organoids have a higher expression of each of these genes except for TGF-βR1. 
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Importantly, the aHSC organoids had a higher expression level of LOXL2, which is 

responsible for the crosslinking/bundling of collagen, a finding which corroborates the 

fiber analysis results above.  The increased expression of COL1A2, MMP2 and MMP9 in 

aHSC organoids is indicative of ECM remodeling and an elevated fibrotic state.  

Additionally, aHSC organoids showed higher expression of TIMP1, an MMP inhibitor, 

which prevents the breakdown of the ECM, and is another indicator of increasing fibrosis.  

The expression levels of TGF-β1 are also of interest as it is an important regulator of biliary 

tract development.  This increased expression may have further downstream effects on the 

HepaRG cells.  

 

Figure 6. Expression of fibrosis genes in liver organoids containing aHSC and LX-2 cells  

RNA was isolated from mono-culture organoids of aHSC and LX-2 cells.  Expression of 

genes associated with fibrosis was analyzed using qPCR, as described in the Methods. 

Organoids containing aHSC cells showed higher expression of COL1A2, LOXL2, MMP2 

and MMP9 and TGF-β1 suggesting active ECM remodeling and an elevated fibrotic state 

in these organoids compared with LX-2 containing organoids. 
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 THE EFFECTS OF HSC ON NOTCH SIGNALING AND NUMBERS OF CK19+ 

CELLS 

To assess differences in HepaRG cell differentiation in the different fibrotic environments, 

we measured expression of Notch and CK19 genes (Figure 7).  We hypothesized that the 

more fibrotic environment will induce Notch signaling and thus higher numbers of CK19+ 

cells.  Notch signaling is important to the development of the biliary tract and could 

influence the number of CK19+ cells the organoids. Histological sections were stained for 

CK19, a marker for biliary cells and analyzed using VisiopharmTM software.  The number 

of CK19+ cells decreases from week 1 to 3 when HepaRG were present alone in organoids 

and in organoids containing HepaRG co-cultured with LX-2 cells (Figure. 7A).  In 

contrasts, percentage of CK19+ cells increased from week 1 to 3 in organoids containing 

HepaRG and aHSC co-cultures.  The overall percentage of CK19+cells in HepaRG and 

aHSC organoids was significantly higher than in organoids containing HepaRG cells alone 

or in combination with LX-2 cells (Figure 7A).  Notch signaling was assessed by 

immunostaining for Notch intracellular domain, which only detects cells having the 

cleaved intracellular domain on Notch.  Analysis of the staining results indicates that 

Notch-positive cell numbers significantly decreases from week 1 to 3 in the HepaRG alone 

organoids, while there was no decrease in organoids containing HepaRG and LX-2 co-

cultures (Figure 7B). In contrast, and similar to CK19 expression results, the percentage of 

Notch-positive cells increased in organoids containing HepaRG and aHSC co-cultures 

from week 1 to 3 (Figure 7B).  We further analyzed the number of CK19+ cell clusters in 

organoids containing HepaRG cells alone and in combination with aHSC cells.  We 

observed CK19+ cell clusters with a larger area in the HepaRG+aHSC organoids compared 

with HepaRG organoids (Supp. 1).  
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Figure 7. Visiopharm analysis of CK19 and Notch positive cells 

Panel A (left) shows the percentage of cells positive for CK19 and Panel B (right) shows 

the percentage of cells positive for Notch intracellular domain activity. Note the rise in 

percentage of CK19 positive cells at week 3 in co-cultures containing aHSC and HepaRG 

and the concurrent rise in Notch activity in the same group.  

THE EFFECTS OF HSC ON THE DEVELOPMENT OF HEPATIC STRUCTURES IN 

THE LIVER ORGANOIDS  

The results presented above show differences in both collagen fiber properties and liver 

differentiation signaling between organoids containing aHSC and LX-2 cells. These 

observations suggest that the 2 different HSC types create two different environments with 

differing rigidity, collagen fiber organization and signaling cues, which may induce 

variations in the growth and differentiation of the HepaRG cells towards biliary epithelium 

in the organoids. To test this hypothesis, organoids containing HepaRG+aHSC and 

HepaRG+LX-2 co-cultures were incubated in media for 3 weeks and then subjected to 

A. B. 
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immunohistochemical (IHC) analysis with markers of hepatic (HNF4-α) and biliary 

(CK19) cells. Images of stained sections were analyzed for the number of tubular ductular-

like structures that were positive for CK19 and to assess the progression of these ductular-

like structures in terms of lumen formation and expression of HNF4-α (Figure 8A, B). 

After 7 days in culture, there was a greater number of ductular like structures within the 

HepaRG+aHSC organoids (Figure 8C, D).  In all cases, HNF4-α was associated with most 

of the CK19+ cell clusters.  Lumen formation, a sign for biliary duct maturation, was 

minimal in the first week, resulting only in 1 or 2 in each organoid.  However, by the third 

week there was an increase in lumen formation within the HepaRG+LX-2 organoids as 

compared to the HepaRG+aHSC organoids.  Taken together, these results suggest that the 

higher levels of ECM remodeling, collagen bundling, and paracrine factors that resemble 

fibrosis-like conditions, observed in the HepaRG+aHSC organoids, may have directed the 

HepaRG cells towards formation of CK19+ immature cell clusters, whereas the 

HepaRG+LX-2 organoids may have directed the HepaRG cells towards a more mature 

biliary-like structures. These conclusions are supported by the results demonstrating a 

higher number of CK19+ and Notch-expressing cells within the HepaRG+aHSC organoids 

compared with HepaRG+LX-2 organoids (Figure 7).  
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Figure 8. Biliary-like structure formation in liver organoids  

HepaRG+LX-2 and HepaRG+aHSC organoids, as indicated, were harvested for analysis 

after 1 and 3 weeks in culture. A, B.) Organoids cultured for 3 weeks were processed for 

immunohistochemical analysis using anti-CK19 and anti HNF4α antibodies, as indicated 

(insets-low magnification images of large parts of the organoids).  C, D.) The numbers of 

CK19-positive cell clusters, with or without association with HNF4α-positive cells, and 

with and without visible lumen were counted in organoids after 1 and 3 weeks cultures and 

graphed in D.) Organoids containing HepaRG+aHSC co-cultures showed higher numbers 

of CK19+ cell clusters after 1 week, whereas HepaRG+LX-2 co-cultures showed higher 

numbers of lumen containing CK19+ cell clusters after 3 weeks of culture. (A, B, 400x 

magnification, insets, 100x magnification). 
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DISCUSSION 

Tissue fibrosis is a complicated process that can’t easily be replicated ex-vivo. Available 

models commonly use pharmacological treatments that elicit cytokine secretion, 

fibroblastic proliferation, ECM secretion, and tissue remodeling [35].   Current models 

studying congenital liver diseases rely mostly on small animal models such as mice and 

rats, and the use of gene manipulations [36, 37] or treatment with hepatotoxins such as 

Carbon tetrachloride (CCl4), thioacetamide (TAA), dimethylnitrosamine (DMN), and 

diethylnitrosamine (DEN) [38-40]. These models have had important applications in the 

discovery and treatment of human liver diseases.  For example, the Gunn rat model of 

inherited bilirubin-UGT deficiency such as the Crigler-Najjar syndrome [41] and the inv 

mouse (partial deletion of the inversin gene) model of biliary atresia (BA) [42] were 

particularly helpful in the study of hepatic and biliary diseases, respectively. The 

Jag1dDSL/+ Notch2del1/+ mouse is another example of a model for Alagille syndrome 

[19]. However, these models are not optimal for the study of human-specific congenital 

diseases and corresponding new therapeutic targets, due to differences in liver fetal 

development between species. Furthermore, these models have not been fully adapted to 

human ex-vivo and in-vitro systems, thus limiting their applicability to recapitulate human 

diseases associated with liver fibrosis.   

In vitro models aiming to recapitulate fibrosis usually involve co-cultures of fibroblastic 

cells with functional cellular units and treatments that will specifically target the 

fibroblastic cells and create the mechanical and structural ECM environment that simulate 

tissue fibrosis [43, 44] The recent developments in biofabrication of multi cellular 3D 

tissue organoids containing different cell types, along with the corresponding ECM, 
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enabled the field of in vitro tissue modeling to address more complex human diseases. To 

create liver organoids we used HSCs, liver progenitor cells (HepaRG) and the most 

abundant liver ECM protein, Col I.  Tissue organoid research aims to more closely replicate 

the in vivo environment in an in vitro experimental system.  This replication allows for 

cells to interact with their exterior environment in a 3D fashion.  The cells can migrate, 

cluster and self-assemble into structures, and to respond to mechanical cues, such as 

stiffness, within the substrate and modify their extra-cellular space similarly as they do in 

situ.  A recent study has tried different combinations of cells and materials to assess the 

effects of environmental stiffness and co-culture on the differentiation of HepaRG.  

However, the study used skin fibroblasts in place of hepatic stellate cells [45].   Another 

study tested the effects of individual environmental toxins on luminal formation [46]. Yet, 

none of these studies utilized activated hepatic stellate cells in an effort to capture both 

cellular signaling and physico-mechanical ECM properties induced by the same cells. 

In the current study we used undifferentiated HepaRG cells, which may be more indicative 

of the developing liver compared with the popular HepG2 hepatocyte-like cells [47].  The 

utilization of the collagen I for creating the liver organoids allows for self-aggregation of 

the cells and remodeling of the ECM microenvironment within the organoids, without the 

presence of growth factors, as they may influence HepaRG cell differentiation as in the 

case of MatrigelTM [46].  To demonstrate the role of activated HSC in the development of 

liver fibrosis, we used 2 different HSCs types, LX-2, an immortalized HSC line that 

represents a low/intermediate level of HSC activation as evidenced by comparison of gene 

expression levels of COL1A2, TIMP1, and LOXL2, and aHSCs, which when activated by 

serial passaging in tissue culture plastic plates, represent a more severe later stage fibrosis.  
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The co-culture of the undifferentiated cells with two types of stellate cells capable of 

generating distinct fibrotic environments, which we analyze in a multi-parametric 

approach, makes this a novel method to the study biliary development abnormalities.  The 

organoids represent several aspects of the fibrotic environment, specifically ECM 

remodeling and synthesis of growth factors associated with both fibrosis and development 

(TGF-β). This organoid system can be easily manufactured and used as a high-throughput 

assay, allowing for multiple simultaneous studies of molecular pathways or for 

pharmaceutical application. The administration of other growth factors and cells such as 

Kupffer immune cells could further improve the model by simulating the important role of 

liver inflammation in cirrhosis [48]. 

The results of the current study exemplify the importance of the cell type choice for 

simulating healthy or disease states in the organoids. Identification of physico-mechanical 

properties of the ECM including stiffness, elasticity, and collagen fiber organization, as 

described here, are important for establishing quantitative measures of fibrosis-like state 

for each cell combination in the organoids. We recently reported on a 3D organoid model 

of colorectal cancer (CRC) that included the submucosal tissue with primary colonic SMCs 

and Col I. Using image segmentation to analyze and quantify the collagen fibers in these 

organoids, we were able to demonstrate that the Col I fiber structures and topography 

(organization) were similar to the colonic ECM in vivo [49]. Furthermore, tumor cell 

spheroids embedded in the submucosal organoids indicated a correlation between collagen 

fiber organization and tumor cell phenotype, and most importantly, their response to 

chemotherapy, which corroborates clinical cancer data [49]. To the best of our knowledge, 

this study is the first to compare primary derived and activated HSCs to partially activated 
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LX-2s in a co-culture with hepatic progenitors (undifferentiated HepaRG) in 3D Col I 

organoids to assess the influence of fibrosis on development. Organoids containing aHSCs 

showed higher levels of tissue stiffness and fiber architecture that is often associated with 

collagen remodeling and collagen fiber bundling (in both length and width measurements). 

Furthermore, organoids containing both aHSC and HepaRG cells showed a 25% increase 

in the Young’s modulus of the organoids, compared with aHSC alone. This result may 

imply interactions between the HepaRG and aHSC.  When cholangiocytes are damaged or 

stressed they can become be reactive ductular cells (RDC) which are found in cases of 

congenital hepatic fibrosis and biliary atresia along with a host of chronic liver diseases.  

These RDC secrete various proinflammatory factors as well as ET-1.  ET-1, can directly 

induce contraction in hepatic stellate cells [50]. In parallel, we also found that there was an 

overall increase in the percentage CK19+ positive cells in the organoids that contained a 

stiffer substrate.  This coincides with a higher general level of Notch signaling within the 

organoid as well.  

Most clinical and research information on liver fibrosis focuses on adult liver fibrosis due 

to its multiple etiologies including viral infection, alcohol use, metabolism, and cancer 

[51]. As a result, most models of liver fibrosis were created to simulate these conditions 

[52, 53]. Less emphasis is placed on liver fibrosis during fetal development, which resulted 

in a lack of reliable models that simulate congenital liver diseases such as biliary atresia 

(BA). Previously, we created a model of human liver organogenesis by growing human 

fetal liver progenitor cells on acellular liver ECM [14]. The cell-seeded ECM formed small 

3D organoids that supported hepatobiliary organogenesis. This model was then used to 

study hereditary biliary diseases such as Alagille Syndrome. In the current study, we used 
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a liver progenitor cell line, HepaRG to simulate liver development within the liver 

organoids. HepaRG cells are an immortalized bipotent hepatoblast-like cell, which can 

differentiate into hepatocyte-like and cholangiocyte-like cells [54]. They are used 

extensively as a test platform for monitoring of drug metabolism in response to 

pharmacological agents [55].  More recently it has been shown that these cells can form 

putative biliary duct-like structures and hepatocyte-like cells inside a 3D substrate [46, 56].  

While HepaRG cells were used in models to simulate toxin-induced BA [57], they were 

not used in conjunction with activated HSCs, which play a key role in the differentiation 

of hepatic progenitor cells during development [24]. Co-culture of HepaRG with LX-2 

cells in the liver organoids led to formation of CK-19+ ductular structures surrounded by 

HNF-4α+ pre-hepatocytes [58, 59], similar to premature ductular structures we observed 

with hFLPCs [14, 58, 59].  Although we observed HNF-4α+ cells associated with CK-19+ 

structures in the HepaRG+aHSC organoids, these structures did not develop as many 

visible lumens to the extent acquired by HepaRG+LX-2 organoids. A hallmark of BA 

pathology is portal-based fibrosis and the presence of fibrous expansion of the portal tracks 

with advanced stages of fibrosis [60]. The portal fibrosis is often accompanied by 

destruction of the developing biliary ducts [60]. Accordingly, we propose that the 

differences in biliary structures observed between LX-2 and aHSC containing organoids 

are in part a result of the fibrotic environment created by the HSCs in the liver organoids.   

CONCLUSIONS  

Utilizing the 3D liver organoid model, we demonstrated that including activated HSC in 

the organoids resulted in a much stiffer environment with more elongated, highly bundled 
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and aligned collagen fibers as compared to organoids containing the less activated LX-2 

cells.  Organoids containing aHSCs have higher relative expression of Col I, LOX 

crosslinking enzyme, and of TGF-β, resulting in a fibrosis-associated phenotype. Either 

directly resulted from the fibrotic environment or indirectly, organoids containing the less 

activated LX-2 cells showed more lumen-like structures as compared to aHSC.  

Conversely, aHSC containing organoids resulted in expansion of more immature biliary 

like cells.  This result suggests that variation in HSC activation may impact the proliferation 

of progenitor cells and subsequent development of biliary structures. This may provide 

insight into the mechanism of aberrant proliferation of biliary cells in cases of BA.  In the 

future this organoid system can be used as a screening platform to identify molecular 

pathways of the biliary tract affected by tissue fibrosis and their impact on the development 

of the biliary system, and for pharmacological targeting of these pathways to reinstate 

normal liver development as a treatment for congenital liver disorders.   
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Supplemental Figure 1. Image analysis of primitive duct-like biliary structures in liver 

organoids 

HepaRG and HepaRG+aHSC organoids, as indicated, were harvested for analysis after 1 

week in culture. A MATlab script was generated to identify CK19+ duct-like structure 

within the image. Regions of interest (ROI’s) were thresholded for size, removing large 

and small outliers. Results show the mean and variance of the number of CK19+ duct-like 

structures in HepaRG and HepaRG+aHSC organoids. Organoids containing 

HepaRG+aHSC co-cultures showed higher numbers of CK19+ cell clusters compared with 

HepaRG alone organoids.  
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ABSTRACT 

Liver fibrosis occurs in most cases of chronic liver disease, which are a somewhat common, 

but also a potentially deadly group of diseases. In vitro modeling of liver fibrosis relies 

primarily on the isolation of in vivo activated hepatic stellate cells (aHSCs) and studying 

them in standard tissue culture dishes (2D). In contrast, modeling of fibrosis in bio-

fabricated three-dimensional (3D) construct allows us to study changes to the environment, 

such as extracellular matrix (ECM) composition and structure, and tissue rigidity.  In the 

current study, we used aHSCs produced through sub-cultures in 2D and encapsulated them 

in a 3D collagen gel to form spherical constructs. In parallel, and as a comparison, we used 

an established HSC line, LX-2, representing early and less severe fibrosis.  Compared with 

LX-2 cells, the aHSCs created a stiffer environment and expressed higher levels of TIMP1 

and LOXL2, all of which are indicative of advanced liver fibrosis. Collectively, this study 

presents a fibrosis model that could be incorporated with multi-cellular models to more 

accurately reflect the effects of a severe fibrotic environment on liver function. 

KEYWORDS 

Tissue stiffness, collagen fiber analysis, ECM remodeling, liver fibrosis, activated hepatic 

stellate cell 

INTRODUCTION  

Chronic liver disease (CLD) claims the lives of an estimated 40,000 lives per year [1].  

Symptomatically, CLD often begins with inflammation of the liver, progressing through 
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ever more severe fibrosis, and in many cases, ending with cirrhosis or hepatocellular 

carcinoma [2, 3].  The fibrosis is progressive and the result of continuous and uncontrolled 

pathogenic remodeling of the liver stroma.  This aberrant remodeling generally consists of 

excessive extracellular matrix (ECM) production, comprised mainly of fibrillar collagen, 

inhibition of metalloproteinases through tissue inhibitor of metalloproteinases (TIMP), 

increase of fibrillar collagen crosslinking through lysyl oxidase (LOX), and the resultant 

increase in tissue rigidity [4-7].  Much research has been conducted on cellular and 

molecular elements during the fibrotic stages of these disorders, as the liver may still be 

able to recuperate sufficient function through means other than transplant.  There are a 

multitude of etiologies that induce hepatic fibrosis.  Viral hepatitis B and C infection, 

genetic mutations, drug toxicity, autoimmune disorders, excessive alcohol consumption, 

and dietary imbalance resulting in non-alcoholic fatty liver disease or non-alcoholic steato-

hepatitis are a few of the many insults that can lead to hepatic fibrosis [8].   

Though fibrosis is multifactorial, of all the cellular constituents, hepatic stellate cells 

(HSCs) have become a primary focus when studying the induction, propagation, and 

ultimate resolution of the fibrotic environment [9, 10]. HSCs are highly complex and 

plastic cells with a broad range of functions from retinol storage and wound repair to 

development [10].  In adults HSCs generally exist in two states, quiescent and activated.   

In the quiescent state, HSCs serve as vitamin A reservoir, but when the cells become 

activated, they support wound healing and tissue repair through contraction, proliferation 

and synthesis of large amounts of ECM molecules [11]. HSC activation is a profound 

biochemical and morphological shift where cells effectively transdifferentiate into an 

activated hepatic stellate cell/myofibroblast (aHSC/MF), acquiring features such as 
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elevated alpha-smooth muscle actin (αSMA) expression.  When HSCs become acutely 

activated their presence is beneficial and essential to the reparation and regeneration of 

damaged tissue.  However, when chronically activated their wound repair mechanisms turn 

pathogenic resulting in fibrosis [12] 

There are several in vivo models of hepatic fibrosis such as, murine models utilizing bile 

duct ligation (BDL) or carbon tetrachloride (CCL4), which have been used extensively in 

research for decades [13, 14].  In murine models of alcohol induced fibrosis it was found 

that exposure to ethanol induces oxidative stress in hepatocytes, resulting in the production 

of reactive oxygen species (ROS) and acetaldehyde through its metabolism.  Both 

byproducts can directly induce HSC activation [15], but not necessarily in a chronic 

fashion.  Most variations of alcohol induced fibrosis are not beneficial as they do not 

necessarily cause fibrosis without an additional second hit, such as CCL4, to induce a 

fibrotic response [16]. Additionally, animal models do not always accurately reflect 

mechanisms of fibrosis. Research indicates that there is only a ~12-18% overlap of 

differentially regulated genes when comparing human to murine models of HSC activation 

[17].   

In vitro modeling of fibrosis relies primarily on the isolation of in vivo activated HSCs 

from mouse or rat induced via CCL4 or through BDL.  Researchers also rely on the use of 

human immortalized cell lines such as LX-2, but analysis has indicated the basal phenotype 

exhibited is a low or partially activated state [18].   For example, LX-2 produces low levels 

of TIMP1 as compared to its in vivo counterparts [19], which would not be reflective of 

chronic late stage fibrotic tissue since TIMP1 becomes more highly elevated over time 

[20].  Much of this work has also been done on tissue culture plastic dishes (2D).  In 
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contrast, bio-fabricated 3D tissue constructs more accurately reproduce in vivo 

environments [21] and allows for the analysis of multiple cellular phenotypes, such as 

ECM remodeling, which is not possible in 2D.    In the current study, we compared 

activated HSCs (aHSCs) and LX-2 cell line cultures in 3D organoids by measuring tissue 

stiffness, remodeling capability, and gene expression. Additionally, we tested the cellular 

response to Methotrexate, an anti-metabolite used to ameliorate auto-immune disorders in 

adults [22].  We found that aHSCs, compared with LX-2 cells, had higher capacity to 

remodel the ECM, they created a more rigid environment and had higher expression levels 

of genes associated with fibrosis.  Altogether, we have created an in vitro model of fibrosis 

that reflects a gradient of liver fibrosis, from a moderate to a more severe, late stage chronic 

liver fibrosis. 

METHODS 

CELL CULTURE 

Primary cells were isolated from 18 to 22 week old human fetal livers procured from 

Advanced Bioscience Resources (Alameda, CA).  Hepatic stellate cells (HSCs) were 

isolated using Nycodenz gradient as previously described (Mederacke, Dapito, Affo, 

Uchinami, & Schwabe, 2015).  The primary fetal HSCs were cultured and maintained in 

DMEM high glucose supplemented with 10% (v/v) fetal bovine serum, 1% antibiotics at 

5% CO2 at 37°C.   To ensure activation cells were passaged 2-3 times on standard tissue 

culture plates, and phenotype was verified by staining for αSMA and Desmin.  LX-2 cells 

were provided by Dr. Scott Friedman (Icahn School of Medicine at Mount Sinai, New 
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York, NY), and were cultured at 5% CO2 at 37°C in DMEM high glucose supplemented 

with 2% (v/v) fetal bovine serum (FBS), 1 % antibiotics.  

HSC ORGANOID CONSTRUCTION 

Organoids were manufactured by encapsulating aHSCs or LX-2 within ~1.0 mg/ml 

Collagen I (from rat tail, BD Biosciences).  Essentially as shown in Figure 1.  First, cells 

were dissociated from the culture plates using 0.05% Trypsin-EDTA (ThermoFisher 

Scientific) and neutralized by each cell lines’ respective culture media.  Cells were counted 

using a standard hemocytometer.  Cells were then dispensed into a 15 ml centrifuge tube 

and centrifuged at 1,200 rpm for 5 minutes when the supernatant was removed.  A standard 

solution of stock 1 mg/ml Collagen I, dH2O, and NaOH was prepared beforehand and 

mixed with the cell pellet such that the resulting mixture had a cellular concentration of 

5.0X106/ml.  100 µl of this solution was dispensed into each of the six wells of the PDMS 

collagen mold.  The cell-collagen solution was allowed to solidify by placing the 6-well 

tissue culture plate containing the PDMS mold into a standard cell culture incubator (37° 

C) for a period of 25 minutes.  
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Figure 1. Fabrication of HSC organoids  

A.) Schematics of organoid construction. Organoids were fabricated by mixing one of two 

types of HSC in collagen I and dispensing 100 µl of this solution (yellow) into a PDMS 

mold (blue) inside a 6 well culture dishes, as described in the Methods. After the collagen 

was solidify, organoids were cultured for up to 7 days (bottom right panel). B.) Microscopic 

images of both aHSC (top) and LX-2 (bottom) in a standard 2D tissue culture plate, note 

the differences in morphology where aHSC is more spindle like. 

2D AND ORGANOID EXPERIMENTAL CULTURE 

For 2D conditions, cells were trypsinized, counted, and 2.5X104 aHSC or LX-2 cells were 

plated per well in a standard 6-well plate.  Cells in 2D and organoids were cultured in 

Williams E Media supplemented with 1% glutamine and HepaRG Growth Media ADD710 

procured from Lonza.  All experiments were conducted for 7 days.  Control groups were 

maintained in the base media described above.  The experimental groups were treated in 

the following ways:  TGF-β1 was administered at a concentration of 10 ng/mL.  The small 

molecule inhibitor SB431542 (ALK5i) (R&D Systems) was administered at a 

concentration of 94 nM and Methotrexate (Sigma Aldrich) was administered at a 
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concentration of 1 µM.  All conditions were maintained throughout the 7 days by refreshing 

media containing the drugs at the above stated concentrations on day 4.   

HISTOLOGY 

Samples were fixed in 10% neutral-buffered formalin (NBF) for a period of 1 hour then 

processed and paraffin embedded.  Paraffin blocks were sectioned into 5 µm sections and 

stained with H&E using standard staining protocols. 

RHEOLOGY AND ELASTIC MODULUS CALCULATION 

Elastic moduli of samples were determined through generation of a force-displacement 

curve through compression testing on a TA Instruments HR-2 Discovery rheometer 

equipped with a flat, 8mm, round geometry. Briefly, samples were placed onto the center 

of the rheometer stage and excess liquid was removed. Initially, the geometry was 

positioned above the sample at a gap of 2500 µM without contacting the sample surface. 

The sample was compressed at a constant speed where force and gap distance 

measurements were collected every 0.25 seconds of compression. Samples were discarded 

after compression.  All samples had a roughly circular shape.  Sample area was calculated 

using diameter measurement captured and measured by image analysis immediately before 

compression.  Stress values were generated by dividing force measurements by sample 

area (equation 1). Sample height was calculated from the measured force values contained 

within the output data table where the first value in a string of increasingly positive values 

>0.005 newton was noted and the corresponding height of the geometry above the plate 

was recorded as the sample height. Strain values were generated by subtracting the gap 
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distance from the sample height and dividing the total sum by the height (equation 2). 

Stress and strain were then plotted against one another to yield a stress-strain curve 

consisting of two phases: an initial amorphous phase and a subsequent crystalline phase 

occurring after a curve elbow. Elastic modulus was calculated by finding the slope of the 

amorphous phase. 

   (3) 

  (4) 

CT-FIRE AND CURVEALIGN ANALYSIS 

CT-Fire and CurveAlign are programs designed by the Laboratory for Optical and 

Computational Instrumentation at the University of Wisconsin, which uses quantifiable 

parameters of fiber alignment [23]. Fibers are isolated from images by identifying edges 

(curvelet transform [CT]) and fiber extraction (FIRE) algorithm and connecting those 

edges to segment total fibers. These segmented fibers are then analyzed to generate 

histograms of fiber parameters, such as angle, width, length, and straightness. Longer 

and/or thicker fibers may indicate crosslinking of the collagen chains, and a lower angle 

variance may indicate an increase in fiber alignment due to remodeling by the hepatic 

stellate cells.  This software, used to analyze the collagen fibers, can be used to assess 

overall ECM remodeling capabilities of the HSCs.   Formalin fixed paraffin embedded 

samples were cut and stained with Picrosirius red (PS-red), which were then imaged using 

polarized light microscopy with a linear polarizing filter. Images captured were exposed 

for the same amount of time for each group within a statistical test.  Entire organoids were 
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captured by use of motorized stage and image tiling.  Resulting tiled TIFF images were 

imported into Adobe Photoshop.  Images were converted to grayscale and a suitable black 

level was chosen and applied to all the other images for background normalization.  Three 

500x500 pixel ROIs were selected from each of the organoids resulting in a minimum of 9 

ROI per group.  CT-Fire batch processed each group using the default settings for 

thresholding.  CurveAlign analysis was performed using the same method.  Default settings 

were used save the sampling rate, which was changed from the default 0.001 to 0.06 to 

allow for higher levels of sampling.   

RNA ISOLATION AND QPCR 

Organoids were collected and stored in RNALater (QiagenTM) at -20°C for RNA 

extraction.  RNA was extracted using Fibrous Tissue RNA kit (QiagenTM).  Steel beads (1-

2) were used for each organoid when using the TissueLyser (QiagenTM) for a period of up 

to 5 minutes to break apart the collagen gel. The remaining steps of the RNA extraction 

were performed according to the manufacturer’s instructions.    Equimolar concentrations 

of RNA were converted to cDNA using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems by ThermoFisher ScientificTM) according to the manufacturer’s 

instructions.  qPCR was accomplished by use of PowerSYBR Green PCR Master Mix 

(Applied Biosystems by ThermoFisher ScientificTM) in a 96- well plate using the 

QuantStudio 3 Real-Time PCR SystemTM. Each condition was performed in triplicate. 

Cycling conditions were as follows: hot activation (50°C for 2 minutes followed by 95°C 

for 10 minutes), amplification (95°C for 15 seconds, 60°C for 1 minute) repeated 40 times, 

and quantification by SYBR Green fluorescence measurement. Automated thresholding 
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was used to acquire CT of each sample.  Primers were selected from the open source 

Harvard PrimerBank database. The following primer pairs were used in the study (Table 

1).  

 

Table 1. Primer List 

STATISTICS 

qPCR results were calculated by using the Livak method. Samples were normalized to their 

respective β2M value then normalized to either the control, the 2D counterpart or to LX-2.  

The resultant -ΔΔCt was transformed to fold change by the formula 2^-ΔΔCt, then the log 

base 2 was taken.    Absolute log values greater than 0.59 represent a fold change greater 

than 1.5.  Statistical analysis was performed through MATlab, Graphpad and Excel.  One-

way ANOVA and Students t-test with Holms-Sidak correction for multiple comparisons 

were used to analyze -ΔCt values.  Statistics were evaluated and considered significant 

using a p-value of <0.05 for statistical significance. 
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RESULTS 

FIBROTIC ORGANOID ANALYSIS: HISTOLOGY AND STIFFNESS 

To better understand the differences of HSC driven ECM remodeling capabilities we 

cultured in vitro activated HSCs (aHSCs) within a collagen gel substrate and compared to 

that of an HSC cell line, LX-2. H&E staining (Figure 2A.) was used for gross observation 

of the organoids and to analyze cell distribution (hematoxylin, purple-cell nuclei) and ECM 

(eosin, pink color) in the organoids. The apparent difference between the aHSC and LX-2 

organoids, cultured in standard media (control), is the spindle like morphology of the 

aHSCs when compared to that of the LX-2 organoids.    Exposure of organoids to TGF-β 

resulted in increased ECM staining in the aHSC organoids compared with LX-2 organoids, 

while exposure to Alk5i, an inhibitor of TGF-β pathway, reduced ECM staining in the 

aHSC organoids and almost completely eliminated ECM staining in LX-2 organoids.  

Methotrexate (MTX), used for treatment of rheumatic and non-rheumatic diseases, could 

induce serious fibrotic side effects in the liver and lungs [22].  Exposure of organoids to 

MTX had a similar effects as observed with TGF-β, resulting in increased ECM staining 

in aHSC organoids, and to a lesser extent in LX-2 organoids.   

As fibrosis worsens, tissue rigidity increases [24].  This stiffness can affect the state of 

healthy cells in surrounding tissue, can induce developmental changes, and/or may induce 

trans-differentiation from one cell type to another. Given that contractility and ECM 

modification are standard tenants of fibrosis, we tested if the organoids’ ECM 

configuration could be altered through TGF-β pathway manipulation. Rheometric analysis 
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was used to test the rigidity of the organoids through the generation of a stress strain curve. 

Rheometry confirmed that aHSCs created an approximately 3-fold more rigid environment 

at 24.5 kPa as compared to LX-2 at 7.5 kPa, at a statistical significance of p-value<0.0001 

(Figure 2D). Exposure of organoids to TGF-β increased the rigidity of the substrate in both 

aHSC and LX-2 organoids to 40.8 kPa and 18.5 kPa, respectively. On the other hand, 

exposure of LX-2 organoids to ALK5i resulted in a statistically significant decrease in 

rigidity, to 2.8 kPa (p-value=0.0063). While there was no statistical significance within 

aHSC organoids treated with TGF-β and ALK5i, similar rigidity trends were noted. 

Collectively, LX-2 organoids showed more significant response to substrate rigidity 

manipulation with TGF-β and ALK5i compared with a more variable response in aHSC 

organoids.  

COLLAGEN FIBER ANALYSIS IN FIBROTIC ORGANOIDS  

Fibrotic tissue is characterized by a dense network of fibrillar collagen in the ECM. To 

obtain a preliminary gross picture of the collagenous component in the organoids, sections 

were stained with Masson’s trichrome (Figure 2B). Control aHSC organoids revealed a 

high collagen:cell ratio (blue:red stains), confirming the observations made based on the 

H&E images.  A focused analysis and quantification of collagen fiber organization was 

achieved through Picrosirius red (PS-red) staining and polarized light microscopy (Figure 

2C). The collagen fibers, revealed by the PS-red staining, informs us of the length, width, 

and direction of the fibers themselves.  Here we can see there are highly organized areas 

within the organoid (Figure 2C) and areas around the stellate cells that show particularly 

high levels of alignment.  The color variation of the fibers may give some indication as to 
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the maturity (thicker, more highly cross-linked and contracted) of the fibrillar collagen.  

Green fibers tend to be finer, less mature fibers whereas yellow, orange, and red fibers tend 

to indicate more mature fibers.  aHSC organoids tended to have more mature fibers as 

compared to LX-2 organoids (data not shown).  The PS-red stained images were further 

analyzed with CT-FIRE and Curvealign software for length, width, and direction of 

collagen fibers.  The entire organoid was imaged and 3 ROIs representative of the ECM 

within the organoid were selected for analysis (Figure 2C). Quantified with Curvealign, 

the X-axis represents the overall alignment, and is denoted by a circular statistic based on 

fiber vectors (Figure 2E). Zero is considered completely diffuse with no alignment and 1 

indicates that all fibers are perfectly aligned in the same direction. We expected that a 

fibrotic microenvironment would contain larger fiber bundles equating to increased fiber 

length and width with higher levels of alignment. The results show that aHSC organoids 

tend to have greater overall alignment than LX-2 organoids and exposure to TGF-β and 

MTX increased overall alignment, while Alk5i reduced alignment.  A similar pattern is 

seen in terms of fiber length and width. Specifically, when exposed to TGF-β, aHSC 

organoids demonstrated collagen fibers whose length and width (Figures 2F,G) were 

increased to a statistically significant degree (p <0.01 and p<0.0001, respectively).   

Conversely, ALK5i decreased the length and width of collagen fibers (p<0.01 and 

p<0.0001 respectively).  MTX treatment increased the width of collagen fibers but not the 

length.  LX-2 organoids demonstrated similar results except that ALK5i did not reduce the 

fiber width or length to a significant degree. A comparison between aHSC and LX-2 

organoids revealed statistically significant differences in the width and length of collagen 

fibers (Supplemental Table 1).  Specifically, aHSC vs. LX-2 organoids produced fibers  



114 
 

 

Figure 2. Organoid Histological and ECM analysis  

A.) H&E staining of aHSC and LX-2 organoids cultured under control and experimental 

conditions, as described in the Methods. B.) Masson’s Trichrome staining of aHSC 

organoids cultured under control conditions, denoting collagen in blue and cells in red. C.) 

aHSC organoids cultured under control conditions were stained with Picrosirius red and 

imaged in polarized light. Left panels show 3 representative ROIs that were selected and 

analyzed using CT-FIRE and Curvealign. D.) Stiffness of organoids cultured under control 

and experimental conditions, as indicated. E.) Overall alignment of collagen fibers within 

organoid, cultured under control and experimental conditions, as indicated. Values closer 

to 1 represent complete alignment. F, G.) Calculated width and length of collagen fibers 

within organoid, cultured under control and experimental conditions, as indicated. 

Statistical analysis using ANOVA shows significant impact of the different experimental 

conditions. 

with a length of 53.63 pixels vs 49.92 pixels and a width of 5.88 pixels vs 5.421 pixels, 

respectively.  aHSC and LX-2 organoids exposed to TGF-β had fiber lengths of 59.08 and 

51.98 pixels and widths of 6.453 pixels and 5.854 pixels, respectively.  There was no 

significant difference between aHSC and LX-2 organoids exposed to ALK5i. Lastly, 

exposure to MTX resulted in a significant difference between aHSC and LX-2 organoids 

only in the fiber length. Collectively, these results indicate that aHSCs remodel the collagen 
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gel more dramatically in comparison to LX-2 organoids, as indicated by the greater aligned 

fiber network with larger fibers in both measures.  These findings suggest there is an 

inherent difference in ECM remodeling capabilities between these two cell types. 

MOLECULAR PATHWAY ANALYSIS OF FIBROSIS ASSOCIATED GENES 

The substrate in which cells are cultured causes alterations in a multitude of signaling 

pathways.  For example, LX-2 cells have been shown to become less fibrotic and have a 

reduced activation state on soft substrates [25].  Comparing 2D and 3D shows us the 

substrate’s effect on HSCs activation level and, to our knowledge, a comparison of the 

quiescing affect between different HSCs has not been done previously. The genes listed in 

Table 1 were chosen because they demonstrate activation level and fibrotic state severity 

[12]. COL1A2, LOXL2, and TIMP1 were analyzed for ECM modification activity, which 

increases with increased activation state.  TGF-β1 also tends increase in more severe forms 

of fibrosis.  Expression of TGF-β1 acts in both autocrine and paracrine manner - autocrine 

when maintaining an activated state and paracrine when affecting parenchymal cells in 

close proximity to aHSCs. Organoids were cultured for 7 days and RNA was extracted for 

qPCR analysis. The relative expression levels were calculated via the Livak method [26] 

using β2-microglobulin expression for normalization.  Relative gene expression was also 

normalized to the controls, which consisted of either untreated cells grown in 2D or 3D 

(organoids) substrates.  ΔΔCT values were transformed for fold change and the log base 2 

was taken. Statistical significance (Supplemental Table 2.) occurs at p<0.05 and fold 

change of 1.5 is achieved when LOG2=0.59. Figure 3 describes the comparison between 
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2D and 3D culture systems for each cell type (LX-2 and aHSC), as well as comparison 

between LX-2 and aHSC for each culture system (2D and 3D).   

 

 

Figure 3. Comparison of Fibrotic Gene Expression Between 2D and 3D Culture 

Conditions for aHSC and LX-2 cells 

A.) Comparison of the effects of culture conditions. Note the change in fibrotic genes 

expression between 3D and 2D that is generally higher in LX-2 cells as compared to aHSC. 

B.) Comparison of fibrotic genes expression between aHSC and LX-2 cells. Note that 

aHSC has mostly higher levels of fibrotic gene expression in both 2D and in 3D culture 

conditions as compared to LX-2 cells. 

 

 aHSCs in 2D versus 3D culture systems showed statistically significant down regulation 

of TIMP1, TGF-βR1, and TGF-βR2 expression and relatively similar levels of LOXL2, 

COL1A2 and TGF-β1 expression (Figure 3A). LX-2 cells in 2D versus 3D showed a larger, 

statistically significant downregulation of COL1A2 and TGF-βR1 expression, with a LOG2 

fold change of -2.6 and 1.3, respectively, and to a lesser extent downregulation of LOXL2, 
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TIMP1 and TGF-β1.  Greater differences were found in the comparisons between the aHSC 

and LX-2 cells for each culture system (Figure 3B).  All genes analyzed had higher levels 

of relative expression in aHSC as compared to LX-2 in both 2D and 3D. Collagen 

expression was much higher in aHSCs, with relative expression of LOG2=9.7 and 12.8 in 

2D and 3D, respectively.  LOXL2 and TGF-β1 was highly upregulated in aHSC vs LX-2 

cells when both cell types were cultured in 3D, with relative expression of LOG2=3.2 

(p<0.01) and 2.4 (p<0.00001), respectively (Figure 3B). Conversely, expression levels of 

TGF-βR1 remained relatively equal in aHSC and LX-2 in both culture systems.    

EXPRESSION OF PATHWAYS ASSOCIATED WITH FIBROSIS DURING 

INDUCTION AND INHIBITION OF TGF-Β PATHWAYS 

LX-2 cells were previously shown to vary their fibrotic phenotype when exposed to 

fibrosis-inducing and inhibiting factors [19, 27]. Our results, shown in Figure 2, confirm 

these observations and show that exposure of LX-2 organoids to exogenous TGF-β and 

MTX resulted in induction of a fibrotic phenotype including stiffness and collagen 

organization. LX-2 cells in both 2D and 3D culture systems showed an overall increase in 

the expression of fibrosis-related genes examined here. Specifically, exposure to TGF-β1 

significantly increased the expression of COL1A2, TIMP1 and TGF-β1 in 2D cultures and 

of COL1A2 and LOXL2 in 3D organoids (Figure 4A,B). Exposure to MTX had a more 

moderate increase in the expression of these genes (Figure 4A,B). In contrast, exposure to 

TGF-β inhibitor, Alk5i, resulted in significant downregulation of these genes in 2D cultures 

and to a lesser extent in 3D organoids. Interestingly, LX-2 expression of TGF-βR1 was 

downregulated in response to both TGF-β1 and MTX treatment in 2D cultures, but not in 
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3D organoids.  It is possible a negative feedback loop with regards to TGR-βR1 expression 

exists, which may be suppressed when cells are cultured on a less rigid substrate.  

Figure 4. The Effects of Fibrosis Inducers and Inhibitors on Fibrotic Gene Expression 

A, B.) The effects of fibrosis inducers and inhibitors on fibrotic gene expression in LX-2 

cells under 2D and 3D culture conditions, as indicated. Note the large increase in gene 

expression in response to TGF-β1 and large decrease in response to Alk5i in 2D (A), and 

moderate changes in 3D (B). C, D.) The effects of fibrosis inducers and inhibitors on 

fibrotic gene expression in aHSCs under 2D and 3D culture conditions, as indicated. Note 

the decrease in gene expression in response to both TGF-β1 and the fibrosis inhibitors in 

both 2D and 3D culture conditions. 

 

Conversely, aHSCs had an overall reduced expression of the fibrosis-related genes 

examined here, in response to TGF-β1 and MTX (Figure 4C,D). As expected, we also 

observed reduced expression of these genes in response to and Alk5i. Notably, aHSCs in 

2D culture showed more reduced expression of these genes compared with 3D organoids 

(Figure 4C,D). This generalized downregulation could be an indication of pathway 
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saturation or part of the complex nature of the TGF-β pathway, as it can act as either an 

inducer or inhibitor based on overall concentration [28]. 

We next compared the response of each cell type in 3D organoids to fibrosis inducing 

(TGF-β and MTX) and inhibiting (Alk5i) factors, relative to cells in 2D cultures (Figure 

5). To do that, the qPCR results for cells in 3D organoids were normalized for cells in 2D 

cultures under similar experimental conditions.  For LX-2 cells, exposure to Alk5i resulted 

in much higher relative expression of LOXL2, TGF-β1, TGF-βR1, and TGF-βR2 with 

LOG2=3.9, 1.1, 3.0, and 2.3 higher fold expression, respectively, in 3D organoids (Figure 

5A). The reverse was generally true when exogenous TGF-β1 was applied, suggesting that 

that LX-2 cells in 3D cultures can better sense activation and inhibition of the TGF-β 

pathways compared with cells in 2D cultures. The response of LX-2 cells to MTX in 3D 

organoids, relative to 2D cultures, was variable for the expression of genes analyzed here, 

with increased induction of TGF-βR1 expression and decreased expression of COL1A2 and 

TIMP1 in 3D organoids.  

For aHSC cells, exposure to ALK5i and MTX resulted in moderate upregulation of LOXL2, 

TIMP1 and TGF-β1 expression and moderate downregulation of COL1A2, TGF-βR1 and 

TGF-βR2 in 3D organoids, relative to 2D cultures (Figure 5B). On the other hand, exposure 

to TGF-β resulted in decreased expression of all genes analyzed here, most significantly of 

COL1A2, in 3D organoids, relative to 2D cultures (Figure 5B).  Together, these results 

further support the observations that aHSCs are less responsive to TGF-β pathway 

inhibition than LX-2 cells.  
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Figure 5. The Effects of Culture Conditions and Fibrosis Inducers and Inhibitors on 

Fibrotic Gene Expression 

Fibrotic gene expression in LX-2 cells A.) and aHSCs B.) in 3D organoids, in response to 

fibrosis inducing (TGF-β) and inhibiting (Alk5i and MTX) factors, relative to cells in 2D 

cultures. 

 

Finally, we compared the response of aHSCs to fibrosis inducing (TGF-β and MTX) and 

inhibiting (Alk5i) factors, in 2D and 3D culture conditions, relative to the response of LX-

2 cells (Figure 6). Generally, we observed that in both 2D and 3D culture systems, exposure 

of aHSC cells to ALK5i and MTX showed higher expression of most genes analyzed here, 

relative to LX-2 cells. This was especially pronounced for the expression of COL1A2.  The 

response of aHSC to TGF-β1 was similar when compared with LX-2 cells except for a 

robust increase in COL1A2, in 2D and 3D organoids in TIMP1 in 3D organoids.  These 

results suggest that the differences between aHSC and LX-2 cells are more influential than 
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the differences in the culture systems (2D vs 3D) in determining the response to fibrosis 

inducing and inhibiting factors. 

 

Figure 6. The Differential Response of aHSCs and LX-2 cells to Culture Conditions and 

Fibrosis Inducers and Inhibitors    

Fibrotic gene expression in aHSCs in 2D A.) and B.) 3D culture conditions, in response to 

fibrosis inducing (TGF-β) and inhibiting (Alk5i and MTX) factors, relative to LX-2 cells. 

 

DISCUSSION 

As the principal cellular agonist of fibrosis, hepatic stellate cells are of great interest.  

Immortalized HSC lines such as, LX-2, GREF-X, hTERT-HSC, and HSC-180, are mostly 

myofibroblast-like in morphology and are predominantly used in in vitro studies [29]. 

Culture-activated hepatic stellate cells are also used to study liver fibrosis however, to our 

knowledge, comparative analysis of between cell lines and culture activated HSCs 

regarding their ECM remodeling capabilities have not been thoroughly conducted. We 

endeavor to compare these two major types of cellular models for their ability to create a 

fibrotic environment analogous to stages of liver fibrosis found in several types of chronic 

liver disease. 
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Standard tissue culture plastic (2D) models are still valuable, however, in the pursuit of 

more physiological relevance, 3D cell cultures have flourished. 3D models generally 

combine a hepatic stellate cell line with hydrogels of varying compositions and chemical 

manipulations to control environmental mechanics [23, 30].    The 3D models have allowed 

for more direct observation of the HSC’s fibrotic phenotype demonstrated by their ECM 

remodeling capabilities.  The physio-mechanical properties of the ECM, such as stiffness 

and architecture, can have profound effects on cellular responses to paracrine and 

juxtacrine signaling [25].    

Substrate rigidity can have immense impact on cellular function, proliferation, and 

differentiation [25].  As fibrosis increases in severity, overall stiffness increases.  For adult 

patients there are several non- invasive clinical platforms that can roughly estimate global 

stiffness of the liver tissue through the use of elastography.  Fibroscan considers tissue 

healthy and normal at values <7 kPa and cirrhotic tissue at >14.5 kPA, though it can go as 

high as 75 kPa [31].  This is noteworthy, aHSCs used here generated a higher degree of 

stiffness than LX-2, at ~24 kPa vs ~7.5kPa respectively.  Using these thresholds, the 

contraction and ECM modification from the LX-2 cells generated a relatively normal 

stiffness, whereas aHSCs would be considered cirrhotic.  These basal stiffness differences 

could be due to a number of factors.  First, the aHSCs have higher expression of LOXL2 

which mediates the crosslinking of fibrillar collagen.  Previous research shows that there 

is a relation of LOXL2 mediated crosslinking and tissue stiffness [32, 33] which can be 

remediated by the application of BAPN, a LOXL2 inhibitor. Second, in preliminary studies 

aHSCs were shown to have higher contractility as compared to LX-2 cells in a gel 

contraction assay (data not shown).   
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Several studies have shown that the traction force generated by contractile cells can align 

collagen fibers [4, 34].  Our quantitative analysis of collagen fibers confirmed that aHSCs 

were able to modify the collagen substrate to a statistically higher degree than LX-2 in 

terms of length, width, and overall alignment of fibers.  These numbers also correspond to 

stiffness levels though the relationship was not quantified.    Other studies showed that 

higher alignment can reduce global stiffness [35] however, these are complex 

environments and localized stiffness may be variable.  

Exposure to ethanol induces oxidative stress in hepatocytes.  Ethanol leads to the 

production of reactive oxygen species (ROS) and acetaldehyde through its metabolism.  

Both byproducts can directly induce HSC activation, and ROS was shown to directly 

induce higher COL1A2 expression in HSCs [36, 37].  This increased level of COL1A2 

expression was found to be highly prevalent in cases of alcohol induced fibrosis.  As shown 

in our study, aHSC have significantly higher expression of COL1A2 than that of LX-2. 

This may be more indicative of an alcohol-induced fibrotic state, which may underscore 

the utility of aHSCs when studying subsets of CLD like alcoholic liver disease (ALD). 

High levels of TIMP1 expression is a major factor in the progression of fibrosis and has 

been correlated with increasing fibrotic scores in multiple studies [5, 12, 38].  This 

inhibition of MMP activity leads to the pathologic accumulation of collagen, which has 

been observed in patients with ALD and in animal models.  There is a strong correlation 

with increasing TIMP1 expression at each stage of fibrosis, with an F4 stage fibrosis score 

having the highest TIMP1 expression level.  The comparison of TIMP1 expression between 

LX-2 and aHSCs have found a log2-fold=3.9 higher levels of expression in aHSCs.  This 

further substantiates the differences in the fibrotic severity achieved in culturing various 
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cell lines in 3D culture.  LX-2 cells demonstrating a lower fibrotic severity, maybe closer 

in relation to a mild/moderate fibrosis score where as aHSCs more closely represent more 

severe fibrosis score.  Similarly, TGF-β expression is also correlated with the stages of 

fibrosis progression [39, 40] and as inhibition of TGF-β pathways have been of keen 

interest in the amelioration of fibrosis a comparison is warranted [41].   High levels of 

TGF-β expression leads to constant hepatic stellate cell stimulation and causes the cells to 

remain in an activated state.  The aHSCs had a much higher TGF-β expression level 

compared to the LX-2 cells, which again may indicate the cell’s abilities to create a more 

severe fibrotic environment.     

When comparing aHSCs directly to LX-2 we found that all fibrosis-associated gene studies 

here, except for TGF-βR1, had substantially higher expression in the aHSCs, and that 

aHSCs lacked response to TGF-β1, at least at the gene expression level.  Activation of 

hepatic stellate cells in vivo is achieved by a multitude of factors, many of which coalesce 

through SMAD phosphorylation.  LX-2 has been found to be responsive to TGF-β in vitro, 

responding with increased collagen production and pro-inflammatory cytokines [19, 27].    

In 2D and 3D cell culture, LX-2 responded in the expected manner with TGF-β inducing 

upregulation of most fibrosis related genes and ALK5i lowering the expression.  

Methotrexate has also been found to induce fibrosis in vivo in adults and induce a 

profibrotic response in vitro.    Methotrexate induced a similar response to the TGF-β 

pathway induction with fibrotic gene upregulation.  This is in agreement with known 

mechanisms of methotrexate in that it causes and increase of free extracellular adenosine 

that in turn causes upregulation of TGF-β pathways in HSCs.  Conversely, aHSCs 
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responded with a generalized downregulation of all pathways, however ALK5i still 

reduced the expression of all genes to a greater extent.   

CONCLUSIONS 

Fibrosis is a complex process and modeling it in vitro is challenging.  Many models 

studying liver diseases associated with fibrosis do not consider the physiological changes 

brought about by fibrosis.   By creating a simple, yet robust model system comprised of 

readily available hepatic stellate cells and a substrate capable of being actively remodeled, 

we have overcome the shortcomings of animal models which lack fibrosis generation, and 

of in vitro models, which often utilize non-human cells.   By comparing two lines of HSCs, 

we found that organoids containing aHSCs a stiffer environment, which is more 

physiologically relevant late stage fibrosis than those containing LX-2.  aHSCs were also 

capable of remodeling the collagen substrate to a much higher degree than LX-2.  aHSCs 

had higher relative levels of expression of fibrosis-related genes including COL1A2, 

TIMP1, LOXL2 and TGF-β.  Conversely, application of exogenous TGF-β1 significantly 

increased the fibrotic phenotype in organoids containing LX-2 cells, compared with 

marginal effects in organoids containing aHSC cells. As expected, inhibition via the small 

molecule ALK5i reduced the fibrotic phenotype in both cell types. Collectively, these 

results suggest that this model creates a gradient of fibrotic phenotypes ranging from less 

severe (LX-2) to a more severe (aHSC) form of fibrosis.  As up one third of individuals in 

the US have some form of liver disease, modeling liver diseases such as NAFLD or NASH 

should include stiffness, a critical aspect of fibrosis and tissue mechanics.  Incorporating 

this model into more complex multi-cellular in vitro models of liver disease cells will pave 
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the way for faster and more physiologically relevant pre-clinical modeling translating into 

improved therapeutics for disease amelioration.  

Supplemental Table 1.  

 
 

Supplemental Table 2. 

The P-Values for the gene expression analyses shown in figures 3-6
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CONCLUSION 

This dissertation describes the development of in vitro modeling systems of liver diseases 

associated with fibrosis and the central role of stromal cells. Utilizing the biofabricated 3D 

models outlined here could provide a clearer understanding of cellular, micro-

environmental, and biochemical aspects of liver development, and congenital and acquired 

diseases. Illustrated within this thesis is our development of several different organoids of 

varying compositions, all with the inclusion of liver stromal cells, to study aspects of 

fibrosis from its generation to its effects.   

In Chapter 2, we have described a model mimicking several aspects of liver development 

and congenital biliary disorders.   Similarly, in Chapter 3, we have modeled a 

developmental disorder that results in biliary dysgenesis due to a fibrotic environment. 

Primarily, the models presented in these chapters have incorporated resident liver stromal 

cells into collagen gels and decellularized liver scaffolds, which act as our 3D substrate, to 

recapitulate aspects of fibrosis in development and in liver diseases. Finally, in Chapter 4, 

we study the merits of a model that produces a gradient of environmental fibrotic 

phenotypes found in a variety of chronic liver diseases.  The included appendices utilize 

similar models to describe different aspects of cancer and recreating the fetal hematopoietic 

niche.  

 Then, in the Chapter 3 we showed that, when highly activated, the key cellular drivers of 

liver fibrosis, the hepatic stellate cell (liver resident stromal cell) generates aberrant 

endogenous stimuli that increase the number of CK19 positive cells, potentially through 

continual Notch signaling [1, 2].  We also show high levels of collagen expression and 

tissue stiffness levels, similar to those observed clinically in patients with BA [3].  Similar 
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remodeling trends were found in the gradient of fibrotic phenotypes generated by the 

hepatic stellate cells, as shown in Chapter 4.  From a clinical relevance standpoint, we have 

demonstrated that a severe fibrotic environment can generate salient features of BA. It also 

demonstrates that the potential ultimate instigator of BA, regardless of diagnosis, are 

perhaps the hepatic stellate cells themselves, which could inform new therapeutic 

approaches.   

Finally, in Chapter 4, we look at the effects of the two different hepatic stellate cells which 

generate a gradient of fibrotic phenotypes. We were able to create fibrosis-like conditions 

within our models ranging from mild to severe.  This model has similarities to clinical data 

in terms of generating a range of similar tissue stiffness as well as a range of fibrosis related 

gene expression [4].   

Although these models can take into account aspects of fibrosis, it does not incorporate 

some components which could be beneficial.  First, the use of the immortalized cell lines 

can at times prove to be problematic.  HepaRG cells and LX-2 cells can become genetically 

unstable after continued passaging.  Steps were taken to help ensure that such instability to 

not interfere with the model itself. For example, HepaRG were only used between passages 

12-20 and LX-2 were used between passages 6-10.  If isolated and cultured properly, 

primary cells from humans or other species could help overcome such limitations however, 

limited expansion capabilities impairs the model consistency.  

Another limitation of the system was the lack of an immune component, as several immune 

cells interact with the hepatic stellate cells in vivo. Although aspects of the immune system 

were simulated within the models, such as through the application of exogenous TGF-β, a 
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more advanced version of the model could include immune cells and other secreted factors. 

To build upon the current models we could include the immune components to modulate 

stellate cell activation.  Signaling from such cells as the Kupffer cells could help more 

accurately reflect the activation of the cells and subsequent changes in the generated 

fibrotic environment within the model [5].   Additionally, macrophages and neutrophils 

could also be included in future models as their inflammatory signaling also be a root cause 

of tissue damage.  For ALD in particular, Interleukin 8, a chemoattractant for neutrophils, 

is found to be elevated in cases of ALD [6].  With the incorporation of macrophages and 

neutrophils, we could assess mechanisms of crosstalk between the cells to reduce IL-8 

synthesis, which may be clinically relevant as recent studies have shown the inhibition of 

IL-11 has been found to be beneficial in protecting hepatocytes from cell damage and 

improving overall function in in vivo models [7].   Overall, the model could be made more 

‘in vivo-like’ by the inclusion of additional primary cells or the addition of an immune 

component.   

The incorporation of parenchymal cells and other non-parenchymal cells into the system 

would also allow for a deeper assessment of liver function and immune system reaction to 

such fibrotic environments.  This system could then be utilized to assess the architectural 

changes to the ECM on the hepatocytes themselves.  As an example, we could look at 

synthetic and metabolic liver functions, such as albumin production and drug metabolism, 

in cells that have highly linearized collagen fibers. We could also assess overall stiffness 

at localized sites, through the use of such technology as atomic force microscopy.  Future 

efforts should be made to include primary hepatocytes to better analyze functional outputs 

of the liver.  Collectively, this could give us a deeper overall understanding of the complex 
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interplay of the architectural features of ECM remodeling have on mechanical features 

such as stiffness and ultimately their effects on hepatocytes in terms of function, cell 

damage and death.   

Throughout the dissertation we find that regardless of disease etiology, the stromal cells of 

the liver dominate its fate, from organogenesis to end stage liver disease.  The inclusion of 

such cells, mainly in the form of the hepatic stellate cell, has allowed us to replicate various 

aspects of fibrosis from its generation, to its effects on liver function and the liver micro-

environment.  Including such stromal cells in the modeling of liver diseases associated with 

fibrosis is paramount and will continue to be invaluable as ever more complex in vitro 

platforms for developmental biology, molecular pathway analysis, and drug 

pharmacokinetics flourish throughout the sciences [8].  Not all aspects of the hepatic 

stellate cells are pathogenic. One could potentially attempt to harness their remodeling 

abilities to reduce scarring, even in the most severe cases of fibrosis, with multifactorial 

treatments to block TIMP production and increase MMP production.  All of which could 

be easily assessed within the models presented in this thesis.  

Collectively, the data generated in this dissertation shows that there is the potential use of 

such in vitro models for the study of biliary development and for use in pre-clinical drug 

development platforms. Tens of millions of residents in the United States suffer from liver 

disease. Diagnoses include rare congenital diseases such as BA or CHF, to the common 

acquired disease such as NAFLD, which afflict up to 30% of the US population [9].  Many 

of these patients suffer from fibrosis, which is the primary reason for liver dysfunction, 

often leading to transplantation or death.  Acquired fibrosis that cannot be alleviated by 

lifestyle management or viral eradication has few therapeutic options.  Most of the 
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available pharmaceutical treatments target aspects of the hepatic stellate cell, by reducing 

factors that cause activation such as ROS, TGF-β, TIMPs, TNF-α and LOXL2, through the 

use of antioxidants and sequestration of such factors [10, 11].     Recently, Anti-LOXL2 

therapy held promise in pre-clinical trials, but failed during human clinical trials [12].  

However, most of these have not made it into clinical trials as of yet.  We, however, have 

demonstrated the application of a small molecule inhibiting the TGF-β pathway could 

reduce the fibrotic environment via reducing tissue stiffness and related gene expression 

within both mild and severe models of fibrosis.  As stated above there are a variety of ways 

in which we can improve the model and extend this work.  Future studies could aim to 

incorporate patient-specific cells within the model.  Acquiring samples of patients 

diagnosed with rare liver disorders and studying their own cells in vitro could contribute 

to the burgeoning field of personalized medicine and the study of rare disease. This is also 

applicable to more common liver disorders, as the models could enhance personalized 

medicine approaches for these patients. Using these models for testing an array of drugs, 

both in combination or isolation, could allow for custom treatments to effectively reduce 

fibrosis and clinical symptoms.   
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APPENDICES 

APPENDIX A 

HIGH THROUGHPUT MICROSCOPY REVEALS THE IMPACT OF 

MULTIFACTORIAL ENVIRONMENTAL PERTURBATIONS ON COLORECTAL 

CANCER CELL GROWTH 

Chun-Te Chiang1*, Roy Lau1*, Ahmadreza Ghaffarizadeh1, Matthew Brovold2, Dipen 

Vyas2, Edwin F. Juárez1, Anthony Atala2, David B. Agus1, Shay Soker2, Paul Macklin3, 

Daniel Ruderman1ƚ, Shannon M. Mumenthaler1ƚ 

ABSTRACT 

Background: Colorectal cancer (CRC) mortality is principally due to metastatic disease 

with liver being the most frequent organ of metastasis. Biochemical and mechanical factors 

residing in the tumor microenvironment (TME) have been considered to play a pivotal role 

in metastatic growth; however, it is difficult to study the TME systematically due to a lack 

of fully controlled model systems that can be investigated in rigorous detail. Results: A 

quantitative imaging dataset of CRC cell growth dynamics influenced by in vivo-

mimicking conditions is presented. It consists of tumor cells grown in various biochemical 

and biomechanical microenvironmental contexts, including conventional stiff plastic, 

softer matrices, and bioengineered acellular liver extracellular matrix (ECM) discs under 

various oxygen and drug concentrations. Growth rate analyses were performed via CellPD 

(cell phenotype digitizer). Conclusion: Our data indicate the growth of highly aggressive 

HCT116 cells is affected by oxygen, stiffness, and liver ECM. In addition, hypoxia has a 

protective effect against oxaliplatin-induced cytotoxicity on plastic and liver ECM. This 
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expansive data set of CRC cell growth measurements under in situ relevant environmental 

perturbations not only provides insights into critical TME features contributing to 

metastatic seeding and tumor growth but also establishes benchmarks for data-driven 

computational modeling of multicellular systems such as cancer.   

APPENDIX B 

EVALUATING INTERACTION OF CORD BLOOD HEMATOPOIETIC 

STEM/PROGENITOR CELLS WITH FUNCTIONALLY INTEGRATED THREE-

DIMENSIONAL MICROENVIRONMENTS 

Mokhtari S, Baptista PM, Vyas DA1, Freeman CJ, Moran E1, Brovold M, Llamazares 

GA, Lamar Z, Porada CD, Soker S, Almeida-Porada G. 

ABSTRACT 

Despite advances in ex vivo expansion of cord blood-derived hematopoietic 

stem/progenitor cells (CB-HSPC), challenges still remain regarding the ability to obtain, 

from a single unit, sufficient numbers of cells to treat an adolescent or adult patient. We 

and others have shown that CB-HSPC can be expanded ex vivo in two-dimensional (2D) 

cultures, but the absolute percentage of the more primitive stem cells decreases with time. 

During development, the fetal liver is the main site of HSPC expansion. Therefore, here 

we investigated, in vitro, the outcome of interactions of primitive HSPC with surrogate 

fetal liver environments. We compared bioengineered liver constructs made from a natural 

three-dimensional-liver-extracellular-matrix (3D-ECM) seeded with hepatoblasts, fetal 

liver-derived (LvSt), or bone marrow-derived stromal cells, to their respective 2D culture 
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counterparts. We showed that the inclusion of cellular components within the 3D-ECM 

scaffolds was necessary for maintenance of HSPC viability in culture, and that irrespective 

of the microenvironment used, the 3D-ECM structures led to the maintenance of a more 

primitive subpopulation of HSPC, as determined by flow cytometry and colony forming 

assays. In addition, we showed that the timing and extent of expansion depends upon the 

biological component used, with LvSt providing the optimal balance between preservation 

of primitive CB HSPC and cellular differentiation. Stem Cells Translational Medicine 

2018;7:271-282. 
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