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ABSTRACT 

Human amnion epithelial cells (hAECs) are excellent candidates for cell therapies 

to treat chronic liver pathologies. They exert potent anti-fibrotic and anti-

inflammatory effects when transplanted in animal models of liver fibrosis. hAEC 

mediate these effects in part by secreting paracrine factors. These factors affect 

multiple cell types involved in hepatic inflammation and fibrosis, and reports 

suggest hAECs based therapies may enhance liver regeneration. 

Liver regeneration typically occurs by hepatocyte proliferation; however, during 

chronic liver injury, this pathway may be compromised, leading to activation of 

the liver progenitor cell (LPC) response. LPCs proliferate and differentiate into 

hepatocytes and cholangiocytes, the two significant functional cell types of the 

liver. The LPC response occurs concurrent to chronic liver inflammation and 

fibrosis; therefore, understanding how hAEC therapies affect the LPC response 

during chronic liver injury is important. In particular, distinguishing direct effects 

of hAECs, or their secretome on LPCs from indirect effects through modulating 

inflammation. This has implications in assessing the relative merits of a cell-

based versus a cell-free approach to therapy. Hence, this project focusses on the 

effect of hAECs on the LPC response in a mouse model of chronic liver fibrosis 

induced by CCl4 and co-cultures of the two cell types in question. It was 

hypothesised that hAECs produce paracrine factors that promote LPC 

proliferation and differentiation. 

This project characterised the effect of hAECs on LPCs in vivo and in vitro. The 

impact of hAECs and hAEC-CM treatment on liver repair and the LPC response 

in a murine model of chronic CCl4 induced liver was ascertained. Both significantly 

reduced LPC numbers, macrophage infiltration, and liver fibrosis. In contrast, in 
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vitro studies investigating the cell-cell and paracrine-mediated effects of hAECs 

on LPCs reveal that hAEC-CM enhances proliferation and differentiation of LPCs 

into functional hepatocytes. LPC differentiation was unaffected by co-culture with 

hAECs. To identify mediators in hAEC-CM, mass spectrometry analysis was 

performed. This identified multiple proteins involved in wound repair including the 

growth factor IGF2 and anti-inflammatory factors Galectin 3 and TGFβ. These 

results demonstrate that paracrine factors secreted by hAECs stimulate LPC 

proliferation and differentiation. Also, they suggest that the anti-inflammatory 

functions of hAEC therapies suppress the LPC response in vivo.  

The increase in LPC proliferation and differentiation into hepatocytes in vitro by 

hAEC-CM prompted a more thorough investigation into their interaction. To this 

end, the effect of hAEC-CM on signalling pathways involved in LPC proliferation, 

and differentiation were ascertained. The effect of hAEC-CM on LPC migration 

was also determined. hAEC-CM increased in Erk1/2 and Akt phosphorylation, 

expression of β-catenin and hepatocyte nuclear factor 4 α in LPCs. Activation of 

these signalling pathways was consistent with their downstream functions, 

namely, proliferation, migration and differentiation. These findings assisted 

identification of factors in hAEC-CM that mediate its interactions with LPCs. 

IGF2, detected in hAEC-CM, is a potent growth factor which stimulates Erk1/2 

and Akt in a range of cells types. Therefore, the role of IGF2 as a mediator of the 

effects of hAEC-CM on LPCs was determined. An increase in insulin-like growth 

factor 1 receptor (IGF1R) phosphorylation was observed in LPCs in mice treated 

with hAEC-CM during chronic CCl4-induced liver injury. LPCs cultured in hAEC-

CM displayed increased IGF1R phosphorylation, which was inhibited by the IGF2 

inhibitor Chromeceptin. Chromeceptin also attenuated the effects of hAEC-CM 

on LPC proliferation and migration while suppressing Erk1/2 and Akt 
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phosphorylation. Overall, these data show IGF2-IGF1R signalling facilitates the 

interaction between hAEC-CM and LPCs. 

In summary, this thesis provides compelling evidence that hAECs produce 

paracrine factors that enhance LPC proliferation, migration and differentiation. It 

strengthens the case for using hAEC-derived factors in preference to hAECs in 

designing therapies to treat liver pathologies. These findings also mechanistically 

explain how hAECs augment liver repair and will assist with their clinical 

development as an effective therapy for chronic liver pathologies.  
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 General Introduction 

1.1 Introduction 

Chronic liver disease (CLD) results in the development of chronic hepatic wound 

healing, characterised by persistent liver inflammation and the accumulation of 

extracellular matrix proteins (ECM); collectively described as fibrosis [1, 2]. 

Crucial to the pathogenesis of liver fibrosis are hepatic stellate cells (HSCs) and 

macrophages [3, 4]. HSCs propagate fibrosis by secreting ECM proteins and 

profibrotic factors while, macrophages, comprising of resident Kupffer cells and 

those derived from infiltrating monocytes, perform a diversity of functions during 

hepatic wound healing [5, 6]. These include secreting myriad proinflammatory 

and profibrotic factors, recruiting other immune cell population and clearing cell 

debris by phagocytosis. These activities promote fibrosis and the development of 

liver cirrhosis. 

Cirrhosis is associated with reduced liver function and an increased risk of 

developing liver cancers. Currently, a liver transplant is the only cure for patients 

who progress to end-stage liver cirrhosis. However, transplantation is 

complicated by low organ availability, high cost and long-term 

immunosuppression [7]. Consequently, it is imperative that a novel anti-fibrotic 

therapy for CLD be developed.  

Research has highlighted the potential of stem cell-based therapies for CLD [8, 

9]. For instance; mesenchymal and embryonic, induced pluripotent stem cells 

have been recognised as possessing therapeutic properties relevant to CLD. 

However, the clinical realisation of these candidates is hindered by safety, cost, 

availability and ethical considerations [9]. These issues have led scientists to 
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seek alternative cell sources, of which perinatal stem cells are one of the most 

promising. 

Perinatal stem cells are derived from extraembryonic tissues, such as the foetal 

membrane and umbilical cord [10, 11]. They share a unique developmental 

relationship to the foetus, with some even arising prior to gastrulation. Their 

unique origin is thought to be the reason why perinatal cells combine the 

therapeutic qualities of adult stem cells, such as mesenchymal stem cells, with 

the differentiation potential of embryonic stem cells [12, 13]. Additionally, 

perinatal stem cells are immune privileged and genetically stable, meaning they 

do elicit an inflammatory immune response or form teratomas following 

transplantation in animal models [12, 14]. Finally, perinatal stem cells are isolated 

in abundance from material that is normally discarded after birth, and their harvest 

has no negative impact on the new-born, so their use poses much less ethical 

concerns. Combined, these advantages make a strong case that perinatal stem 

cells are more practical for clinical use compared to other cell therapy candidates. 

Over the decades, multiple cell types have been isolated from extraembryonic 

material, including the foetal membrane, umbilical cord and amniotic fluid. Of 

these sources, one of the most extensively investigated is the amniotic 

component of the foetal membrane [15, 16]. The amniotic membrane is currently 

used in clinical ophthalmology and skin grafting due to its ability to reduce fibrosis 

and promote tissue repair [17-20]. It contains an epithelial and mesenchymal cell 

population which have been isolated and investigated as a therapeutic tool [11, 

21, 22]. Both cell types demonstrate similar therapeutic properties, however, only 

the epithelial population can be isolated in a clinically compliant manner in 

numbers sufficient for clinical use [23]. As a result, the therapeutic properties of 

human amnion epithelial cells (hAECs) have been explored in animal models of 
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liver, lung, cardiac, epidermal and neurological pathologies [22, 24-31]. These 

preclinical studies show that systemic infusion of hAECs attenuates inflammation 

and reduces fibrosis suggesting that they may be able to ameliorate chronic 

hepatic wound healing in patients with CLD.  

1.2 Human amnion epithelial cells modulate chronic 

wound healing 

Generally, chronic wound healing involves a highly complex and dynamic 

interplay between damaged parenchymal cells, myofibroblasts, inflammatory 

cells and tissue-specific stem/progenitor cells (Figure 1.1) [32, 33]. It has been 

suggested, that due to this complexity, a multifactorial approach is needed to slow 

or reverse the progression of tissue fibrosis [34, 35]. Herein lies the value of 

hAECs, as studies show they suppress and modulate multiple aspects of chronic 

wound healing. hAECs have been reported to: i) attenuate myofibroblast 

activation [24, 36, 37], ii) suppress monocyte/macrophage recruitment [36, 38, 

39], iii) promote macrophage polarisation toward a reparative -phenotype [36, 40, 

41] and iv) induce regulatory T-cell differentiation [42]. These effects are largely 

mediated by the paracrine factors secreted by hAECs [24, 36, 37, 43] in studies 

demonstrating that benefits of hAEC therapy occur independently of cell 

engraftment [37, 44]. In fact, hAEC conditioned medium (hAEC-CM) reduces liver 

fibrosis in a mouse model of chronic liver injury [24, 45]. Accordingly, identifying 

the trophic factors secreted by hAECs and how they affect chronic wound healing 

is an active area of research. 
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Figure 1.1 Overview of chronic hepatic wound healing and fibrosis 

Necrotic and/or apoptotic hepatocytes release their cell contents stimulating 
monocyte infiltration and hepatic stellate cell activation. Upon infiltration, 
monocytes differentiate into proinflammatory Ly6Chi macrophages which, along 
with resident Kupffer cells, release a myriad of pro-inflammatory and pro-fibrotic 
cytokines. These factors promote additional inflammatory cell recruitment, 
regulate tissue repair and activate hepatic stellate cells. Activated stellate cell 
transdifferentiate into ECM-producing myofibroblasts. Myofibroblasts also 
augment ECM remodelling by producing TIMPs and regulate tissue repair by 
secreting inflammatory and profibrotic factors. As a consequence of liver 
inflammation, T cells are recruited which further promote inflammation and/or 
stellate cell activation through cytokine production. Finally, persistent hepatic 
inflammation, ECM remodelling and hepatocyte injury activate the liver progenitor 
cell compartment. Liver progenitor cells proliferate and differentiate into 
hepatocytes to assist liver regeneration during CLD. CLD promotes the wound 
healing response resulting in persistent liver inflammation and the development 
of fibrosis. 
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1.2.1 hAECs inhibit myofibroblast activation 

A hallmark of tissue fibrosis is the accumulation of ECM producing myofibroblasts 

[1, 46]. Myofibroblasts are a crucial component of tissue repair as they secrete 

ECM proteins, regulate ECM remodelling and produce inflammatory and fibrotic 

cytokines and chemokines [3]. Typically, these cells are cleared once injury and 

inflammation subside, however, during CLD, persistent inflammation promotes 

myofibroblast activation resulting in progressive accumulation of ECM in the liver 

[47].  

Myofibroblasts can be derived from a variety of precursor cells, however, liver 

myofibroblasts are almost exclusively derived from hepatic stellate cells (HSCs) 

[4]. These normally quiescent perisinusoidal cells in the Space of Disse, activate 

during liver injury and transdifferentiate into liver myofibroblasts. To this end, 

suppressing HSCs activation and promoting their clearance is a major goal of 

antifibrotic therapies. 

Studies in animal models of liver, lung and skin fibrosis report that hAEC therapy 

reduces the number of myofibroblasts within injured tissue [24, 31, 36, 40, 48]. 

Furthermore, in the murine models of chronic carbon tetrachloride (CCl4) induced 

liver injury and bleomycin-induced lung injury hAECs reduce the levels of 

profibrotic factors, namely transforming growth factor-β (TGFβ) and platelet-

derived growth factor (PDGF) [24, 36, 40]. TGFβ stimulates HSC activation, 

maintains myofibroblast survival and promotes ECM synthesis. Furthermore, 

TGFβ reduces the activity of matrix-degrading matrix metalloproteinases (MMPs) 

by upregulating the expression of tissue inhibitor of metalloproteinases (TIMPs) 

by myofibroblasts [49]. PDGF is a potent mitogen for myofibroblasts and is 
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upregulated by liver injury [50]. Thus, by downregulating the production of these 

factors, hAEC therapy attenuates HSC activation and ECM synthesis. 

In addition to reducing TGFβ and PDGF activity, hAECs directly suppress the 

fibrotic activity of HSCs and myofibroblasts through paracrine signalling. For 

instance, Hodge et al, demonstrated that when cultured in hAEC-conditioned 

medium, HSCs adopt an antifibrotic phenotype characterised by a reduction in 

proliferation, activation and ECM production [51]. Furthermore, Zhao et al, 

demonstrated that hAECs block TGFβ signalling in myofibroblasts by secreting 

soluble human leukocyte antigen G5 [48]. Other antifibrotic factors inducing 

prostaglandin E2, bone morphogenetic protein-7 and interleukin-10 are also 

secreted by hAECs [51]. Overall, these studies indicate that hAECs attenuate the 

profibrotic activity of HSCs and myofibroblasts, through both direct and indirect 

mechanisms. 

1.2.2 hAECs modulate macrophage recruitment 

CLD is closely associated with the enrichment of liver macrophages [52]. 

Macrophages promote inflammation and fibrosis by secreting a host of cytokines 

including; TGFβ, PDGF, interleukin (IL)-1, IL-6, tumor necrosis factor-alpha 

(TNFα) and tissue inhibitor of metalloproteinases (TWEAK) [5, 53]. These factors 

promote inflammation, stimulate and maintain myofibroblast activation and 

induce immune-mediated tissue injury [54-57]. Consequently, macrophages have 

become an attractive target for antifibrotic therapies.  

The liver hosts a specialised macrophage population known as Kupffer cells, 

however, following injury the liver’s macrophage population expands dramatically 

through monocyte recruitment. These monocytes differentiate into monocyte-

derived macrophages (MDMs) upon infiltration into the injured liver [58]. There is 
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evidence that Kupffer cells are imperative for maintaining liver homeostasis and 

the early response to liver injury [59]. In comparison, MDMs are crucial for 

inflammation and tissue repair following liver injury [60]. In fact, during liver repair, 

the number of Kupffer cells decrease while there is a substantial increase in the 

number of MDMs [61, 62]. Furthermore, the development of inflammation and 

fibrosis in other tissues such as the lung and kidney are associated with the 

recruitment of MDMs [63]. Therefore, suppressing MDM recruitment could 

attenuate liver inflammation and fibrosis.  

The benefits of hAEC therapy are associated with reduced macrophage 

recruitment. Studies using bleomycin-induced lung injury and liver injury caused 

by CCl4 or a high-fat diet show a reduction in macrophage numbers when hAECs 

are infused systemically [36, 38-40, 45]. Accordingly, the expression levels of 

their associated factors including TGFβ, PDGF, IL-1, IL-6, and TNFα are reduced 

[22, 36, 38-40]. This outcome may be related to a decrease in the expression 

levels of the chemokine CCL2 [36, 39]. CCL2 recruits CCR2-expressing 

monocytes and is considered a key mediator of MDM recruitment following injury 

[58, 64]. In fact, attenuation of CCL2-CCR2 signalling either by genetic or 

pharmacological means reduces MDM recruitment and hepatic fibrosis in murine 

models [58, 65]. Furthermore, both serum levels and liver expression of CCL2 

are reported to correlate with the severity of CLD [66]. Hence, suppression of 

CCL2/CCR2 MDM recruitment by hAECs has therapeutic potential in patients 

with CLD. 

1.2.3 hAECs alter macrophage polarisation  

Animal models of macrophage depletion show macrophages can both promote 

and resolve tissue fibrosis. For example, Duffield et al, using the CD11b-DTR 
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transgenic mouse established that macrophage depletion during liver injury and 

inflammation prevents the development of liver fibrosis. Conversely, depletion 

during recovery attenuates the degradation of matrix proteins [67]. These 

contrasting roles highlight the plasticity of macrophages. Macrophages will adapt 

their phenotype in response to signals from their microenvironment. In general, 

these phenotypes are classified as classical (M1) or alternatively, activated (M2) 

[68]. 

M1 macrophages are predominantly proinflammatory; releasing cytokines such 

as TNFα, IL-1β and IL-6 [68, 69]. In contrast, M2 macrophages are associated 

with immunomodulation and tissue repair [68, 69]. M2 macrophages display a 

higher capacity for phagocytosis and secrete factors including IL-10, TGFβ and 

MMPs [68, 70] (Figure 1.2). It is important to highlight that the M1/M2 

classification system oversimplifies the heterogeneity of macrophage phenotypes 

in disease conditions. Macrophages often express M1 and M2 activation markers 

simultaneously; so rather than two distinct subpopulations, the M1/M2 paradigm 

signifies a spectrum of activation states. Nonetheless, the transition from 

predominantly M1 to M2 during wound healing is associated with the resolution 

of inflammation and initiation of tissue repair [68, 71]. This transition becomes 

dysregulated during CLD resulting in chronic inflammation, dysfunctional wound 

healing and fibrosis. Therefore, modulating macrophage polarisation to limit 

chronic inflammation and fibrosis in patients with CLD is an attractive strategy. 
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Figure 1.2 M1/M2 paradigm of macrophage polarisation 

The M1/M2 paradigm describes alternative states of macrophage polarisation 
with each exerting different functions in inflammation and fibrosis. The activation 
state adopted by macrophages is dependent on signalling molecules from their 
microenvironment. 

 

Studies suggest hAEC therapy augments macrophage polarisation toward an M2 

phenotype [24, 36-38, 72]. The expression of M2 associated markers including 

CD206, IL-10 and MMP9 are increased by hAEC therapy in murine models of 

CCl4-induced liver and bleomycin-induced lung injury [24, 36, 40]. IL-10 is a 

potent anti-inflammatory cytokine known to suppress monocyte infiltration, the 

synthesis of proinflammatory mediators and, collagen synthesis by 

myofibroblasts [73, 74]. Similarly, MMP9, which breaks down collagen is reported 

to exert an antifibrotic effect in murine models of chronic liver injury [6, 75]. It is 

important to highlight that hAEC therapy does not promote the profibrotic 

functions of M2 macrophages through their secretion of TGFβ and PDGF. In fact, 
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the M2 functions that are induced by hAEC therapy are associated with 

immunosuppression and breakdown of ECM. 

Paracrine factors secreted by hAECs may play an important role in their 

modulation of macrophages. For instance, Tan et al, demonstrated that hAECs 

secrete Lipoxin A4 which promotes macrophage phagocytosis in culture [43]. 

Interestingly, Lipoxin A4 has been shown to reduce inflammation and fibrosis by 

promoting M2 polarisation in a mouse model of obesity-induced hepatic injury 

[76]. Similarly, the production of soluble human leukocyte antigen G5 by hAECs 

may induce M2 polarisation [77]. Furthermore, hAECs are reported to produce 

the chemokine CX3CL1 which, induces MDMs to differentiate into the LyC6low 

phenotype [78, 79] (Figure 1.3). This macrophage subpopulation protects against 

liver fibrosis and is critical for its resolution [61]. However, while hAEC therapy 

does increase hepatic expression of CX3CL1 during chronic CCl4-induced liver 

injury, it is currently unknown whether this translates to an increase in Ly6Clow 

MDMs [36]. Nevertheless, these studies suggest that hAECs secrete multiple 

paracrine factors that may promote a macrophage phenotype that resolves liver 

fibrosis. 
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Figure 1.3 Differential expression of Ly6C distinguishes MDMs with 
opposing functions in tissue repair 

During liver repair monocytes recruited by the CCL2/CCR2 axis differentiate into 
profibrotic Ly6Chi expressing MDMs. In contrast, monocytes recruited by the 
CX3CL1/CX3CR1 axis give rise to Ly6Clow MDMs. This subpopulation promotes 
the resolution of tissue repair and regression of fibrosis. CX3CL1 can induce a 
phenotypic switch of Ly6Chi MDMs to a Ly6Clow phenotype. 

 

1.2.4 hAECs promote regulatory T-cells 

Regulatory T-cells (Tregs) are important regulators of inflammation and fibrosis. 

This subset of CD4+ T helper cells suppresses the immune response by secreting 

immunosuppressive factors including IL-10 and TGFβ. Furthermore, Tregs 

promote M2 macrophage polarisation and counteract the activity of other CD4+ T 

cell subsets (Figure 1.4). An imbalance between T-cell subsets is an important 

factor in the progression of CLD. For example, an excessive Th1 and/or Th17 

response is associated with increased severity of chronic hepatitis B [80]. Gu et 

al. demonstrated that rapamycin ameliorates liver inflammation and fibrosis by 

upregulating Tregs and downregulating Th17 cells in murine models [81]. 
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Therefore, promoting Treg maturation may reduce liver fibrosis in patients with 

CLD.  

The induction and expansion of Tregs is a crucial component of hAEC therapy. 

hAECs increase the number of Tregs in the lung following bleomycin-induced 

injury [42]. Additionally, hAEC therapy prevents bleomycin-induced lung damage 

in Rag1-/- mice, only when an adoptive transfer of either Tregs or naive T cells is 

co-administered [42]. Importantly, research suggests that enhancing Treg activity 

ameliorates inflammation and fibrosis in a mouse model of chronic liver injury 

[82]. Conversely, Treg depletion during chronic liver injury exacerbates liver 

inflammation and fibrosis [83]. Therefore, the upregulation of Treg activity by 

hAECs may achieve beneficial outcomes in patients with CLD.  

Figure 1.4 Functions of CD4+ T cell subsets in liver fibrosis 

The differentiation of naive CD4+ T cells into distinct functional subtypes is driven 
by factors produced by injured parenchymal cells and other inflammatory cells 
namely, macrophages. Tregs suppresses other T cells subsets and limits the 
magnitude of inflammation and fibrosis during tissue repair. 
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1.3 hAECs may support endogenous liver regeneration 

Most studies investigating hAEC based therapies for liver pathologies focus on 

the inflammatory and fibrotic aspects. Currently, it is not known whether hAEC 

therapy enhances liver regeneration. As hAEC therapy improves markers of 

tissue function in models of chronic liver and lung injury it is likely that tissue 

regeneration is occurring [24, 36, 37]. 

hAEC therapy may support liver regeneration through multiple mechanisms. 

First, hAECs secrete growth factors such as EFG and IGF2 that induce 

hepatocyte proliferation [24, 84, 85]. Second, since the fibrotic matrix is a major 

inhibitor of hepatocyte proliferation [86], the antifibrotic properties of hAECs, 

particularly their ability to suppress HSC activation should assist liver 

regeneration. In addition, the ability of hAECs to upregulate MMP and 

downregulate TIMP expression may encourage regeneration by promoting ECM 

degradation [36, 51, 86]. Finally, hAEC therapy reduces hepatocyte apoptosis 

during CCl4-induced liver injury [22, 36]. It is likely this is mediated by their 

immunomodulatory effects, as factors including TNFα, IL-1β and TGFβ are 

known to stimulate hepatocyte apoptosis [87, 88]. Excessive hepatocyte 

apoptosis is a common feature of CLD and directly contributes to the progressive 

loss of liver parenchyma [87, 88]. Therefore, by tempering hepatocyte apoptosis 

hAECs may mitigate the progressive loss of the liver parenchyma in patients with 

CLD and promote regeneration. Collectively, these studies suggest that through 

a combination of both direct and indirect mechanisms, hAEC therapy may 

augment liver repair to favour hepatocyte regeneration (Figure 1.5). 
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Figure 1.5 Mechanisms that contribute to the loss or gain of liver 
parenchyma during CLD 

Liver repair following injury involves a balancing act between mechanisms that 
result in either loss or gain of the liver parenchyma. Accordingly, the progression 
of CLD can be framed as liver repair that favours parenchyma loss over gain. 
Flipping this balance in favour of parenchyma gain is the ultimate goal of 
regenerative therapies for CLD. 

 

hAEC therapy may also promote hepatocyte regeneration by stimulating the 

proliferation and differentiation of liver progenitor cells (LPCs). LPCs are a 

population of bipotential epithelial cells that reside in the Canals of Hering, located 

within the biliary tree [89, 90]. LPCs are rare in a healthy liver; however, during 

persistent liver injury, especially where there is chronic inflammation, fibrosis and 

hepatocyte senescence, LPCs emerge from the bile canaliculi, proliferate and 

differentiate into hepatocytes or cholangiocytes. This response is frequently 

referred to as the ductular reaction and commonly observed in patients with viral 

hepatitis, alcoholic liver disease and fatty liver disease [35]. Notably, LPCs only 

assist with liver regeneration when hepatocyte regeneration is impaired, a 

common occurrence in human CLD [91, 92]. However, the overall contribution of 

LPCs to liver regeneration is still debated [92, 93]. Regardless, LPCs can 

contribute to liver regeneration during chronic liver injury, therefore understanding 

how hAEC therapy impacts their biology is warranted.  
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It is difficult to establish the exact impact hAEC therapy will have on LPCs as they 

have opposing mechanisms of action. On the one hand, several of the factors 

such as insulin-like growth factor 2 (IGF2) and Galectin 3 which are secreted by 

hAECs may stimulate LPC proliferation [94-96]. Conversely, the anti-

inflammatory effects of hAECs would indirectly suppress the LPC response as 

MDMs and their associated inflammatory factors are important stimulators of LPC 

activity [97-99]. Additionally, LPC expansion is closely associated with the 

progression of liver fibrosis, hence the antifibrotic effects of hAECs would likely 

dampen the LPC response [100, 101]. Consequently, hAEC based therapies 

have the potential to both promote and inhibit liver regeneration by LPCs. To this 

end, characterisation of the effects hAECs have on LPC behaviour is warranted 

to provide a rationale for hAEC therapy.  

1.4 Conclusion 

Preclinical research over the last decade has illustrated the potential of hAEC-

based therapies as a treatment for CLD (Table 1.1). These studies consistently 

show that the infusion of hAECs or their secretome reduces hepatic inflammation 

and fibrosis by modulating the activity of HSCs, macrophages and other 

inflammatory cells. However, there are still many unanswered questions 

regarding the mechanisms behind these effects. Nevertheless, hAECs have 

progressed to clinical trials. A phase I pilot study aimed at evaluating the safety 

of intravenously administered hAECs in patients with end-stage CLD is currently 

underway [102]. Furthermore, outcomes from a phase I trial of allogeneic hAEC 

therapy in preterm infants with established bronchopulmonary dysplasia 

demonstrated no adverse effects, suggesting that hAECs will be safe to use in 

patients with CLD [103]. Looking ahead, research should aim to identify the 

factors secreted by hAECs that exert their beneficial effects. This will assist in 
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designing future clinical trials and may lead to the development of an antifibrotic 

therapy based on the hAEC secretome. This cell-free approach could potentially 

be simpler, safer and more commercially viable than whole-cell therapy. 

Study Injury model hAEC treatment Main results 

Manuelpillai 
et al. [22] 

C57BL/6 mice 
administered CCl4 

twice weekly for 4 
weeks 

Intraperitoneal 
injection of 

whole hAECs 

Decreased liver injury, inflammation 
and fibrosis 

Sant'Anna et 
al [104] 

Bile duct ligation in 
Wistar rats for 6 

weeks 

Amniotic 
membrane 
place over 
ligation site 

Reduced liver fibrosis 

Manuelpillai 
et al. [36] 

C57BL/6 mice 
administered CCl4 

twice weekly for 12 
weeks 

Single and 
double dose of 
whole hAECs 

by 
Intraperitoneal 

injection 

Decrease fibrosis 
Decreased macrophage infiltration 

Increased M2 polarisation 
of hAECs 

Reduced T-cell infiltration 

Ricci et al. 
[105] 

Bile duct ligation in 
Sprague Dawley 
rats for 6 weeks 

Fresh or 
cryopreserved 

amniotic 
membrane 
place over 
ligation site 

Fresh and cryopreserved amniotic 
membrane produced the same anti-

fibrotic effects 

Alhomrani et 
al. [24] 

C57BL/6 mice 
administered CCl4 

twice weekly for 12 
weeks 

Tail vein 
injection of 

hAEC-CM or 
hAEC derived 

exosomes. 

Exosome derived from hAECs 
reduce liver inflammation and 

fibrosis 

Kuk et al. 
[45] 

C57BL/6J mice on a 
Western fast-food 
diet for 42 weeks 

Multiple 
intraperitoneal 
injections of 
either whole 
hAECs or 
hAEC-CM 

hAECs and hAEC-CM reduces 
inflammation and fibrosis 

Table 1.1 Summary of results outcomes from studies using hAECs based 
therapies in rodent models of liver disease 

CCl4, Carbon tetrachloride; hAEC, Human amnion epithelial cell; hAEC-CM, 
Human amnion epithelial cell-conditioned medium 
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1.5 Thesis objective and outline 

The aforementioned research supports the view that hAECs promote 

regeneration of the liver parenchyma during chronic liver injury. During chronic 

liver injury, persistent inflammation and fibrosis lead to activation, proliferation, 

and differentiation of LPCs to aid tissue regeneration. The fundamental aim of 

this thesis is to understand the interaction between hAECs and LPCs. The 

hypothesis is that hAECs secrete paracrine factors that enhance liver repair by 

promoting LPC proliferation, migration, and differentiation.  

Chapter 3 documents the impact of hAECs and hAEC-CM treatment on liver 

repair and the LPC response in a murine model of chronic CCl4 induced liver 

injury. Also reported are the effects of hAECs and hAEC-CM on LPC proliferation 

and differentiation in culture. These experiments characterise the effects of 

hAECs on LPCs and emphasise that paracrine factors are important in the 

interaction between the two cell types. 

Chapter 4 describes the interaction between hAEC-CM and LPCs from the 

perspective of downstream signalling pathways. Experiments to determine if 

hAEC-CM activates Erk1/2, Akt, β-catenin and HNF4α signalling in LPCs explain 

the functional effects of hAEC-CM on LPCs and assist identifying the factors 

responsible. Chapter 5 determines the role of IGF2 as a mediator of the 

interaction between hAEC-CM and LPCs. Activation of insulin-like growth factor 

receptor-1 by hAECs and hAEC-CM in vivo was ascertained. The consequence 

of inhibiting IGF2 signalling on the effects of hAEC-CM on LPC in vitro was also 

established. 
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 Materials and Methods 

2.1 Mammalian cell culture 

2.1.1 Liver progenitor cell establishment 

The LPC line used in this study was derived from an E14.5 mouse foetus using 

the ‘plate and wait’ method [106].  

2.1.2 Human amnion epithelial cell isolation 

hAECs were isolated by collaborators at the Ritchie institute (Melbourne, VIC) 

from placentae donated by consenting women undergoing elective caesarean 

delivery. Isolation and cryopreservation were performed as described [23]. The 

Monash Health Human Research Ethics Committee approved the collection and 

use of human amnion (Monash Health HREC approval numbers: 01067B, 

12223B). Viable hAECs were sorted by flow cytometry with cytokeratin 7 and 8 

(Dako, Glostrup, Denmark) used to assess cell purity. Only batches with cells 

>98% positive for both cytokeratins were used. Cells were frozen in FBS (Gibco) 

with 5% DMSO (Sigma Aldrich, Saint Louis, MO, USA) and later assessed for 

viability, mycoplasma, bacterial and fungal contamination.  

2.1.3 Cryopreservation and thawing 

Cultures were trypsinised, counted then centrifuged at 300 g for 5 minutes (min). 

After removing the supernatant, cells were resuspended in cryopreservation 

medium (40% [v/v] medium, 50% [v/v] FBS, 10% dimethyl sulfoxide [DMSO; 

Sigma Cat. D8418]) to a density of approximately 1 x106 cells/mL. The 

suspension was then aliquoted into 1 mL cryovials (Sigma, Cat. V7509) with 

1mL/vial. Cryovials were transferred to a CoolCell Freezing container (Biocision, 

U.S.A, Cat. BCS-405) and frozen at -80 oC overnight. Frozen cryovials were 
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stored in liquid nitrogen. When required, cryopreserved cells were thawed in a 37 

oC water bath and seeded into a T25 flask in culture medium. Culture medium 

was replaced the following day. 

2.1.4 General cell culture, passaging and harvesting  

Cells cultured in T25 flasks received 3 to 4 mL of appropriate culture medium 

(Table 2.1) that was changed every 2 to 3 days. All cultures were maintained at 

37 °C, 5% (v/v) CO2 and 95% humidity in a HEPA filtered incubator unless 

otherwise stated. Culture confluence was monitored using an inverted phase 

microscope (Eclipse TS100, Nikon, Japan). When culture confluence reached 

70-90%, cells were passaged by washing with 1 mL of BSS without calcium and 

magnesium (BSS) (Sigma, Cat. H2387) then treated with 1 mL of Trypsin-EDTA 

(50 mg/L Trypsin- 20 mg/L EDTA; Gibco Cat. 15400-054). Cells were then 

incubated at 37 oC for 3-5 min to detach (confirmed by observation) then 

resuspended by pipetting in 1 mL of the medium (Table 2.1). Cell density of the 

suspensions were determined using a haemocytometer and approximately 1 x105 

cells were seeded into a T25 flask with 3mL of the medium. When other culture 

vessels were used, these volumes were scaled according to the surface area. 

When required, cell pellets were collected by centrifugation of resuspended cells 

at 300 g for 5 min. The supernatant was removed, and cells washed with 

phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 

1.47 mM KH2PO4, pH 7.4) and re-centrifuged. The supernatant was removed and 

the cell pellet snap-frozen in liquid nitrogen. Pellets were stored at -80 °C. 

  



 Chapter 2: Methods 
 

20 

Cell line Base medium Supplements 

LPCs Williams’ E Media 2 mM Glutamine, 20 ng/mL, Epidermal growth factor, 
30 ng/mL Insulin-like growth factor-II, 0.25 U/mL 
Humulin R, 48.4 μg/mL Penicillin, 2.5 μg/mL 
Fungizone, 675 μg/mL Streptomycin and 5% (v/v) FBS 

hAECs DMEM/F12 8.4 μg/mL Penicillin, 2.5 μg/mL Fungizone, 675 μg/mL 
Streptomycin and 10% (v/v) FBS 

HepG2 DMEM 48.4 μg/mL Penicillin, 2.5 μg/mL Fungizone, 675 μg/mL 
Streptomycin and 10% (v/v) FBS 

Table 2.1. Medium used for general cell maintenance 

DMEM, Dulbecco's Modified Eagle Medium; F12, Ham’s F-12 Nutrient Mixture 

 

2.1.5 Conditioned medium production 

hAEC-CM was prepared by culturing hAECs at 90% confluence in a serum-free 

Ultra-culture medium (Lonza, Switzerland, Cat. 12-725F). Cultures were 

maintained for four days before hAEC-CM was harvested. hAEC-CM was filter 

sterilised through a 0.3 μM syringe filter (Merck-Millipore, U.S.A, Cat. 

SLGP033RB) split into 1 mL aliquots and stored at -80 oC. Medium incubated 

without cells served as a control medium. 

2.1.6 LPC co-culture with hAECs 

LPCs and hAECs were co-cultured in 6-well plates at 1:1 ratio with a total of 

100,000 cells seeded per well. Cultures consisting of only LPCs served as a 

control. All cultures were maintained in hAEC medium (Table 2.1) which, was 

changed every three days. 

2.1.7 Bromodeoxyuridine assay 

Treatment of LPCs with hAEC-CM and subsequent analysis of Brdu incorporation 

was performed my Dr Alex Hodge as described [107].  

2.1.8 IncuCyte proliferation assay 

LPC cultures were detached by trypsinisation, counted, then resuspended to 1 

x104 cells/mL. The cell suspension was aliquoted into a 96-well plate (Thermo 
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Fisher Scientific, U.S.A, Cat. 161093) with 200 μL aliquots per well ensuring 

enough wells for six technical replicates of each growth condition to be assayed. 

Cells were left to attach overnight. The following day medium was changed to 

hAEC-CM or control medium each supplemented with 8.4 μg/mL Penicillin, 2.5 

μg/mL Fungizone, 675 μg/mL Streptomycin and 2% (v/v) FBS. Experiments using 

hAEC-CM included these culture supplements, unless otherwise stated. 

Plates were transferred to the IncuCyte Zoom® (Essen Bioscience, U.S.A) and 

imaged every 4 h for 3-4 days. The confluence of each image was determined 

using the IncuCyte Zoom software. Using the confluence data an exponential 

growth curve y = a*egx (R2 > 0.96, a: constant; g: growth rate) was generated by 

GraphPad Prism® 4.0b software to determine cell doubling time. Cell doubling 

time was calculated from the log growth phase as described in [108] with the 

average rate of the six technical replicates ascertained. For statistical analysis, 

proliferation assays were repeated at least three times.  

2.1.9 Migration assay 

LPC migration was determined using the IncuCyte® Cell Migration Kit (Essen 

Bioscience, U.S.A). Initially, LPCs were seeded into a 96-well plate at a density 

of 30,000 cells per well in growth medium ensuring six replicates of each assay 

condition. Once wells reached 100% confluency, the 96-pin WoundMaker tool 

(IncuCyte®, Cat No 4493) was used to produce a thorough in each well. Medium 

and the detached cells were gently aspirated and 200 μL of control or hAEC-CM 

supplemented 2% (v/v) FBS added. The IncuCyte recorded images of the wound 

area every 2 h for a total of 24 h. Wound width size was measured for each time 

point and plotted in GraphPad Prism. The rate of wound closure was determined 

by applying a linear regression line to each assay and the average rate was 
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determined from six replicates. Only data collected in the first 10 h of the assay 

was used to calculate the rate of wound closure.  Experiments were repeated at 

least three times. 

2.1.10 Chemotaxis assay 

Cell chemotaxis was assayed by live-cell microscopy using Chemotaxis μ-slides 

(ibidi, Cat No. 80326). First, cultured LPCs were detached, counted, and 

centrifugated at 200 g for 3 min. LPCs were resuspended to 1.5 x106 cells/mL in 

DMEM/F12 with no supplements and seeded into the chemotaxis μ-slides 

following the manufacturer’s instructions. The following day, hAEC-CM and 

control medium (no supplements) were loaded into the opposing reservoirs. 

Control medium added to both reservoirs served as a control. μ-slides were then 

transferred to a Tokai Hit incubation chamber and imaged by phase-contrast 

microscopy every 20 min for 60 h using a Nikon Ti-E inverted motorised 

microscope. Cell movement was tracked using the Manual Tracking ImageJ 

plugin. The collected tracking data was analysed using the Chemotaxis and 

Migration software suite (ibidi). Chemotaxis experiments were performed three 

times with three technical replicates to obtain statistical significance. 

2.1.11 Treatment of LPCs with hAEC-CM for protein and RNA 

extraction 

A total of 2 x 105 LPCs were seeded into T25 flask in LPC growth medium and 

left overnight to attach. The following day, medium was changed to control 

medium or hAEC-CM and replaced every three days. At the desired time point, 

LPCs were pelleted and stored at -80 °C until required.  
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2.2 Liver fibrosis model 

Animal experiments were undertaken at the Hudson Institute by Dr. Alex Hodge 

under the jurisdiction of the Monash University Animal Ethics Committee and 

adherence to its guidelines (Approval number: MMCB 2013-32). Mice were 

purchased from Monash Animal Services, Melbourne, Australia. Six-week-old 

male C57/BL6 mice were given twice weekly intraperitoneal injections with 1 µL/g 

body weight CCl4 (Merck, Darmstadt, Germany) mixed with olive oil 1:10 as 

previously described for a total for 12 weeks [22]. Following eight weeks of CCl4 

treatment, animals received either a single dose of 2 x 106 hAEC in 200 µL of 

normal saline or hAEC-CM in 350 μL aliquots via the tail vein, three times weekly 

until the end of the study (Figure 2.1). Production of hAEC-CM for use in these 

animal model studies is described in Dr Alex Hodge’s PhD thesis. [107] 

Animals administered hAECs received an aliquot of hAECs pooled from 5 hAEC 

donors. Prior to administration, hAECs were thawed to room temperature, pooled 

and washed in sterile phosphate‐buffered saline. The suspension was then 

centrifuged and resuspended at a cell density of 2 x 106 hAECs per 200 µL of 

normal saline. hAEC-CM was also thawed and preloaded into 1 mL syringes. 

hAEC-CM was administered thrice weekly to model the effect of paracrine factors 

being continually produced by the injected cells. DMEM/F12 was used as a 

control for hAEC-CM treated animals as this was the base medium for hAEC-CM. 

production. Animals were culled four weeks post-treatment, with blood and liver 

tissue harvested. 
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Figure 2.1 Treatment outline 

Mice were administered CCl4 twice weekly for 12 weeks. After eight weeks, mice 
received either a single dose of hAECs or hAEC-CM three time weekly for the 
remainder of the study. 

 

2.3 Molecular Analyses 

2.3.1 RNA extraction 

RNA was extracted from frozen pellets using the ISOLATE II RNA Mini Kit 

(Bioline, Cat. BIO-52073) according to the manufacturer’s instruction. RNA 

concentration and purity were assessed using a NanoDrop 2000 (Thermo Fisher 

Scientific), with a 260/280 nm and 260/230 nm ratio between 1.8-2.2 deemed 

acceptable. If either ratio was below 1.8, RNA was purified by sodium acetate 

precipitation. The integrity of RNA was verified by agarose gel electrophoresis. 

The presence of distinct 18s and 28s bands and the absence of large genomic 

DNA bands were used to confirm quality. RNA was stored at -80 °C. 

2.3.2 Reverse transcription 

Complementary (cDNA) was synthesised using the Tetro cDNA synthesis kit 

(Bioline, Cat. BIO-65050). Briefly, 2 μg RNA in 5 μL was denatured at 65 oC for 5 

min. Following, 5.5 μL of a master mix 1 (6.52 μM random hexamers and 1.74 

mM dNTPs in DEPC-treated water) was added, and the solutions incubated at 

25 oC for 10 min. Next, 9.5 μL of mater mix 2 (1x reverse transcription buffer, 10 
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μM oligo dTs, 20 U RiboSafe RNase Inhibitor and 200 U Tetro Reverse 

Transcriptase, in DEPC-treated water) was added. Reaction mixtures were 

incubated at 45 °C for 1 h and terminated by heating to 85 °C for 5 min. cDNA 

stocks were diluted 1/5 with ddH2O and stored at -20 °C. Additionally, a no 

reverse transcriptase (NRT) was prepared from a pool of all reverse transcribed 

RNA samples. 

2.3.3 Polymerase chain reaction 

For polymerase chain reactions (PCRs), a master mix containing 0.4 μM of 

forward and reverse primers (Listed in Table 2.2), 1x MyTaq Reaction Buffer 

(Bioline, Cat. BIO-21105) and 0.02 U/μL BIOTAQTM DNA Polymerase (Bioline, 

Cat. 21043) in PCR grade water was made. PCR master mix was added to the 

desired amount of template in 20 μL reactions. Generally, 50 ng of genomic DNA 

or 3 μL of cDNA was used. Additionally, no-template (NT), and NRT reactions 

were prepared. PCRs were carried out with an iCycler Thermo Cycler (Bio-Rad, 

U.S.A). The cycling conditions were optimised by a temperature gradient PCR for 

each reaction. Synthesised PCR products were resolved by agarose gel 

electrophoresis. 

2.3.4 Quantitative PCR 

Quantitative PCR (qPCR) analyses were performed using the TaqManTM probes 

system. Seven μL of qPCR master mix (1X Light Cycler® 480 Probes Master 

[Roche, Switzerland, Cat. 04707494001], 0.4 μM primers, 0.15 μM TaqManTM 

Probe [Roche, Cat. 4683633001] and 1 μL qPCR grade water) was added to 3 

μL of 1/10 diluted cDNA template, in a 384-well plate (Roche, Cat No 

04*729749001). An NT and NRT were run in parallel. Sample concentrations 

were determined using a five-point, a 1/5 serial dilution standard curve of pooled 



 Chapter 2: Methods 
 

26 

cDNA. Reactions were performed in triplicate in a 384-well plate and cycled in a 

LightCycler® 480 (Roche). Samples were denatured at 95 °C for 10 min then 

cycled 55 times at 95°C for 10 seconds (s) then at the specified 

annealing/extension temperate for 30 s (Table 2.3). Reaction CTs were 

calculated using the LightCycler 480 software, and transcript abundance 

interpolated from the standard curve. Gene expression was normalised to the 

housekeeper Taf4a. To ensure specific amplification the standards, NT and NRT 

reactions were resolved by agarose gel electrophoresis and visualised with a 

ChemiDocTM XRS (Bio-Rad) under ultraviolet (UV) light. Methodology regarding 

qPCRs performed by Dr Alex Hodge including, how LPC samples were prepared, 

can be found in [107]. 

2.3.5 Microarray analysis 

Preparation of LPCs with hAEC-CM for microarray analysis was performed by 

Dr. Alex Hodge as described in [107]. Array files were normalised against the 

signal of the array from control-treated LPCs, using quantile normalisation such 

that each chip has the same intensity distribution. To assess differentially 

expressed genes, an empirical Bayes analysis using a LIMMA package was 

applied where the p-value was set to 0.01 and a 2-fold change was deemed to 

be significant [109]. A hierarchical cluster analysis was then performed on Gostat 

with the over-represented genes analysed with Benjamini correction for multiple 

testing [110]. A heat map was generated using Gene-E (Broad Institute Inc, 

U.S.A).  
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Target Primer Sequence 
Annealing 

(oC) 
Product 
size (bp) 

Taq 
Probe 

Mm-Afp 
NM_007423.4 

Fwd:5’-TGGATGTCAGGACAATCTGG  
Rev:5-GCAGCTTTGCTTGGACAGT 

59 76 91 

Mm-Alb 
NM_009654.3 

Fwd:5’-GGCAAAATGAAGTGGGTAA 
Rev:5’-ATGGGCGATCTCACTCTTG 

59 107 63 

Mm-Axin2 
NM_015732.4 

Fwd:5’-CCATGACGGACAGTAGCGTA 
Rev:5’-GCCATTGGCCTTCACACT 

60 98 50 

Mm-cMyc 
NM_00117735
2 

Fwd:5’-TTGTCTATTTGGGGACAGTGT 
Rev:5’-CATCGTCGTGGCTGTCTG 

59 128 34 

Mm-Gapdh 
NC_000072.6 

Fwd:5’-TGTTCCTACCCCCAATGTGT 
Rev:5’-TGTGAGGGAGATGCTCAGTG 

57 398 N/A 

Mm-Hey1 
NM_010423.2 

Fwd:5’-ATGAAGAGAGCTCACCCAGA 
Rev:5’-CGCCGAACTCAAGTTTCC 

60 106 17 

Mm-Hnf1β 
NM_009330.2 

Fwd:5’-CAGCCAGTCGGTTTTACAGC 
Rev:5’-TCCTCCCGACACTGTGATCT 

59 100 20 

Mm-Hnf4α 
NM_008261.2 

Fwd:5’-AGCAATGGACAGATGTGTGA 
Rev:5’-TGGTGATGGCTGTGGAGTC 

60 76 27 

Mm-Igfbp1 
NM_008341.4 

Fwd:5’-GATCGCCGACCTCAAGAA 
Rev:5’-TGGGCTGCAGCTAATCTCTC 

60 78 N/A 

Mm-Otc 
NM_008769.4 

Fwd:5’-TCTCCACGGTCATTAGTGTTC 
Rev:5’-TCAGCAGGGATACCATGACA 

60 77 34 

Mm-Socs3 
NM_007707.3 

Fwd:5’-ATTTCGCTTCGGGACTAGC 
Rev: 5’-AACTTGCTGTGGGTGACCAT 

60 126 N/A 

Mm-Taf4a 
NM_00108109
2 

Fwd:5’-CCACAGCAGATCCAACTGAA 
Rev:5’-GGTAACACGGTGGGTTTCAC 

60 62 71 

Table 2.2 List of primers and conditions for PCR analyses 

Afp, Alphafeto-protein; Alb, Albumin; Axin, Axis inhibition protein 2; Bp, base 
pairs; Fwd, forward primer; GAPDH, Glyceraldehyde 3-phosphate 
dehydrogenase; HNF4α, Hepatic nuclear factor 4 alpha; HNF1β, Hepatic nuclear 
factor 1 beta; Hey 1, hairy/enhancer-of-split related with YRPW motif 1; Igfbp1, 
insulin-like growth factor binding protein 1; Mm, Mus musculus; Myc, 
myelocytomatosis oncogene; N/A, Not applicable; Otc, Ornithine 
transcarbamylase; Rev, Reverse primer; Socs3, suppressor of cytokine signalling 
3; Taf4a, Transcription initiation factor TFIID subunit 4 

 

2.3.6 Agarose gel electrophoresis 

PCR reactions with a predicated amplicon of less than 200 bp were resolved on 

1% (w/v) agarose gels. The percentage of agarose was increased to 2% for PCR 

with an amplicon greater than 200bp. For RNA samples, 1.5% (w/v) agarose gels 

were used. Samples were mixed with DNA loading buffer (0.03% [w/v] xylene 

cyanol FF, 0.4% [w/v] Orange G, 30% [v/v] glycerol in ddH2O) and loaded into 
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an 0.3 μg/mL ethidium bromide agarose gel prepared in TAE buffer (40 mM Tris, 

20 mM acetic acid, 1 mM EDTA pH 8.0). A DNA ladder (Hyperladder 50 bp, or 

Hyperladder 25bp, [Bioline, Cat. 33054 and 33032 respectively]) was loaded in 

parallel and the gel resolved at 80-100V for 30-45 min. Gels were visualised 

under UV light with a ChemiDocTM XRS (Bio-Rad). 

2.4 Protein analysis 

2.4.1 Antibodies 

All antibodies used for Western blotting, immunohistochemistry and 

immunofluorescence are described in Table 2.3 

2.4.2 Protein extraction and quantification 

Cell pellets were lysed in DISC lysis buffer (150 mM NaCl, 2 nM EDTA, 1% [v/v] 

Triton-X, 10% [v/v] glycerol, 20 mM Tris pH 7.0, 1x Complete Protease Inhibitors 

Cocktail [Roche Diagnostics, Cat. 1836153]) for 30 min on ice. Lysates were then 

clarified by centrifugation at 16,000 g for 10 min at 4 oC. A Bradford assay was 

then performed to determine protein concentration by reference to bovine serum 

albumin (Sigma, Cat. A7906) standard curve (0-12 μg/mL). For protein lysates, 

2μL was used. All solutions were made up to 800uL with water and 200uL of 

Bradford reagent (Bio-Rad, Cat. 500-0006) added. Solutions were mixed by 

inversion and absorbance at 595 nm determined using a Biophotometer 

(Eppendorf, Germany). Standards plotted in GraphPad Prism and the linear 

regression equation used to calculate lysate concentration. 

2.4.3 Western Blot 

Protein lysates were separated by Sodium Dodecyl Sulfate-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE). Each gel consisted of an upper 4% stacking gel 
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(4% Acrylamide/Bisacrylamide [37.5:1, Bio-Rad, Cat. 161-0158] 0.1% Sodium 

dodecyl sulphate [SDS], 0.37M Tris, [pH 6.8]) which sat on top an 8% 

Acrylamide/Bisacrylamide resolving gel. Prior to loading, lysates were incubated 

for 5 min at 95 oC in sample buffer (10% [w/v] SDS, 50% [v/v] glycerol, 5% [v/v] 

β-mercaptoethanol, 0.3125M Tris [pH 6.8], 0.1% [w/v] bromophenol blue). 

Between 25-50 μg of total protein was loaded with more protein used for less 

abundant targets. To determine protein size, Precision Plus ProteinTM Standard 

(Bio-Rad) was loaded in parallel with samples that were electrophoresed in 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) at 80-110 volts 

for 80 to 150 min. 

Once separated, proteins were transferred to an AmershamTM ProtranTM 

nitrocellulose membrane (GE Healthcare and Life Sciences, NSW, Cat. 

10600018) using the Trans-Blot® Turbo™ Transfer System (Bio-Rad) in semidry 

transfer buffer ([0.025 M Tris, 0.19 M glycine, 0.05% (w/v) SDS, 20% (v/v) 

methanol] at 25V for 30 min. Successful transfer was confirmed by Ponceau S 

stain [0.1% (w/v) Ponceau S (BDH Laboratory Supplies, Cat. 440832H), 5% (v/v) 

acetic acid]. When multiple protein targets were blotted, membranes were cut into 

strips in accordance with predicted target protein size. Ponceaus S was removed 

by washing the membrane with Tris-buffered saline and Tween-20 ([TBST], 50 

mM Tris [pH 7.5], 150 mM NaCl, 0.1% [v/v] Tween-20]. 

Membranes were blocked by incubation in 5% (w/v) skim milk powder (Diploma, 

FonterraTM Food services) in TBST for 1 h. Primary antibody (see Table 2.3) 

diluted in 5% (w/v) skim milk powder in TBST was added and left overnight at 

4°C. The following day, membranes were washed three times with TBST for 5 

min before incubation with the appropriate HRP-conjugated secondary antibody 

(see Table 2.3) diluted in 5% (w/v) skim milk powder in TBST for 1 h at RT. Blots 
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were then washed in TBST three times for 5 min. ImmobilonTM Western 

Chemiluminescent HRP Substrate (Millipore, Billerica, USA Cat. WBKLS0500) 

detection reagent prepared as per manufactures instruction was applied to the 

membrane for 5 min at RT. Chemiluminescence was detected using a 

ChemiDocTM MP Imaging System (Bio-Rad). Exposure time varied for detection 

(5s to 3 min) depending on the antibody. 

2.4.4 Densitometry 

Chemiluminescence images were analysed with ImageJ. A set-size area around 

each band was selected and a histogram corresponding to band intensity 

generated. The area under this curve was determined. Background (the average 

of the measurements above and below the band) was subtracted from this value. 

This was repeated for each band. Intensities were normalised relative to the 

intensity of the housekeeper Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). 

2.4.5 Cytofluorescence  

LPCs were seeded into 96-well plates at a density of 30,000 cells/well and left to 

attach overnight. Medium was changed to supplemented control medium or 

hAEC-CM and plates incubated under general culture conditions for 48 h. 

Following, 90% of the medium was removed and cells fixed with 4% 

paraformaldehyde (PFA) (Merck-Millipore, Cat.1040051000). LPCs were then 

washed with PBS twice and stored at 4 oC in PBS.  

To stain cells, they were washed with fresh PBS, permeabilised with 0.1% triton 

in PBS for 10 mins, then washed twice with PBS. Next, DAKO serum-free protein 

block (Agilent, Cat. X0909) was applied for 30 min at RT. The blocking solution 

was removed and the appropriate primary antibody (Table 2.3) diluted in Antibody 
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Diluent solution (Agilent Dako, Cat. S2020) applied overnight at 4 oC. The 

following day, cells were washed twice with PBS and incubated in secondary 

antibody (Table 2.3) diluted in TBS for 1 hour (h) at RT. Cells were washed again 

with PBS and counter-stained with 1 μg/mL of bis-Benzimide H 33342 

trihydrochloride (Hoechst) (Sigma, Cat 14533) for 10 min at RT. Finally, cells 

were wash and stored in PBS. 
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Antibody 
Name 

Host species and 
type 

Supplier-Catalogue 
number 

Application and 
respective dilution 

Primary Antibodies 

A6 BCM Mouse mAb DSHB IHC 1:100-200, IF 1:50 

Akt Rabbit pAb CST-9272 WB 1:250 

P-Akt Rabbit mAb CST-4060S WB 1:250 IF 1:100 

β-catenin Mouse pAb Santa Cruz-7199 IF 1:500 

E-cadherin Rabbit mAb CST-3195 IF 1:200 

Erk1/2 Mouse mAb CST-4696 WB 1:500 

P-Erk1/2 Rabbit mAb Invitrogen-700012 WB 1:500, IF 1:100 

GAPDH Rabbit mAb CST-5174 WB 1:20000 

HNF4α Goat pAb Santa Cruz-6556 WB 1:200, IF 1:200 WB 

P-IGF1R Rabbit pAb Invitrogen PA5-37601 IF 1:100 

Ki67 Rabbit mAb CST-12202 IHC 1:200 IF, 1:100 

Pan-CK Rabbit pAb Agilent Dako K0690 IHC 1:400 

Secondary Antibodies 

AF594  
anti-mouse 

Goat pAb Invitrogen-A11005 IF 1:200-1:500 

AF488  
anti-goat 

Rabbit pAb Invitrogen-A11078 IF 1:200-1:500 

AF488  
anti-rabbit 

Goat pAb Invitrogen-A11008 IF 1:200-1:500 

HRP  
anti-mouse 

Sheep pAb GE Life Sciences-NA9310 WB 1:5000 

HRP  
anti- goat 

Donkey pAb Abcam-ab6885 WB: 1:5000 

HRP  
anti-rabbit 

Donkey pAb GE Life Sciences-NA9340 WB 1:5000 

Table 2.3 Antibodies; source and dilutions used 

AF, Alexa Fluor; Akt, Protein kinase B; CST, Cell signalling technology; DSHB, 
Developmental Studies Hybridoma Bank; Erk, Extracellular signal-regulated 
kinases; HRP, Horse Radish Peroxidase; IF, Immunofluorescence; IGFR1, 
Insulin-like growth factor 1 receptor; IHC, immunohistochemistry; mAb, 
monoclonal antibody; Pan-CK, pan Cytokeratin; pAb, polyclonal antibody; P, 
Phosphorylated; WB, Western blot. 

 

2.4.6 AlphaLISA 

LPCs were seeded into 96-well plates at a density of 75,000 cells/well and left to 

attach overnight. The following day, medium was changed to control or hAEC-

CM and incubated for 48 h. Next, protein expression was quantified using an 

Alpha® Surefire® Ultra kit (Perkin-Elmer) for each protein of interest (Table 2.4). 

Briefly, LPCs were lysed in 100 μL of AlphaLISA lysis buffer plus 1x Complete 

Protease Inhibitors Cocktail. Lysates were processed following the 
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manufacturer’s instructions. Luminescence was measured using an Envision® 

Alpha-reader (Perkin-Elmer) (680nm excitation and 615nm emission) and 

normalised to the housekeeper confolin. All assays were performed in triplicate 

and repeated at least three times. 

 

Protein Catalogue number 

Total Erk1/2  ALSU-TERK-A-HV 

Phosphorylated Erk1/2 ALSU-PERK-A-HV 

Total Akt ALSU-TAKT1-A-HV 

Phosphorylated Akt ALSU-PAKT-B-HV 

Phosphorylated IGF1R ALSU-PIGFR-B-HV 

Confolin ALSU-TCOF-A-HV 

Table 2.4 List of AlphaLISA kits 

AlphaLISA kits were obtained from PerkinElmer, Inc 

2.4.7 Mass spectroscopy and peptide analysis of hAEC-CM 

hAEC-CM pooled from 3 donors was analysed by 2D liquid chromatography-

mass spectroscopy (Australian Proteome Analysis Facility, Macquarie University, 

Sydney, Australia) as if described [107]. Peptide analysis was performed using 

ProteinPilottm Software (v4.5) (SCIEX, Framingham, MA, USA). An Unused 

ProtScore value of 1.3 was used as the cut-off to identify unique proteins with 

95% confidence. GO analysis of the significant protein accession number list was 

performed using PANTHER (version 10) (http://www.pantherdb.org/) [111]. 

Proteins were classified according to their function class. 

2.4.8 X-Gal staining 

LPC cultures were fixed for 1 min with X-Gal fixation solution (0.2% 

glutaraldehyde [Sigma, Cat. G6257], 5mM ethylene glycol-bis (β-aminoethyl 

ether)-N, N, N′, N′-tetra acetic acid [Sigma, Cat. E3889] and 5mM MgCl2 in 0.1 M 

PBS, pH 7.3) then washed three times with wash buffer (2 mM MgCl2, 0.02% 

NP-40 and 0.01% SDS in 0.1 M PBS, pH 7.3). X-Gal staining solution (5 mM 
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potassium ferricyanide, 5 mM potassium ferrocyanide, 5 mM MgCl2, 0.02% NP-

40, 0.01% SDS, 1 mg/ml X-gal [B4252] in DMF, 20 mM Tris, pH 7.3, in 0.1 M 

PBS, pH 7.3) was then added and cells incubated overnight at 37 oC in a sealed 

chamber. The following day, cells were washed three times with PBS, fixed with 

2.5% (v/v) glutaraldehyde in PBS for 10 min and re-washed three times with PBS. 

Staining was assessed under phase contrast and bright field using an inverted 

phase microscope. 

2.4.9 Assessing hepatocyte function 

Hepatocyte functions were assessed by analysis of β-galactosidase activity and 

glycogen storage. These were performed by Alex Hodge [107]. 

2.5 Histology 

2.5.1 Morphometric analysis of fibrosis 

 Liver fibrosis was quantified by the percentage of collagen stained by 

Sirius Red as previously described [22]. Briefly, sections were incubated for 90 

min in Picro Sirius Red [Direct Red 80 0.1% w/v in saturated picric acid (Sigma 

Aldrich)] and washed in acetic acid: H2O (1:200). Fifteen consecutive non-

overlapping fields were acquired for each mouse liver using a Leica DMLB 

microscope (Leica Microsystems, Ltd, Heerbrugg, Switzerland) at 200x 

magnification. Images were digitized, and fibrosis area measured by computer-

assisted morphometry using Scion Image for Windows (Version Alpha 4.0.3.2, 

Scion Corporation, Frederick, MD). 

2.5.2 Dewaxing and antigen retrieval 

Sections (4µM) were cut, dried overnight then dewaxed by washing 3 times with 

xylene substitute for 5 min each, then with absolute ethanol three times for 3 min. 
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Sections were rehydrated in 70% ethanol (v/v) for 2 min, followed by 10 min in 

ddH2O. Dewaxed slides were equilibrated in TBS (50 mM Tris (pH 8), 150 mM 

NaCl) then antigen retrieved by either heat induction or enzymatic digestion 

(Table 2.5). For heat-induced epitope retrieval (HIER), slides were incubated in 

citrate buffer solution (10 mM sodium citrate [pH 6.0], 0.05% [v/v] Tween20) 

preheated to 90 oC in coplin containers. Submerged slides were microwaved until 

the solution boiled then the contained sealed and incubated in a 95 oC water bath 

for 20 min. Slides were then left to cool for 20 min. Antigen revival by enzymatic 

digestion consisted of covering section with 50 μL of proteinase K (Agilent Dako, 

Cat. S3004) and incubating at room temperature (RT) for 5-10 min. Following 

antigen retrieval, slides were washed in TBS for 5 min at RT with agitation. 
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Antibody Antigen retrieval method 

A6 Proteinase K for 10 min 

CD45 HIER 

F4/80 HIER 

Ki67 HIER 

Pan-CK Proteinase K for 5 min 

P-Akt Proteinase K for 10 min 

P-Erk1/2 Proteinase K for 10 min 

P-IGFR1 Proteinase K for 10 min 

Table 2.5 Antigen retrieval methods used for each antibody 

 

2.5.3 Haematoxylin staining 

Dewaxed sections were submerged in Harris’ Haematoxylin (Amber Scientific, 

Cat. HH-1L) for approximately 30 s and washed with ddH2O. Next, they were 

dipped into acid alcohol (0.3% [v/v] HCl in 70% [v/v] ethanol), rinsed with ddH2O 

and submerged in Scott’s Tap Water (23.8 mM sodium bicarbonate, 166.2 mM 

magnesium sulphate in ddH2O, pH 8.0). Stained sections were dehydrated by 

immersion for 1 min in 70% (v/v) ethanol followed by three rinses in absolute 

ethanol. Finally, slides were washed three times with xylene substitute and 

mounted under coverslips using DePeX Mounting Medium (Gurr, VWR Cat. 

361252B) 

2.5.4 Immunohistochemical staining and analysis 

Following dewaxing and antigen retrieval, sections were treated with 3% (v/v) 

H2O2 in PSB for 10 min at RT to inactivate non-specific peroxidases then washed 

with PBS for 5 min with agitation. Subsequent wash steps for IHC and 

immunofluorescence staining were conducted in this manner unless otherwise 

stated. Non-specific endogenous biotin was blocked by applying Biotin and Avidin 

(Agilent Dako, Cat. X0590) solutions for 10 min each. Sections were washed then 

blocked by applying Protein Block Serum-Free solution for 30 min at RT. Primary 
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antibody (Table 2.3) diluted in Antibody Diluent was applied overnight and 

sections incubated at 4 oC. The following day, the LSAB®2 System (Agilent Dako, 

Cat. K0675) was used to detect antibody binding. Sections were incubated in 

Biotinylated Link Universal (diluted 1:4 in TBS) for 30 min at RT, washed, then 

incubated in Streptavidin-HRP reagent (diluted 1:4 in TBS) for 30 min at RT and 

washed again. Liquid DAB+ Substrate Chromogen System (Agilent Dako, Cat. 

K3468) was applied to sections and reaction monitored by microscopy. Reactions 

were terminated by immersion in ddH2O. Slides were counter-stained with 

haematoxylin and mounted (Section 2.5.3). Slides were scanned at 40x using the 

Aperio® ScanScope digital slide scanner (Aperio Technologies, Vista, CA, USA) 

and 15 random non-overlapping fields of view captured per section. Positive cells 

were quantified using InformTM software (Perkin Elmer), as described previously 

[112]. α-SMA, staining and analysis were performed by Alex Hodge as described 

in [107].  

2.5.5 Immunofluorescent staining 

Following dewaxing and antigen retrieval, sections were washed then blocked 

with Protein Block Serum-Free solution for 30 min at RT. Primary antibody (Table 

2.4) diluted in Antibody Diluent was then applied overnight at 4 oC. Sections were 

washed, and the appropriate secondary antibody applied for 1 h at RT. Following, 

slides were washed and counter-stained with Hoechst for 10 min at RT. Finally, 

slides were washed then mounted under coverslips using Gelvatol mounting 

medium (10% (w/v) polyvinyl alcohol [Sigma, Cat. P8136], 21% (v/v) glycerol, 

53% [v/v] 0.2 M Tris pH 8.5, 0.1% [w/v] sodium azide). 
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2.5.6 Immunofluorescence imaging and analysis 

Immunofluorescent sections were imaged and analysed using the 

CellinsightTM- CX7 High-Content Screening Platform (CX7) (Thermo Fisher 

Scientific). Plates containing stained cells (Section 2.4.5) were loaded into the 

CX7 and images captured at 10x. The percentage of positive cells, average 

staining intensity and nuclear staining ratio were determined for 5000 cells for 

each well as described in appendix A.1. For tissue sections, slides were loaded 

into the CX7 and 15 random fields of view captured. Images were analysed as 

described in appendix A.2. 

2.6 Statistical Analysis 

GraphPad Prism Ver 4.0b was used to determine statistical significance by either 

a student’s t-test or one-way analysis of variance (ANOVA), with a Tuckey or 

Bonferroni post-test.
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 hAEC-CM enhances liver repair by 

reducing fibrosis while maintaining regeneration 

during chronic liver injury 

3.1 Introduction 

Chronic liver diseases such as viral hepatitis, alcoholic liver disease and non-

alcoholic steatohepatitis are associated with persistent hepatic inflammation and 

fibrosis, which over time, may develop into liver cirrhosis. For patients with 

cirrhosis, treatment by options are limited and a liver transplant remains the only 

cure for end-stage disease. Liver transplants are complex, costly, and limited by 

the availability of donor organs, and recipients are subject to lifelong immune 

suppression. Therefore, there is an urgent need for anti-fibrotic therapies for 

patients with chronic liver disease [113]. One such alternative that has 

demonstrated promise in preclinical models is placental derived human amnion 

epithelial cell therapy [114]. 

hAECs are a readily available, non-tumorigenic and immunogenically privileged 

cell type that possess potent anti-inflammatory and anti-fibrotic properties [25, 36, 

37, 72]. They can attenuate inflammation and reduce fibrosis when transplanted 

in models of liver, lung, cardiac, epidermal or neurological injury [28, 36, 40, 48, 

72]. These therapeutic effects are mediated in part by the secretion of paracrine 

factors which, modulate pathways and affect cells involved in inflammation and 

fibrosis [24, 43, 51]. Importantly, the beneficial effects of hAECs have been 

demonstrated in models of chronic injury where hAECs or their secretome were 

administered after inflammation and fibrosis were established [24, 36, 37]. 

Furthermore, hAEC therapy has been reported to improve tissue function 

independent of cell engraftment suggesting that they promote tissue repair and 
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regeneration [36, 37, 40]. However, the mechanisms underlying the therapeutic 

efficacy of hAECs, particularly, how they affect liver regeneration are not fully 

understood. 

Liver regeneration occurs through two different pathways. Typically, hepatocytes 

are restored through self-replication; however, when hepatic injury progresses to 

chronicity, the regenerative capacity of hepatocytes can be impaired [8]. In this 

setting, the liver progenitor cell (LPC) compartment is activated to augment liver 

repopulation. LPCs are a population of bipotential epithelial cells that emerge 

from the bile canaliculi, proliferate and differentiate into hepatocytes and/or 

cholangiocytes, the two important functional cell types of the liver parenchyma 

[89]. This response is activated during persistent liver injury especially where 

there is chronic inflammation and fibrosis [115]. Accordingly, these regenerative 

pathways need to be examined to fully understand the effect of hAEC therapies 

on liver regeneration during chronic liver injury. 

hAECs may modulate liver regeneration through a number of possible 

mechanisms including cell-cell mediated responses and the secretion of 

paracrine factors by hAECs. Additionally, both mechanisms may involve direct 

interaction among hAECs, liver progenitor cells (LPCs) and hepatocytes as well 

as changes to inflammatory cells that have direct effects on LPCs [99] and 

hepatic stellate cells that produce collagen which underpins the fibrotic response 

[100]. Accordingly, this chapter aims to better understand the interplay between 

hAECs and liver cell types, determine the primary mechanism of their interplay 

and identify potential mediators that are involved. 

hAECs are hypothesised to act by direct cell-cell interaction as well as through 

secreted cytokines and chemokines; not only on hepatocytes but also LPCs. To 
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test this hypothesis, the effect of both hAEC and hAEC-CM on liver repair in a 

mouse model of CCl4-induced fibrosis were characterised. Importantly, previous 

studies show hAECs and hAEC-CM exert anti-inflammatory and anti-fibrotic 

effects in this model [24, 36]. Given that in vivo studies cannot distinguish 

between an effect of hAECs on LPCs that is mediated through modifying the 

inflammatory response and direct interaction between the two cell types, in vitro 

studies were performed to document the effect of hAECs on an established LPC 

line. Finally, using mass spectrometry, the protein components of hAEC-CM was 

characterised to identify factors produced by hAECs which may promote liver 

regeneration; in particular, cytokines and growth factors known to regulate LPCs. 

3.2 Results 

3.2.1 hAECs and hAEC-CM sustain hepatocyte regeneration 

and reduce LPC numbers during chronic liver injury 

Mice exposed to CCl4 for 12 weeks showed a significantly increased number of 

Ki67+ hepatocytes (Figure 3.1). The administration of hAECs, DMEM/F12 or 

hAEC-CM did not significantly alter the number of Ki67+ hepatocytes when 

compared to the CCl4 only group. There was no significant difference between 

the DMEM/F12 and hAEC-CM treated cohorts. CCl4 treatment significantly 

increased the number of Pan-CK+ and A6+ LPCs (Figure 3.2). Compared to the 

mice given CCl4 only, administration of hAECs reduced A6+ and Pan-CK+ LPC by 

2-fold and 3-fold, respectively (p<0.05). DMEM/F12 and hAEC-CM reduced LPC 

numbers by 3.5-fold (p<0.05), and 4.5-fold, respectively (p<0.05) when compared 

to CCl4 only. There was no significant difference in LPC numbers between the 

control medium and hAEC-CM groups.  
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Figure 3.1 Treatment with hAECs or hAEC-CM has no effect on hepatocyte 
proliferation during chronic liver injury 

Ki67 immunohistochemistry was performed on liver sections from control and 
treated groups. (A-E) Representative images of Ki67 staining taken at 20x; scale 
bar equals 100µM. (F) The number of Ki67+ hepatocytes was quantified from 15 
FOVs using InformTM software. Scatter plot shows data of each individual animal 
and the mean ±SEM. 
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Figure 3.2 Treatment with hAEC, DMEM/F12 or hAEC-CM reduces LPC 
numbers during chronic liver injury 

PANCK and A6 immunohistochemistry was performed on liver sections from 
control and treated animal---- groups (A-E) Representative images of PANCK 
and A6 staining (F-J) Representative images if A6 immunohistochemistry. 
Images are 20x magnification; scale bar equals 100µM. (K&L) A6+ and PANCK+ 
LPCs were quantified from 15 FOVs using InformTM software. Data is plotted as 
the mean ±SEM. hAECs, DMEM/F12 and hAEC-CM treatments significantly 
reduced the number of A6+ and PANCK+ LPCs. Scatter plot shows data of each 
individual animal and the mean ±SEM Significance was determined by ANOVA. 
** p<0.01 

 

3.2.2 hAEC-CM reduces liver fibrosis and macrophage numbers  

Liver fibrosis (LF) increased by 4.5-fold (p<0.01) and the number of αSMA+ cells 

by 20-fold (p<0.01) following 12 weeks of CCl4 treatment. Compared to the mice 

given CCl4 only, hAEC treatment reduced LF 0.33-fold (p<0.01; Figure 3.3A), 

however, no significant difference in the number of α-SMA+ cells per field was 

observed (p>0.05, Figure 3.3B). hAEC-CM reduced picrosirius red staining by 

0.34-fold compared to the DMEM/F12 treated mice (p<0.01; Figure 3.3A) and 

reduced  the number of α-SMA+ cells by 0.37-fold (p<0.05; Figure 3.3B). 

Figure 3.3 Liver fibrosis is reduced by hAECs or hAEC-CM treatment in vivo 

Livers sections from control and treated groups were stained for collagen by 
picrosirius red and α-SMA by immunohistochemistry. (A) The percentage of 
picrosirius red staining was quantified using Scion software. hAEC and hAEC-
CM treated mice had a significantly reduced liver fibrosis. (B) α-SMA+ cells were 
counted from 15 FOVs. Treatment with hAEC-CM reduced HSC activation. 
Scatter plot shows data of each individual animal and the mean ±SEM. 
Significance was determined by ANOVA * p<0.05, ** p<0.01 
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F4/80+ macrophages increased 26-fold (p<0.01,Figure 3.4) following 12 weeks of 

CCl4 treatment. Compared to the mice given CCl4 only, administration of hAECs 

reduced the number of F4/80+ cells by-fold 0.47-fold (p>0.05; Figure 3.4C). 

Similarly, control medium and hAEC-CM reduced F4/80+ numbers by 1.26-fold 

(p>0.05), and 1.54-fold (p<0.05; C), respectively. Compared to control medium, 

hAEC-CM reduced the number of F4/80+ cells by 1.38-fold (p>0.05; Figure 3.4C).  
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Figure 3.4. hAECs and hAEC-CM reduce F4/80+ macrophage infiltration 
during chronic liver injury. 

Livers sections from control and treated groups were stained for F4/80 (A-E) 
Representative images of F4/80 immunofluorescence are shown. Images were 
acquired at 10x using the CX7 as described in (Section 2.6.6); Cell nuclei are 
counterstained with Hoechst scale bar equals 100µM. (F) The average number 
of F4/80+ cells per FOV. hAECs and hAEC-CM significantly reduced the number 
of F4/80+ cells per FOV. Data is plotted as the mean ±SEM. Significance was 
determined by ANOVA * p<0.05, ** p<0.01 

 

3.2.3 hAEC-CM promotes LPC proliferation 

LPC cultures were treated with hAEC-CM and BrdU incorporation was 

determined (Section 2.1.7) following 3 and 10 days of hAEC-CM treatment. At 

day 3, LPC cultures increased BrdU incorporation by 1.1-fold compared to the 



 Chapter 3: hAEC-CM enhances liver repair 
 

47 

untreated LPC cultures (p<0.01; Figure 3.5A), similar to that seen in LPC treated 

with hepatocyte differentiation medium (Diff). Following 10 days of hAEC-CM 

treatment, BrdU incorporation increased by 1.9-fold compared to the control 

(p<0.01) (Figure 3.5).  

Figure 3.5 hAEC-CM induces LPC proliferation. 

LPC incorporation of Brdu was measured following three- and ten-days exposure 
to control, hAEC-CM or differentiation medium. Data is plotted as the mean 
absorbance ±SEM (n=3). Statistical significance was determined by students t-
test. * p<0.05, ** p<0.01  

3.2.4 hAEC-CM promotes LPC differentiation into hepatocytes 

LPC differentiation toward a hepatocyte lineage was ascertained following 8 days 

of exposure to hAEC-CM or co-culture with hAECs. Relative to control medium, 

LPCs exposed to hAEC-CM exhibited a 5-fold increase in the expression of 

alpha-fetoprotein (p<0.05; Figure 3.6A) and an 8-fold increase in albumin 

expression (p<0.05; Figure 3.6B). In contrast, LPCs co-cultured with hAECs 

displayed no significant change in AFP (p>0.05; Figure 3.6C) or albumin 

expression (p>0.05; Figure 3.6D). Subsequently, X-gal staining was performed 

to determine expression of the β-gal reporter gene controlled by tyrosine 

aminotransferase promoter which is only active in mature hepatocytes [116]. Blue 

β-gal+ LPCs were present only in cultures maintained in hAEC-CM (Figure 3.6E). 
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Figure 3.6 hAEC-CM stimulates LPC differentiation towards hepatocyte  

(A-D) LPC gene expression of AFP and albumin was assayed following eight 
days culture in control medium, hAEC-CM, Diff and cocultured with hAECs. Data 
is plotted as the mean ±SEM (n=3). Statistical significance was determined by 
students t-tests. (E) X-gal staining of eight-day cultures detected β-gal+ LPCs 
when cells were maintained in hAEC-CM. Images taken at 20x; scale bar equals 
100µm. *, p<0.05; **, p<0.01; ****, p<0.0001 
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3.2.5 hAEC-CM enhances hepatocellular functions of LPCs 

The effect of hAEC-CM on LPCs in terms of functional abilities that are performed 

by mature hepatocytes was also ascertained. A difference in β-gal activity was 

detected between hAEC-CM treated and control cultures after 17 days (p>0.05; 

Figure 3.7A). After 24 days of culture, β-gal activity was 1.2-fold higher in hAEC-

CM treated LPCs compared to the control (p<0.05; Figure 3.7B). Periodic acid–

Schiff staining of LPCs cultured in hAEC-CM revealed the presence of glycogen 

storing cells (Figure 3.7C). 

Figure 3.7 hAEC-CM enhances hepatocyte functions in LPCs 

LPCs cultured in control medium, hAEC-CM and Diff medium were assayed for 
hepatocellular functions. (A&B) β-gal activity of LPC cultures was assessed 
following 17- and 24-days culture in control medium, hAEC-CM and Diff medium. 
Data plots show mean absorbance ±SEM (n=3) (D) PAS staining performed on 
day 17 culture show LPCs treated with hAEC-CM and Diff medium store 
glycogen. Images were taken at 10x. p<0.05, ** 
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3.2.6 hAEC-CM induces expression of glutathione transferases 

and monooxygenases 

The abundance of liver-specific glutathione transferases (GSTs) and 

monooxygenase was assessed in LPCs treated with hAEC-CM by gene array 

(Section 2.3.5). GST transcripts a3, m3, m7, t3, m6, t1 and m1 (p<0.0001; Figure 

3.8A) were significantly enriched in the hAEC-CM treated and differentiated LPCs 

relative to the control (Figure 3.8B). GST transcripts m2 and m4 were unaltered 

by hAEC-CM. GSTt3 results were confirmed by qPCR (p<0.05; Figure 3.8C). 

While the transcript abundance of monooxygenases consistently increased 

following LPC differentiation, their expression was not affected by hAEC-CM 

(Figure 3.9A). qPCR analysis of Cyp4a12b and Bcmo1 expression in LPCs 

treated with hAEC-CM showed a 9.5- and 6-fold increase, respectively (Figure 

3.9B&C).  
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Figure 3.8 hAEC-CM induces expression of glutathione transferases (GST). 
LPCs were treated with hAEC-CM, control, and Diff medium for 16 days. (A) Heat 
map representative of the GSTs activity. (B) GST expression in LPCs treated with 
hAEC-CM or Diff significantly increased relative to controls, except GSTm2 in 
hAEC-CM treated LPCs and GSTm4 in differentiation medium and hAEC-CM 
treated LPCs. (C) GST T3 expression in LPCs treated with hAEC-CM was 
increased compared control. *, p<0.05; *** p<0.0001 
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Figure 3.9 hAEC-CM induces expression of monooxygenases 

LPCs were treated with hAEC-CM, control and Diff medium for 16 days. (A) Heat 
map representative of monooxygenase activity. (B&C) Cyp4a12b and BCMOL1 
expression measured by qPCR. hAEC-CM and Diff significantly increased 
expression of both genes in LPCs. * p<0.05, *** p<0.0001, 

 

3.2.7 Protein profile of hAEC-CM 

An analysis of the composition of hAEC-CM by liquid chromatography-mass 

spectrometry (Section 2.4.7) and identified 2511 peptides that are related to 228 

unique proteins with 95% confidence. Protein classification was performed using 

PANTHER according to function (Table 3.1). Most proteins identified were 

cytoskeletal proteins and 13 were important regulators of wound repair (Table 

3.2).
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Category name Number of proteins Percentage of total protein 

Cytoskeletal 39 16.5 

Extracellular matrix 23 9.7 

Nucleic acid-binding 22 9.3 

Receptor 22 9.3 

Signalling molecule 21 8.9 

Enzyme modulator 21 8.9 

Oxidoreductase 15 6.4 

Calcium-binding protein 14 5.9 

Transferase 13 5.5 

Hydrolase 13 5.5 

Chaperone 13 5.5 

Transporter 10 4.2 

Structural 10 4.2 

Protease 9 3.8 

Cell adhesion molecule 9 3.8 

Defence/immunity 9 3.8 

Isomerase 9 3.8 

Surfactant 7 3 

Transfer/carrier 4 1.7 

Membrane traffic 3 1.3 

Transcription 3 1.3 

Lyase 2 0.8 

Ligase 2 0.8 

Cell junction 2 0.8 

Kinase 2 0.7 

Phosphatase 1 0.4 

Table 3.1 Classification of proteins in hAEC-CM 

Protein profile of hAEC-CM categorised according to function by a PANTHER 
analysis 
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Protein Physiological functions in fibrosis 

Alpha-2 macroglobulin 
 
Alpha-2 macroglobulin like 
protein1 

Family of large protein binding 
glycoproteins shown too inhibit the 
activity of proteinases. Also capable of 
binding to and inhibiting inflammatory 
and fibrotic cytokines [117]. 

Insulin-like growth factor II Potent mitotic and cell survival factor. 
Important for liver repopulation [118, 
119] 

Fibrillin-1 Binds to latent TGFβ and enhances its 
activity [120]. 

Galectin-1 
 
Galectin-3 

Stimulate HSC activation, an important 
mediator of inflammation, Galectin-3 
promotes the expansion of the LPC 
niche during injury [96, 121, 122] 

Hepatoma-derived growth factor Shown to promote hepatocyte 
proliferation during liver regeneration 
[123] 

High mobility group protein B1 Regulates immune cell activity and 
promotes HSC activation during liver 
disease [124] 

SPARC Multifunctional protein that has been 
implicated in regulating the injury 
response, ECM production and 
assembly [125]. 

Syndecan-1 Inhibits the activity of TGFbeta1 and 
upregulates MMP14 expression [126]. 

Tenascin ECM glycoprotein promotes HSC 
migration and ECM production [127]. 

Transforming growth factor-beta 1 
Transforming growth factor-beta 2 

Potent pro-fibrotic factors 
Activates HSCs and promotes the 
production of ECM proteins [128] 

Table 3.2 Notable regulatory molecules detected in hAEC-CM. 

Mass spectrometry detected the above proteins in hAEC-CM that are involved in 
hepatic wound healing 

 

3.3 Discussion 

Studies document anti-fibrotic effects when hAECs or hAEC-CM are 

administered to models of chronic liver injury [24, 36] However, these studies 

focused on their effects from inflammatory and fibrotic perspectives. Liver repair 

during chronic liver injury involves a complex interplay between parenchymal, 

fibrotic and immune cells types [32]. Elements of this response, in particular, 
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inflammation, are key drivers of both hepatocyte and LPC mediated regeneration 

[97-99, 101, 129-131]. Given that hAECs suppress inflammation during chronic 

liver injury, it is important to ascertain the effect of hAEC based therapies on both 

hepatocytes and LPCs [24, 36, 40]. Thus, this study was undertaken to ascertain 

the effect of hAECs and factors they produce (hAEC-CM) on both of these cell 

populations in a mouse model of chronic liver injury. 

The administration of hAECs during chronic liver injury sustained hepatocyte 

proliferation while reducing the LPC response (Figure 3.1). This reduction in LPC 

response can be explained by the decrease in hepatic macrophages (Figure 3.3). 

Macrophages are a crucial source of LPC mitogens such as TWEAK and IL-6; 

accordingly, suppression of macrophage recruitment during liver injury 

attenuates the LPC response [97, 99, 132]. Similarly, the LPC response 

correlates with the severity of liver fibrosis. Therefore, the antifibrotic effect of 

hAECs would indirectly suppress LPC activity as a consequence of reduced cell 

numbers (Figure 3.3) [100]. Overall, these results show hAEC therapy reduces 

the extent to which LPCs participate in liver regeneration, by modulating 

inflammation and fibrosis. 

In general, the effect of hAEC-CM on hepatocytes, LPCs and liver fibrosis was 

similar to that of hAECs. However, hAEC-CM but not hAECs significantly reduced 

the number of activated HSCs (Figure 3.3), suggesting it may be more effective 

than hAECs at reducing liver fibrosis. Previous studies have demonstrated that 

hAECs and hAEC-CM exert antifibrotic effects in a CCl4-model of liver fibrosis 

that is similar to those presented here [24, 36, 43]. An important difference 

between this and previous studies is that here, the two approaches are directly 

compared. This provides a new perspective; that it is primarily a paracrine 

mechanism that is responsible for the therapeutic effects of hAECs. Additionally, 
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the results indicate that hAEC-CM may have additional therapeutic advantages 

over whole cell therapy. 

A reduction in the number of LPCs in mice given control medium was also 

observed (Figure 3.1). Control medium did not reduce liver fibrosis or 

macrophages numbers (Figure 3.3) in contrast to hAEC-CM. This suggests that 

the control medium suppresses the LPC response during chronic liver injury, 

through mechanisms independent of fibrosis and inflammation. For example, 

control medium contains folic and pantothenic acid which can reduce oxidative 

stress in hepatocytes during liver injury [132, 133]. Increased oxidative stress in 

hepatocytes is associated with LPC accumulation in mice and humans [134]. 

Accordingly, if hAEC-CM suppressed the LPC response in vivo by the same 

mechanisms as control medium, it would be reasonable to expect a further 

reduction in their numbers, caused by its anti-inflammatory effect. Since LPC 

numbers were similar in the hAEC-CM and control medium cohorts suggests 

hAEC-CM maintains the LPC response while reducing inflammation.  

To clarify the effects of hAEC-CM on LPC activity, a series of in vitro studies on 

an established LPC line were performed [116]. These showed that LPCs cultured 

in hAEC-CM displayed increased proliferation (Figure 3.5). Furthermore, hAEC-

CM was shown to promote LPC differentiation towards a hepatocyte lineage. 

Initially, this was measured by gene expression changes in AFP and albumin 

(Figure 3.6), as these genes are upregulated early during the differentiation of 

LPCs to hepatocytes [135]. A significant increase in the expression of both genes 

in LPC exposed to hAEC-CM, suggests that more were differentiating toward a 

hepatocyte lineage. Furthermore, β-gal+ cells were observed in hAEC-CM treated 

cultures indicating some LPCs had differentiated into mature hepatocytes (Figure 

3.7) [136]. Also, LPCs cultured in hAEC-CM synthesised glycogen and, displayed 
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increased expression of key enzymes involved in drug metabolism including 

GST-3, CYP4A and BCMO1 (Figure 3.8, Figure 3.9). Collectively, these findings 

indicate that paracrine factors secreted by hAECs directly induce LPC to 

proliferate and differentiate into functional mature hepatocytes in culture. 

In contrast to LPCs cultured in hAEC-CM, LPCs cocultured with hAECs did not 

significantly alter AFP or albumin expression nor were β-gal+ LPCs observed by 

X-gal staining (Figure 3.6). However, caution must be taken when directly 

comparing the hAEC-CM and co-culture experiments since their conditions are 

different. For instance, the consumption of nutrients by hAECs may have a 

negative effect on LPC differentiation during co-culture. Nevertheless, these 

results do suggest that interactions between hAECs and LPCs do not require 

direct cell-cell contact. 

The apparent contradictory effects of hAEC-CM on LPCs in vivo compared to in 

vitro is informative. It suggests the immunosuppressive effect of hAEC-CM is 

more important than its direct effect on LPCs. The overall effect of hAEC-CM on 

the LPC response in vivo is the sum of direct and indirect pathways, which either 

promote or attenuate their expansion. Therefore, these in vitro findings support 

the notion that the decrease in LPC numbers in vivo caused by hAEC-CM is the 

result of immunosuppression and increased differentiation. 

Mass spectrometry identified an array of proteins in hAEC-CM that promote 

wound healing (Table 3.2). Of particular relevance to hepatocytes and LPCs is 

insulin-like growth factor 2, a potent hepatocyte and LPC mitogen [89, 95]. 

Interestingly, multiple pro-fibrotic factors such as galectin 1 and 3 and 

transforming growth factor-beta were detected in hAEC-CM [49, 122]. It is 

important to emphasise that these factors are essential for tissue repair as they 
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exert pleiotropic effects such as suppressing inflammation [121, 128]. Overall, the 

presence of multiple factors in hAEC-CM involved in wound healing suggests that 

hAECs augment tissue repair by modulating multiple pathways in different cell 

types involved in wound healing and fibrosis. This is consistent with previous 

studies showing hAEC therapy modifies the activity of HSCs, macrophages and 

T-cells, all of which play important roles in fibrosis and chronic liver disease [24, 

36, 41, 42, 51]. 

The findings presented in this chapter show that paracrine factors secreted by 

hAECs support liver repair during chronic injury by a combination of reducing 

fibrosis yet maintaining parenchymal regeneration. These therapeutic properties 

combined with their availability, abundance and safety support their case as 

excellent candidates for therapeutic use in liver pathologies. Future studies 

should investigate the efficacy of hAEC-CM in animal models that represent 

alternative etiologies of chronic liver disease in contrast to CCl4 exposure. For 

instance, models that recapitulate non-alcoholic steatohepatitis in humans could 

provide insight into the clinical utility of hAECs in this context. Nonetheless, these 

results highlight the therapeutic potential of hAECs and advocate for their 

development as a novel antifibrotic therapy for treating chronic liver diseases. 
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 Signalling pathways activated in LPC 

by hAEC-CM 

4.1 Introduction 

The results in Chapter 3 show that hAEC-CM suppresses the LPC response in 

vivo by reducing inflammation and fibrosis. Importantly, hAEC-CM was shown to 

stimulate LPC proliferation and hepatic differentiation in culture suggesting, it is 

capable of enhancing this alternate avenue for liver regeneration during chronic 

liver injury. Understanding the mechanisms of these actions would assist with 

identifying the paracrine factors responsible and, facilitate the realisation of 

hAEC-CM as a therapeutic agent. Accordingly, the research described in this 

chapter concerns an investigation into the response of LPCs to hAEC-CM; 

specifically to identify signalling pathways involved in regeneration.  

Two crucial pathways that facilitate LPC and hepatocyte proliferation during liver 

repair are extracellular signal-regulated kinase (Erk1/2) and protein kinase B 

(Akt) signalling [137-141]. Sustained activation of Erk1/2 is necessary for G1/S 

phase progression as it directly phosphorylates multiple proteins including 

transcription factors involved in cell cycle progression [142]. Similarly, Akt 

modulates the activity of proteins involved at both the G1/S and G2/M transition 

phases [143]. Notably, Zhao et al. demonstrated the hAEC-CM promotes 

epidermal repair by activating Erk1/2 and Akt signalling in keratinocytes [29]. 

Hence, hAEC-CM may stimulate LPCs proliferation by activating Erk1/2 and Akt. 

hAEC-CM may also increase LPC proliferation by activating β-catenin signalling, 

as suggested by Tan et al, who report that exosome isolated from hAEC-CM 

stimulate β-catenin signalling in bronchioalveolar stem cells [144]. Increased 

expression of β-catenin in LPCs is observed following 2‐acetylaminofluorine and 
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two-thirds partial hepatectomy-induced liver injury [145]. Furthermore, β-catenin 

knockout mice display a blunted LPC response following 3,5-diethoxycarbonyl-

1,4-dihydrocollidine induced liver injury [145]. Therefore, investigating the effect 

of hAEC-CM on β‐catenin signalling in LPCs is warranted.  

Hepatocyte nuclear factor 4α (HNF4α) is considered the master regulator of 

hepatic differentiation and function owing to its regulation of multiple hepatocyte-

specific genes [146]. Furthermore, HNF4α knockout strategies demonstrate it is 

essential for liver development and hepatocyte differentiation [147, 148]. 

Consequently, hAEC-CM may promote LPC differentiation by increasing their 

expression of HNF4α. 

The objective of this chapter is to provide a mechanistic explanation of the cellular 

effects of hAEC-CM in terms of signalling pathways it may activate in LPCs. The 

effect of hAEC-CM on Erk1/2, and Akt activation and, β-catenin and HNF4α 

expression in LPCs was examined. This tests the hypothesis that hAEC-CM 

stimulates one or more of these pathways in LPCs thereby enhancing 

proliferation, migration and/or hepatic differentiation. 

4.2 Amendments to methodologies 

To minimise or eliminate confounding factors in the following studies 

modifications to the experimental protocols described in chapter 3 are adopted. 

First, hAEC-CM was derived by growing hAECs in chemically defined serum-free 

medium without the addition of undefined culture additives such as FBS (Section 

2.1.5). Second, cell culture additives were omitted or minimised for all 

experiments. Third, a control medium derived by incubating base medium without 

cells for three days was used as it more accurately reflects degradation of 

nutrients in medium by conditioning (Section 2.1.5). Finally, the IncuCyte, a live 
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cell imaging platform was used to determine the effects of hAEC-CM on LPC 

growth (Section 2.1.8). This dynamic method of monitoring and determining cell 

growth is more robust than the previously static approach of measuring BrdU 

incorporation. It does not require sacrificing the cells, requires less medium and 

allows for more replicates per experiment.
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4.3 Results 

4.3.1 Optimisation of conditions to study the effects of hAEC-

CM 

The proliferation rate of LPCs cultured in control medium and hAEC-CM with the 

addition of 0-5% FBS was determined (Section 2.1.8). Cultures were imaged by 

the IncuCyte and doubling time calculated. The results show that LPC can be 

maintained and proliferate in hAEC-CM without FBS supplementation. A 

significant increase in LPC proliferation regardless of the percentage of added 

FBS. This increase was greatest with the addition of 1% FBS, however, the 

variability in LPC proliferation maintained in control medium plus 1% FBS was 

large. Therefore, to minimise variation, a concentration of 2% FBS was used for 

subsequent experiments, unless otherwise stated. 

Added FBS (%) 
Doubling time ±SEM (h) 

Fold change 
Control medium hAEC-CM 

0 No growth 27.2 ±7.9 N/A 

1 62.7 ±21.2 21.5 ±0.9 0.66** 

2 35.7 ±03.5 19.5 ±1.9 0.45* 

3 36.1 ±02.3 20.4 ±1.9 0.43* 

4 30.2 ±01.5 19.0 ±0.8 0.37* 

5 33.9 ±01.4 20.2 ±1.0 0.40* 

Table 4.1 The doubling time of LPCs is reduced by hAEC-CM 

Data presented as mean doubling time ±SEM (n=3). Statistical significance were 
determined by a student’s t-test; *, p<0.05; **, p>0.01 
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4.3.2 hAEC-CM stimulates Erk1/2 and Akt phosphorylation and 

increases Ki67 expression in LPCs 

To ascertain if hAEC-CM activates Erk1/2 and Akt signalling in LPCs, its effect 

on Erk1/2 and Akt phosphorylation were assessed. Nuclear localisation of 

phosphorylated- (P-) Erk1/2 was observed in 35% of LPCs cultured in control 

medium (Figure 4.1A). hAEC-CM increased the percentage of P-Erk1/2+ LPCs 

by 1.3-fold (p<0.05) (Table 4.2). Furthermore, hAEC-CM increased the nuclear 

to cytoplasmic ratio of P-Erk1/2+ by 2.29-fold (p<0.001) (Table 4.2). With respects 

to Akt, 26.6% of LPCs cultured in control medium were P-Akt+ (Figure 4.1B). 

hAEC-CM increased the percentage of P-Akt+ LPCs by 2.8-fold (p<0.05). No 

notable effect on P-Akt intensity or nuclear localisation was observed in LPCs 

cultured in hAEC-CM. Proliferating LPCs characterised by Ki67+ nuclei were also 

observed (Figure 4.1C). Cultures treated with hAEC-CM displayed a 1.3-fold 

increase (p<0.05) in the percentage of Ki67+ LPCs (Table 4.2). 

 

Positive cells (%) Intensity of positive cells Nuclear: Cytoplasm 

Control hAEC-CM Control  hAEC-CM Control hAEC-CM 

P-Erk1/2 34.7 ±4.3 65.3 ±7.1* 1015 ± 122  904 ±167 1.4 ±0.06 3.2 ±0.2*** 

P-Akt 26.9 ±5.2 74.8 ±4.7* 1080 ± 213 1156 ±109 1.3 ±0.2 1.4 ±0.4 

Ki67 49.2 ±1.1 63.1 ±5* 1594 ± 188 1562 ±128 2.3 ±0.05 2.4 ±0.04 

Table 4.2 hAEC-CM increases the percentage of P-Erk1/2+, P-Akt+ and Ki67+ 
LPCs in culture 

Data represents mean ±SEM (n=3). Statistical significance to control was 
determined by a student’s t-test; ***, p>0.001; **, p>0.01; *, p<0.05  

 

The changes in P-Erk1/2 and P-Akt affected by hAEC-CM were due to an 

increase in the proportion of phosphorylated protein and not just the amount of 

total protein. The proportion of P-Erk1/2 was increased by 1.9-fold (p<0.05) when 
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LPCs were cultured in hAEC-CM, while the proportion of P-Akt increased by 1.3-

fold (p>0.05) (Figure 4.1D&E) 

Figure 4.1 hAEC-CM induces Erk1/2 and Akt phosphorylation in LPCs 

(A-C) Representative images of (A)P-Erk1/2, (B)P-Akt and (C)Ki67 
immunofluorescence of LPCs cultured in control medium and hAEC-CM. Cell 
nuclei are stained with Hoechst. Images were acquired and characterised by the 
CX7 as described in section 2.5.6. Scale bar equals 100 μm (D) Western blots 
for total (T) and phosphorylated (P) Erk1/2 and Akt performed on LPC lysates 
exposed to three different batches of hAEC-CM. (E) Normalised P proteins levels 
of Erk1/2 and Akt. Band volumes were measured using Image J. T and P Erk1/2 
and Akt were normalised to their respective GAPDH. The proportion of P to T 
protein was then calculated and presented. Data is shown as mean ±SD (n=2 
blots); * p<0.05 
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4.3.3 hAEC-CM promotes LPC migration by enhancing 

chemotaxis 

The effect of hAEC-CM on LPC migration was determined by calculating the 

wound closure rate from a scratch assay (Section 2.1.9). The rate of wound 

closure by LPCs increased 1.6-fold when cultured in hAEC-CM (p<0.05) (Figure 

4.2). 

Figure 4.2 hAEC-CM increases wound closure rate of LPC cultures 

(A) The wound width of LPCs cultured in hAEC-CM and control medium during a 
migration assay was measured using the IncuCyte (Section 2.1.9). Scatter plot 
shows mean wound width ±SD over the course of a single experiments (B) The 
rate of wound closure of LPC cultures is significantly increased by hAEC-CM. 
Data represents the mean wound closure rate ±SEM (n=3). A student’s t-test was 
performed to determine statistical significance. ***p<0.001  

 

A series of chemotaxis assays were performed to determine if hAEC-CM induced 

LPC chemotaxis (Section 2.1.10). The migration pathways of individual LPCs 

were tracked over the course of each assay. These pathways were then plotted 

to visualise the direction of cell migration. A typical plot (Figure 4.3) reveals that 

LPCs preferentially migrate toward the lower chamber containing hAEC-CM. In 

contrast there was no directional migration, in fact little or no LPC migration 

recorded in the control experiment. 
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Figure 4.3 LPCs migrate toward hAEC-CM 

A typical plot of LPC migration over the course of a chemotaxis experiment for 
both experimental conditions. (A) Represents a control experiment and (B) an 
experimental setup where hAEC-CM was added to the lower chamber of the ibidi 
µ-slide. The starting position of each cell is set to 0,0 and a pathway traced based 
on its tracked movement. The red triangle marks the centre of mass of cell 
endpoints 

 

In-depth analysis indicates that the enhancement of LPC migration by hAEC-CM 

involves chemotaxis (Table 4.3). First, LPCs displayed a significantly greater 

forward migratory index (FMI) parallel to the diffusion gradient of hAEC-CM while 

the FMI perpendicular to the diffusion gradient was unchanged. These two 

parameters represent the efficiency of cell migration with respect to each axis of 

the diffusion gradient. Therefore, a chemotactic effect is demonstrated by a high 

parallel FMI and a perpendicular FMI that is close to 0 [149]. Also, an FMI can be 

either positive or negative depending on the direction of cell migration along each 

axis. The negative FMI here indicates that LPCs have migrated down the 

perpendicular FMI axis towards the hAEC-CM. Second, the directness of LPCs 

migration is significantly increased by hAEC-CM. Third, the centre of mass (COM) 

of cell endpoints was located towards the chamber containing hAEC-CM. Finally, 
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a Rayleigh test, which assesses the uniformity of a circular distribution, indicates, 

that the LPC endpoints are homogenously distributed therefore, the cells are 

migrating towards one area of the chamber.  

Medium in 
bottom 

chamber 

FMI (x-10-3) 
Directness 

(x10-2)  

COM 
Displacement 

COM 
(Y-axis) 

Rayleigh 
test 

Perpendicular Parallel 

Control 2.22 ±0.01 0 7.2 ±0.02 09.4 ±0.03 029.09 ±15 0 14.9 ±20 0.36 

hAEC-CM 0.96 ±0.004 -92.0 ±0.02** 15.0 ±0.02* 219.00 ±55* -208    ±56* 0.008 

Table 4.3 hAEC-CM stimulates LPC chemotaxis  

Data represent mean ±SEM (n=3). Statistical significance to control was 
determined by a student’s t; *, p<0.05; **, p>0.01; FMI, Forward migratory index; 
COM, the centre of mass 

 

4.3.4 hAEC-CM increases LPC protein expression of β-catenin 

and HNF4α 

The impact of hAEC-CM on β-catenin and HNF4α signalling in LPCs was 

assessed by measuring changes in protein expression and nuclear localisation. 

Cytoplasmic and nuclear staining of β-catenin was observed in all LPCs (Figure 

4.4A). Characterisation of this staining (Section 2.5.6) shows hAEC-CM 

increases the mean cell intensity and nuclear to cytoplasmic ratio of β-catenin by 

2.1-fold (p<0.001) and 1.2-fold (p<0.001), respectively (Table 4.4). LPCs stained 

for E-cadherin (Figure 4.4B); however, no notable change in staining 

characteristics were observed in LPCs exposed to hAEC-CM (Table 4.4). A 

subpopulation (20.9%) of LPCs stained for nuclear HNF4α in control medium 

(Figure 4.4C). This increased by 1.4-fold (p>0.05) when LPCs were treated with 

hAEC-CM (Table 4.4). hAEC-CM also increased the nuclear to cytoplasm ratio 

of HNF4α by 1.6-fold (p<0.05). Analysis of protein lysates showed that hAEC-CM 
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increases LPCs protein expression of β-catenin 1.6-fold (p<0.05) and HNF4α 2.6-

fold (p<0.05) (Figure 4.4 D&E) 

 

Positive cells (%) Intensity of positive cells Nuclear: Cytoplasm 

Control hAEC-CM Control  hAEC-CM Control hAEC-CM 

β-catenin 100 100 0479 ±46 1017 ±180**  0.4 ±0.08 0.49 ±0.1** 

E-cadherin 100 100 1370 ±580 1388 ±607 N/A N/A  

HNF4α 21 ± 4.2 57 ± 17 0385 ±132 0440 ±201 0.45 ±0.-1 0.8 ±0.2** 

Table 4.4 LPCs cultured in hAEC-CM displayed increased β-catenin 
staining intensity and a greater percentage of HNF4α+ cells  

Data presented as mean ±SEM (n=3). Statistical significance relative to control 
was determined by a student’s t-test; **, p<0.01 
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Figure 4.4 hAEC-CM increased LPC expression of β-catenin and HNF4α  

(A-C) Representative image of immunofluorescent staining for β-catenin, E-
cadherin and HNF4α performed on LPCs cultured in control medium and hAEC-
CM. Cell nuclei were counterstained with Hoechst. Images were acquired and 
characterised using the CX7 as described in Section 2.5.6. Scale bar equals 
100μm. (D) Western blots for β-catenin and HNF4α performed on LPC lysates 
exposed to three different batches of hAEC-CM. (E) β-catenin and HNF4α protein 
levels normalised to GAPDH. Data is shown as mean ±SD (n=2 blots); *, p<0.05 
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hAEC-CM significantly reduces LPC expression of targets downstream of β-

catenin signalling (Table 4.5). Axin2 and c-Myc by 0.5-fold (p<0.01) and 1.9-fold 

(p<0.01), respectively. The expression levels of the HEY1 was not significantly 

changed by hAEC-CM exposure. 

Gene 
Gene expression 

Fold change 
Control medium hAEC-CM 

c-Myc 1.06 ±0.09 0.61 ±0.02 0.4** 

Axin2 2.44 ±0.25 1.37 ±0.11 0.4** 

Hey1 0.67 ±0.12 0.56 ±0.04 -0.2 

Table 4.5 hAEC-CM suppresses LPC gene expression of β-catenin target 
genes  

Data are mean expression levels ±SEM (n=3). Statistical significance to control 
was determined by a student’s t-test; ***, p>0.001; **, p>0.01; *, p<0.05; Axin2, 
axis inhibition protein 2; Hey1, hairy/enhancer-of-split related with YRPW motif 1; 
Myc, myelocytomatosis oncogene 

 

4.3.5 hAEC-CM induces hepatic differentiation of LPCs 

LPCs maintained in hAEC-CM for 20 days displayed changes in gene expression 

associated with hepatocyte differentiation (Table 4.6). The hepatocyte associated 

genes HNF4α, Albumin and Ornithine transcarbamylase (OTC) were increased 

by hAEC-CM. In contrast, the cholangiocyte associated transcription factor 

HNF1β was reduced. Additionally, hAEC-CM reduced AFP expression.  
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Gene expression 

Fold change  

Control medium hAEC-CM 

Hnf4α 0.56 ±0.07 0.72 ±0.11 1.2 

Albumin 0.37 ±0.04 1.55 ±0.47 3.2* 

Otc Not detected 0.09 ±0.06 N/A 

Hnf1β 1.32 ±0.12 0.76 ±0.08 0.4*** 

Afp 2.50 ±0.13 0.39 ±0.08 0.8*** 

Table 4.6 hAEC-CM increases the expression of hepatocyte genes by LPCs 

Data presented are mean expression levels ±SEM (n=3). Statistical significance 
to control was determined by a student’s t-test; ***, p>0.001; **, p>0.01; *, p<0.05 

 

4.4 Discussion 

Previous experiments (Chapter 3) reveal that hAECs exert their therapeutic 

effects primarily by paracrine mechanisms. These paracrine factors directly 

promote LPCs proliferation and hepatocyte differentiation in culture; however, the 

signalling pathways and mediators of these effects are unknown. The goal of this 

chapter was to ascertain the impact of hAEC-CM on Erk1/2, Akt, β-catenin and 

HNF4α in LPCs. It was hypothesised, that hAEC-CM would stimulate one or more 

of these pathways and, that this would enhance proliferation, migration and 

hepatic differentiation of LPCs.  

Exposure to hAEC-CM stimulates Erk1/2 signalling in LPCs (Table 4.2). When 

active Erk1/2 activates multiple proteins including, 90KDa ribosomal S6 kinases 

and mitogen- and stress-activated kinases [150]. These targets are found within 

the cell nucleus therefore, the increased proportion of nuclear P-Erk1/2 in LPCs 

exposed to hAEC-CM provides further evidence for its role (Table 4.2). Erk1/2 

activation in LPC stimulates proliferation; which explains this role of hAEC-CM 
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(Table 4.1) [140]. It is concluded that hAEC-CM contains LPC mitogen/s which 

act by stimulating Erk1/2 signalling.  

Activation of Erk1/2 signalling by hAEC-CM also explains its ability to enhance 

LPC migration (Figure 4.2). This effect was confirmed by demonstrating that 

hAEC-CM stimulates LPC chemotaxis (Table 4.3). Erk1/2 signalling regulates cell 

migration by activating proteins which mediate focal adhesion dynamics such as, 

paxillin [151, 152]. In fact, migration of hepatic cell lines including HepG2, HuH7 

and KKU-M213 is suppressed by attenuating Erk1/2 signalling [153, 154]. Hence, 

hAEC-CM contains LPCs chemokines which, act by stimulating Erk1/2 signalling.  

Changes to P-Akt expression by LPCs exposed to hAEC-CM demonstrates 

increased activation of Akt signalling. Active Akt promotes cell cycle progression 

by preventing Cyclin D1 and c-Myc from degrading [143]. In fact, the emergence 

of A6 expressing LPCs following 3,5-diethoxycarbonyl-1,4-dihydrocollidine 

induced liver injury is disrupted when Akt signalling is inhibited [138]. 

Furthermore, inhibiting Akt signalling in culture is reported to attenuate LPC, 

HepG2, HuH7 and KKU-M213 migration [154-156]. Hence, activation of Akt 

signalling further explains the effects of hAEC-CM on LPC proliferation and 

migration. 

Treatment of LPCs with hAEC-CM increases their protein expression and nuclear 

localisation of β-catenin (Table 4.4). It is important to highlight that, the change in 

β-catenin expression varied between batches of hAEC-CM suggesting variation 

between hAEC donors. Identifying donors that produce more potent hAEC-CM is 

a key requirement for future clinical development. In this regard, expression of β-

catenin may be a useful marker of therapeutic quality. Future studies could begin 

by determining if the effect of hAEC-CM on LPC expression of β-catenin 
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correlates with its suppressive effects on HSC activation and collagen production 

[51].  

Paradoxically, the expression levels of the of β-catenin target genes Axin2 and c-

Myc were significantly reduced in LPCs by hAEC-CM (Table 4.5). This indicates 

that hAEC-CM inhibits the transcriptional activity of β-catenin. In support of this, 

is the fact that hAEC-CM did not affect HEY1 expression (Table 4.5) which, is 

suppressed by β-catenin [157]. An explanation for these results is the increase in 

HNF4α in LPCs by hAEC-CM (Table 4.4). HNF4α negatively regulates the 

transcriptional activity β-catenin by binding to its transcription coactivator T-cell 

factor in HCC. Therefore, HNF4α may exert a similar effect on β-catenin signalling 

in LPCs [158]. 

Another important function of β-catenin is its interaction with E-cadherin and 

subsequent formation of the core structural component of adheren junctions 

[159]. Adheren junctions allow epithelial cells to coordinate their actin dynamics 

and intracellular signalling permitting them to collectively migrate across or 

through tissues [159]. Collective migration of LPCs is enhanced by hAEC-CM as 

demonstrated by the scratch assay where, cells maintained an intact monolayer. 

Furthermore, LPCs stained are E-cadherin+ (Table 4.4) hence, hAEC-CM may 

enhance LPC migration by promoting adheren junction formation. 

Treatment of LPCs with hAEC-CM increases their expression of HNF4α (Table 

4.4). The extent of this effect varies between batches of hAEC-CM particularly, 

with respects to the percentage of HNF4α+ LPCs (Table 4.4). The capacity to 

enhance HNF4α expression in LPCs may be useful for distinguishing hAEC 

donors with greater therapeutic potency. Nevertheless, hAEC-CM induces 

changes to LPCs gene expression that suggest they are differentiating into 
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hepatocytes. hAEC-CM upregulates LPC expression of HNF4α while, 

significantly downregulating HNF1β (Table 4.6). HNF1β promotes biliary tree 

formation and is expressed by LPCs that emerge during chronic liver injury [160]. 

Hence, a reduction in HNF1β and a concurrent increase in HNF4α suggests LPC 

are differentiating into hepatocytes. This is support by research showing that 

HNF4α expression increases while, HNF1β expression decreases in the later 

stages of hepatocyte differentiation of HepG2 cells [161]. In accordance with 

hepatocyte differentiation LPCs maintained in hAEC-CM had higher expression 

levels Albumin and OTC (Table 4.6). Furthermore, the expression of AFP, a 

marker of immature LPCs, is reduced by hAEC-CM (Table 4.6). Combined, these 

changes in gene expression indicate that hAEC-CM induces LPCs to differentiate 

toward a hepatocyte lineage [135]. 

Overall, the results of this chapter significantly expand our understanding of the 

signalling pathways hAEC-CM activates in LPCs (Figure 4.5). This will assist with 

identifying which factors secreted by hAECs are responsible for their therapeutic 

effects. Furthermore, these results highlight the effect of hAEC-CM on β-catenin 

and HNF4α expression by LPC as a possible method of determining the 

therapeutic potency of hAEC-CM batches. Future work should identify the factors 

responsible for stimulating these pathways and determine if they are enhanced 

by hAEC based therapies in vivo.  
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Figure 4.5 hAEC-CM affects multiple signalling pathways in LPCs 

A schematic outline of the effects of hAEC-CM on LPCs. Factors contained in 
hAEC-CM stimulate multiple signalling pathways in LPCs that are involved in 
proliferation, migration and hepatocyte differentiation. 
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 hAEC-CM promotes LPC proliferation 

and migration by IGF2-IGF1R signalling 

 

5.1 Introduction 

In Chapter 4, it was demonstrated that hAEC-CM stimulates LPC proliferation 

and migration by activating Erk1/2 and Akt signalling. However, the factor/s 

responsible for these effects remain unknown. A factor (Table 3.3) which may be 

responsible is insulin-like growth factor 2 (IGF2). IGF2 is an obligatory growth 

factor for isolation and maintenance of LPCs [89, 106, 116, 136, 162]. Liu et al, 

showed that IGF2 is upregulated during chronic CCl4 induced liver injury and 

assists liver regeneration of hepatocytes [84]. Hence, the effects of hAEC-CM on 

hepatocytes and LPCs may be mediated by IGF2 that it contains. 

Signalling by IGF2 is mediated primarily by its binding to the tyrosine kinase 

insulin-like growth factor 1 receptor (IGF1R) resulting in its autophosphorylation 

and activation of substrates including insulin receptor substrate-1 (IRS1) and 

IRS2. These activate multiple signalling pathways including, Erk1/2 and Akt [163]. 

Accordingly, IGF1R signalling plays a central role in liver regeneration. 

Expression of IGF1R, IGF1 and IGF2 by hepatocytes is upregulated during liver 

injury and fibrosis [84, 164]. Christèle et al, demonstrated that liver-specific 

deletion of IGF1R impairs Erk1/2 phosphorylation and hepatocyte proliferation 

during liver regeneration following partial hepatectomy [119]. With respect to 

LPCs, the specific role of IGF1R signalling in their activation during liver repair is 

unknown. It plays an essential role in the self-renewal of stem/progenitor cells of 

other tissues including hematopoietic, neuronal and cardiac [165]. Therefore, 
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IGF1R signalling may also play a role in the LPC response during chronic liver 

injury. 

The experiments described in this chapter sought evidence that hAEC-CM 

stimulates LPC proliferation and migration by enhancing IGF2-IGFR1 signalling. 

The effect of hAEC and hAEC-CM on activation of IGF1R and Erk1/2 in 

hepatocytes and LPCs was investigated in a mouse model of chronic CCl4-

induced liver injury. Additionally, in vitro experiments using an IGF2-IGFR1 

inhibitor Chromeceptin (CHR) were performed. CHR inhibits IGF2-IGF1R 

signalling in HepG2 [166], NIH-3T3 [167], bone marrow stromal cells [168] and 

breast cancer cells [169] in culture. CHR acts by binding to multifunctional protein 

2 and stimulates expression of IGF binding protein 1 (IGFBP-1) and suppressor 

of cytokine signalling-3 (SOCS-3) [167]. IGFBP-1 binds to IGF2 with high affinity 

limiting its ability to interact with IGF1R [167, 170]. SOCS-3 attenuates IGF1R 

signalling by tagging downstream elements including IRS1 and IRS2 for ubiquitin-

mediated degradation [171]. Accordingly, it was hypothesised that CHR would 

inhibit IGF2-IGFR1 signalling in LPCs and attenuate the effects of hAEC-CM.  

  



 Chapter 5: IGF2 
 

78 

5.2 Results 

5.2.1 hAEC-CM but not hAECs increase IGF1R phosphorylation 

in LPCs during chronic liver injury 

The impact of hAEC and hAEC-CM treatment on IGF1R phosphorylation during 

chronic CCl4 induced injury was ascertained (Table 5.1). The liver of saline-

treated mice contained 0.15 P-IGF1R+ hepatocytes per field of view (Figure 

5.1A). Exposure to CCl4 for 12 weeks resulted in a 412-fold increase in P-IGF1R+ 

hepatocytes (p<0.001) (Figure 5.1B) Administration of hAECs reduced the 

number of P-IGF1R+ hepatocytes (Figure 5.1C) by 3.4-fold (p<0.001) compared 

to the control cohort. Similarly, hAEC-CM treatment reduced P-IGF1R+ 

hepatocytes by 2-fold (p<0.05) compared to mice given DMEM/F12. With respect 

to LPCs, none were P-IGF1R+ in the livers of mice given saline (Figure 5.1A). In 

contrast, 23.6% of LPCs were IGF1R+ in the CCl4 cohort (Figure 5.1B). hAECs 

reduces the percentage of P-IGF1R+ LPCs by 19-fold (p<0.05). hAEC-CM 

treatment increased in the percentage of P-IGF1R+ LPCs by 1.82-fold (p>0.05) 

compared to the DMEM/F12 cohort (Figure 5.1D&E). 
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Figure 5.1 P-IGF1R+ LPCs increased in mice given hAEC-CM 

(A-E) Livers sections were stained for P-IGF1R (green) and A6 (red) to detect 
activation of IGF1R signalling in hepatocytes and LPCs (A6+). Cell nuclei were 
stained with Hoechst. Representative images are shown. Images were acquired 
and characterised using the CX7 instrument as described in Section 2.6.6. Mice 
given CCl4 only (B) served as a control for hAECs while DMEM/F12 (C) served 
as a control treatment for hAEC-CM. White arrows mark P-IGF1R+ hepatocyte 
and yellow arrows P-IGF1R+ LPC. Scale bar equals 100 µm. 
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Cohort P-IGF1R+ hepatocyte per FOV LPCs per FOV P-IGF1R+ LPC 
(%) 

Saline 0.15 ±0.1 

63.3 ±8.1a*** 

18.8 ±5.6b*** 

52.5 ±5.4 

26.5 ±5.5c** 

01.4 ±0.3 00 ±0 

CCl4 23.6 ±1.3a*** 13.2 ±1.3a* 

CCl4 + hAECs 06.8 ±0.5b*** 00.7 ±0.3b** 

CCl4 + DMEM/F12 10.5 ±3.1 08.2 ±1.0 

CCl4 + hAEC-CM 09.9 ±1.0 14.9 ±5.0 

Table 5.1 hAEC-CM treatment increases the percentage of P-IGFR1+ LPCs 
in vivo 

Data presented are mean ±SEM from n=4-7 mice. Statistical significance was 
determined by one-way ANOVA with a Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Saline: CCl4; (b) CCl4: CCl4 + hAECs; (c) CCl4 + 
DMEM/F12: CCl4 + hAEC-CM; ***, p<0.001; **, p<0.01; *, p<0.05 

 

5.2.2 hAEC and hAEC-CM treatment does not alter the 

percentage P-Erk1/2+ LPCs in vivo 

The effect of hAECs and hAEC-CM on Erk1/2 activation in hepatocytes and LPCs 

during chronic liver injury was also assessed (Table 5.2). An 8.5-fold (p<0.05) 

increase in the number of P-Erk1/2+ hepatocytes was observed in CCl4 injured 

liver (Figure 5.2B). hAEC treatment reduces P-Erk1/2+ hepatocytes by 19-fold 

(p<0.001) (Figure 5.2C). Similarly, hAEC-CM decreased the number of P-Erk1/2+ 

hepatocytes by 24-fold (p<0.001) compared to DMEM/F12. Regarding LPCs, a 

1.3-fold (p<0.01) increase in the percentage of P-Erk1/2+ LPCs was observed by 

CCl4 induced injury, which was not significantly altered by any of the treatments.  
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Figure 5.2 Erk1/2 phosphorylation in hepatocytes is reduced by treatment 
with hAECs and hAEC-CM 

(A-E) Livers sections were stained for Erk1/2 (green) and A6 (red) to detect 
activation of Erk1/2 signalling in hepatocytes and LPCs (A6+). Hoechst (blue) 
stained cell nuclei. Representative images are shown. Images were acquired and 
characterised using the CX7 as described in Section 2.6.6. Mice given CCl4 only 
(B) served as a control of hAECs while DMEM/F12 (C) served as a control 
treatment for hAEC-CM. White arrows indicate an Erk1/2+ hepatocyte and yellow 
arrows Erk1/2+ LPCs. Scale bar equals 100 µm. 
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Cohort P-Erk1/2+ hepatocyte per FOV P-Erk1/2+ LPCs (%) 

Saline 05.7 ±0.2 

54.0 ±1.9 a*** 

23.13 ±0.9 b*** 

45.95 ±2.4 

28.7 ±2.8 c*** 

32.2 ±7.0 

CCl4 59.0 ±2.1 a** 

CCl4 + hAECs 71.5 ±6.6 

CCl4 + DMEM/F12 61.6 ±5.9 

CCl4 + hAEC-CM 59.7 ±4.7 

Table 5.2 hAECs and hAEC-CM treatment does not alter the percentage of 
Erk1/2+ LPCs 

Data presented are mean ±SEM (n=3-5 mice). Statistical significance was 
determined by one-way ANOVA with Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Saline: CCl4; (b) CCl4: CCl4 + hAECs; (c) CCl4 + 
DMEM/F12: CCl4 + hAEC-CM; ***, p<0.001; **, p<0.01; *, p<0.05 

 

5.2.3 IGF2 stimulates LPC proliferation 

IGF2 was added to LPC cultures to determine its effect on proliferation. The 

addition of 1-100 µg/mL of IGF2 to LPC cultures significantly increases 

proliferation (Table 5.3). Both 100 µg/mL and 10 µg/mL elicit the same effect on 

proliferation, therefore, 10 µg/mL was used in subsequent experiments. 

IGF2 (µg/mL) Proliferation (% relative to control) 

Control 100 ±05.1 

000.1 111 ±11.9 

001 155 ±11.3*** 

010 166 ±03.9*** 

100 163 ±04.9*** 

Table 5.3 IGF2 promotes LPC proliferation in culture 

Data presented are mean ±SEM (n=3). The control consisted of control medium 
supplemented with 2% FBS which, was used as the base medium for IGF2 
supplemented cultures. Statistical significance relative to control was determined 
by one-way ANOVA and Tukey post-test; ***, p<0.001. 
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5.2.4 hAEC-CM stimulates IGF1R phosphorylation in LPCs 

The effect of hAEC-CM and IGF2 on IGF1R signalling in LPCs, their respective 

effects on IGF1R phosphorylation was assessed. A subpopulation of P-IGF1R+ 

(34.6%) was observed in control cultures (Figure 5.3A). Treatment of LPC 

cultures with IGF2 (Figure 5.3B) or hAEC-CM (Figure 5.3C) significantly 

increased the percentage of P-IGF1R+ LPCs by 2.2-fold (p<0.001) and 2.3-fold 

(p<0.05) respectively (Table 5.4). The addition of CHR reduced the percentage 

of P-IGF1R+ LPCs in IGF2 and hAEC-CM treated cultures by 2.9-fold (p>0.05) 

and 1.9-fold (p>0.05), respectively (Figure 5.3D&E). None of the culture 

conditions changed the staining intensity of P-IGF1R+ LPCs (Table 5.4). 

  

Figure 5.3 hAEC-CM induces phosphorylation of IGF1R in LPCs 

LPC cultures maintained in IGF2 or hAEC-CM and exposed to CHR were stained 
for P-IGF1R. (A-E) Representative images are shown, cell nuclei were stained 
with Hoechst. Vehicle is DMSO. Images were captured and characterised using 
the CX7 instrument (Section 2.6.6). Scale bar represents 100 µm 
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Expression of P-IGF1R+ protein was measured by AlphaLISA (Section 2.4.6). 

This showed that IGF2 and hAEC-CM increases P-IGF1R+ expression by 1.61-

fold (p<0.001) and 2.6-fold (p<0.001), respectively (Table 5.4). The inclusion of 

CHR in IGF2 and hAEC-CM treated cultures reduces expression by 3.2-fold 

(p<0.05) and 2.4-fold (p<0.05), respectively. 

 

Culture conditions 
Positive cells 
(%) 

Intensity of 
positive cells 

P-IGF1R protein expression 
(% relative to control) 

Control 34.6 ±06.8 453 ±117 100 ±1.3 

IGF2+vehicle 75.7 ±06.3a*** 452 ±117 161 ±16.0a*** 

IGF2+CHR 26.0 ±06.5b*** 495 ±120 051 ±12.5b** 

hAEC-CM+vehicle 86.1 ±06.0c*** 416 ±183 364 ±09.2c*** 

hAEC-CM+CHR 45.0 ±11.8d*** 470 ±121 151 ±25.0 d** 

Table 5.4 hAEC-CM increases IGF1R phosphorylation in LPCs 

Data presented are mean ±SEM (n=3) Vehicle is DMSO. Statistical significance 
were determined by one-way ANOVA and Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Control: IGF2+vehicle; (b) IGF2 + vehicle: IGF2 + 
CHR; (c) Control: hAEC-CM + vehicle; (d) hAEC-CM + Vehicle: hAEC-CM + 
CHR; ***, p<0.001; **, p<0.01; *, p<0.05  

 

5.2.5 CHR attenuates the proliferative and migratory effects of 

hAEC-CM and IGF2 in LPCs 

The increase in LPC proliferation by IGF2 and hAEC-CM was significantly 

attenuated by CHR (Table 5.5). The maximum effect occurred at 200nM of CHR 

which reduced LPC proliferation in IGF2 and hAEC-CM exposed cultures by 2-

fold and 2.2-fold, respectively. LPCs maintained hAEC-CM were more resistant 

to the anti-proliferative effect of CHR and were able to tolerate a higher 

concentration. Greater than 400nM of CHR caused mass cell death regardless 

of the culture conditions. 
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Culture conditions Proliferation (% relative to control) 

Control 100 ±6.1 

Control+IGF2+Vehicle 191 ±7.4a*** 

Control+IGF2+CHR (100nM) 093 ±4.9b*** 

Control+IGF2+CHR (200nM) 089 ±2.6b* 

hAEC-CM+vehicle control 212 ±3.9c*** 

hAEC-CM+CHR (100nM) 135 ±2.1d** 

hAEC-CM+CHR (200nM) 118 ±2.8d** 

hAEC-CM+CHR (400nM)  98 ±3.6d*** 

Table 5.5 Chromeceptin attenuates the proliferative effect of hAEC-CM and 
IGF2 in LPCs 

Data presented are mean ±SEM (n=3). Vehicle is DMSO. Statistical significance 
were determined by one-way ANOVA and Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Control: IGF2 + vehicle; (b) IGF2 + vehicle: IGF2 
+ CHR; (c) Control: hAEC-CM + vehicle; (d) hAEC-CM + vehicle: hAEC-CM + 
CHR; ***, p<0.001; **, p<0.01; *, p<0.05  

 

IGF2 (Figure 5.4B) and hAEC-CM (Figure 5.4C) increase the percentage of Ki67+ 

LPCs by 1.1-fold (p<0.05) and 1.2-fold (p<0.05), respectively (Table 5.6). 

Inclusion of CHR reduces the percentage of Ki67+ LPCs by 1.6-fold (p<0.05) for 

IGF2 (Figure 5.4D) and 1.4-fold (p<0.05) for hAEC-CM (Figure 5.4E) treated 

cultures. CHR does not change the mean intensity or the ratio of nuclear to 

cytoplasmic staining of Ki67+ LPCs. 
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Figure 5.4 Inhibition of IGF2-IGF1R signalling decreases the percentage of 
Ki67+ LPCs maintained in hAEC-CM 

LPC cultures maintained in IGF2 or hAEC-CM and exposed to CHR were stained 
for Ki67 (A-E) Representative images are shown. Cell nuclei were stained with 
Hoechst. Vehicle is DMSO. Images were captured and characterised using the 
CX7 instrument as described in Section 2.6.6. Scale bar represents 100 µm. 
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Culture conditions Positive cells (%) 
Intensity of positive 
cells Nuclear: Cytoplasm 

Control medium 55.6 ±0.7 1568 ±227 2.2 ± 0.04 

IGF2+vehicle 61.1 ±0.8a** 1510 ±215 2.3 ± 0.05 

IGF2+CHR 38.0 ±1.0 b*** 1219 ±339 2.7 ± 0.6 

hAEC-CM+vehicle 67.6 ±1.1 c*** 1595 ±272 2.4 ± 0.03 

hAEC-CM+CHR 49.4 ±1.3 d*** 1171 ±323 2.7 ± 0.4 

Table 5.6 CHR treatment of LPCs cultured in hAEC-CM reduces the 
percentage of Ki67+ cells 

Data presented as mean ±SEM (n=3). Vehicle is DMSO. Statistical significance 
were determined by one-way ANOVA and Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Control: IGF2 + vehicle; (b) IGF2 + vehicle: IGF2 
+ CHR; (c) Control: hAEC-CM + vehicle; (d) hAEC-CM + vehicle: hAEC-CM + 
CHR; ***, p<0.001; **, p<0.01; *, p<0.05  

 

Blockade of IGF2-IGF1R signalling by CHR confirmed that IGF2 mediates 

migration of LPCs cultured with hAEC-CM and IGF2. CHR reduces the rate of 

wound closure by 2.6-fold and 2.3-fold when added to LPCs cultures maintained 

in IGF2 and hAEC-CM, respectively (Table 5.7). 

Culture conditions Wound closure rate (% relative to control) 

Control medium 100 ±03.6 

IGF2+vehical 147 ±05.7a** 

IGF2+CHR 057 ±16.0b* 

hAEC-CM+vehicle 161 ±09.2c*** 

hAEC-CM+CHR  071 ±07.5d** 

Table 5.7 The enhancement of LPC migration by hAEC-CM and IGF2 is 
suppressed by CHR 

Data presented are mean ±SEM (n=3). Vehicle is DMSO. Statistical significance 
were determined by one-way ANOVA and Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Control: IGF2 + vehicle; (b) IGF2 + vehicle: 
IGF2+CHR; (c) Control: hAEC-CM + vehicle; (d) hAEC-CM + vehicle: hAEC-CM 
+ CHR; ***, p<0.001; **, p<0.01; *, p<0.05  



 Chapter 5: IGF2 
 

88 

5.2.6 Stimulation of Erk1/2 and Akt signalling by hAEC-CM in 

LPCs is attenuated by CHR 

The effects of CHR confirm that IGF2 present in hAEC-CM stimulates Erk1/2 

signalling in LPCs. A proportion of LPCs cultured in control medium display 

cytoplasmic and nuclear P-Erk1/2 staining (Figure 5.5A). The percentage of P-

Erk1/2+ LPCs increases by 1.2-fold (p<0.05) and 1.3-fold (p<0.01) when exposed 

to IGF2 and hAEC-CM, respectively (Figure 5.5B&C). CHR reduces the 

percentage of P-Erk1/2+ LPCs by 3.5-fold (p<0.05) for IGF2 (Figure 5.5C) and 

3.9-fold (p<0.05) for hAEC-CM treated (Figure 5.5D) LPCs (Table 5.8). CHR also 

reduces the mean intensity of P-Erk1/2+ LPCs cultured in IGF2 and hAEC-CM by 

2-fold (p>0.05) and 2.4-fold (p>0.05), respectively. The ratio of nuclear to 

cytoplasmic staining increased by 1.5-fold (p<0.01) for LPCs treated with IGF2 

and 2.3-fold for hAEC-CM (p<0.001). CHR treatment reduces this ratio by 2-fold 

(p<0.05) for IGF2 and 2.4-fold (p<0.05) for hAEC-CM treated cultures. Analysis 

of P-Erk1/2 as a proportion of total Erk1/2 (Section 2.4.6) showed an increase of 

1.5-fold (p<0.05) by IGF2 and 2-fold (p<0.001) by hAEC-CM. CHR reduced P-

Erk1/2 by 5.6-fold (p<0.01) in IGF2 and 2.4-fold (p<0.05) in hAEC-CM treated 

cultures (Table 5.8). 
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Figure 5.5 CHR inhibition of IGF2-IGF1R signalling suppresses Erk1/2 
activation in LPC maintained in hAEC-CM 

LPC cultures maintained in IGF2 or hAEC-CM and exposed to CHR were stained 
for P-Erk1/2 (A-E) representative images are shown. Cell nuclei were stained 
with Hoechst. Images were captured and characterised using the CX7 
instrument. Vehicle is DMSO. Scale bar represents 100 µm.  
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Culture conditions 
Positive cells 
(%)  

Intensity of 
positive cells 

Nuclear: 
Cytoplasm 

P-Erk1/2 expression 
(% relative to 
control) 

Control  42.4 ±5.9 901 ±328 1.3 ± 0.1 100 ±01.3 

Control+IGF2+vehicle 62.8 ±4.3a** 744 ±338 1.7 ±0.04a*** 146 ±07.7a* 

Control+IGF2+CHR 17.8 ±4.4b*** 362 ±267 1.0 ±0.1b*** 026 ±07.2b** 

hAEC-CM+vehicle  74.3 ±10c** 923 ±282 3.3 ±0.1c*** 202 ±15.0c** 

hAEC-CM+CHR 19.2 ±7.6d*** 385 ±266 1.2 ±0.02d*** 082 ±31.0d*** 

Table 5.8 CHR decreases Erk1/2 phosphorylation by hAEC-CM and IGF2 in 
LPCs 

Data presented are mean ±SEM (n=3). Vehicle is DMSO. Statistical significance 
was determined by one-way ANOVA and Bonferroni post-test. Bonferroni 
comparisons consisted of: (a) Control: IGF2 + vehicle; (b) IGF2 + vehicle: 
IGF2+CHR; (c) Control: hAEC-CM + vehicle; (d) hAEC-CM + vehicle: hAEC-CM 
+ CHR; ***, p<0.001; **, p<0.01; *, p<0.05  

 

The effect of CHR on Akt signalling was also investigated. A sub-population 

(33.7%) of P-Akt+ LPCs were detected in control cultures (Figure 5.6A). The 

percentage of P-Akt+ LPCs increases by 1.4-fold (p <0.01) and 1.5-fold (p<0.01) 

following IGF2 and hAEC-CM exposure, respectively (Table 5.9). The addition of 

CHR to LPCs treated with IGF2 and hAEC-CM reduces the percentage of P-Akt+ 

LPCs by 2.75-fold and 2.5-fold, respectively (Table 5.9). The intensity of P-Akt+ 

LPCs was only significantly changed by the addition of CHR to IGF2 treated 

cultures (0.5-fold reduction (p<0.01) (Table 5.9). None of the culture conditions 

cause a significantly change in the ratio of nuclear to cytoplasmic staining Akt+ 

LPCs (Table 5.9). When normalised to total-Akt, P-Akt increased by 3.5-fold 

(p<0.001) and 4.3-fold (p<0.001) in LPCs exposure to IGF2 and hAEC-CM, 

respectively. The addition of CHR reduced P-Akt in IGF2 and hAEC-CM by 3.4-

fold and 2.8-fold (p<0.05), respectively (Table 5.9). 
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Figure 5.6 Inhibition of IGF2-IGF1R signalling decrease Akt activation in 
LPC maintained in hAEC-CM 

LPC cultures maintained in IGF2 or hAEC-CM and exposed to CHR were stained 
for P-Akt, representative images are shown. Cell nuclei were stained with 
Hoechst. Images were captured and characterised using the CX7. Vehicle is 
DMSO. Scale bar equals 100 µm.  
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Culture conditions 
Positive cells 
(%) 

Intensity of 
positive cells 

Nuclear: 
Cytoplasm 

P-Akt expression (% 
relative to control) 

Control 33.7 ±11 1005 ±219 1.4 ±0.2 100 ±12 

Control+IGF2+vehicle  74.8 ±5.8a** 1040 ±231  1.6 ±0.1 452 ±21a*** 

Control+IGF2+CHR 27.2 ±14b** 0455 ±218*** 1.0 ±0.1 113 ±15b** 

hAEC-CM+ vehicle 78.9 ±9.8c** 0966 ±161 1.4 ± 0.4 533 ±11c*** 

hAEC-CM+CHR 31.1 ±9.4d** 0908 ±217 1.5 ± 0.2 191 ±18d*** 

Table 5.9 CHR suppresses Akt phosphorylation induced by hAEC-CM and 
IGF2 in LPCs 

Data presented are mean ±SEM (n=3). Vehicle was DMSO. Statistical 
significance were determined by one-way ANOVA and Bonferroni post-test. 
Bonferroni comparisons consisted of: (a) Control: IGF2 + vehicle; (b) IGF2 + 
vehicle: IGF2+CHR; (c) Control: hAEC-CM + vehicle; (d) hAEC-CM + vehicle: 
hAEC-CM + CHR; ***, p<0.001; **, p<0.01; *, p<0.05 

 

5.3 Discussion 

The previous chapter established that hAEC-CM promotes LPC proliferation and 

migration by activating Erk1/2 and Akt signalling. The next step is to establish 

that IGF2 mediates the effects of hAEC-CM on LPCs. The results presented, 

show IGF2-IGF1R signalling facilitates the interaction between hAEC-CM and 

LPCs. 

Administration of hAECs during chronic liver injury significantly reduced IGF1R 

activation in hepatocytes and LPCs (Table 5.1). This may result from hAECs 

reducing liver injury and fibrosis (Chapter 3) [22, 36]. Expression of IGF1, IGF2 

and IGF1R by hepatocytes is upregulated by liver injury and fibrosis [164, 172]; 

hence, hAECs may suppress intrinsic IGF1R signalling. This is supported by the 

decrease in P-Erk1/2+ hepatocytes (Table 5.4) a downstream target of IGF1R 

[173]. Furthermore, liver-specific knockout of IGF1R is reported to impair liver 

regeneration by hepatocytes following partial hepatectomy due to impaired Erk 
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activation [119]. hAECs do not impair hepatocyte proliferation during liver repair 

(Chapter 3). Therefore, it is likely that hAECs reduce IGF1R signalling in 

hepatocytes and LPCs by ameliorating liver injury and fibrosis. Alternativity, the 

production of IGF2 by hAECs may be suppressed by the inflammatory 

microenvironment of the injured liver. Inflammatory mediators including IL-6, 

TNF-α, and IL-1β are upregulated during liver injury [101, 174], that are reported 

to suppress IGF1 and IGF2 production by Huh-7 [175] and microglial cells [176]. 

Hence, inflammatory factors may also suppress IGF2 production by hAECs. 

The effects of hAEC-CM on IGF1R and Erk1/2 signalling in hepatocytes are 

similar to hAECs. hAEC-CM increase IGF1R activation in LPCs in vivo (Table 

5.1). This increase was variable and is likely due to batch to batch variation in the 

concentration of IGF2. This suggests hAECs may not maintain IGF2 levels 

sufficient to activate IGF1R in LPCs in vivo, perhaps due to insufficient cell 

engraftment and/or survival. By circumventing these issues, hAEC-CM is more 

effective at stimulating IGF1R in LPCs in vivo. Notwithstanding, IGF1R activation 

was only observed in 15% of LPCs in mice treated with hAEC-CM (Table 5.1). 

This may explain why no notable change in Erk1/2 activation in LPCs was 

observed. Therefore, further optimisation of hAEC-CM treatment approaches 

may be required to enhance IGF2-IGF1R signalling in LPCs. 

Inhibition of IGF2-IGF1R signalling using CHR confirmed the importance of this 

pathway in the interaction between hAEC-CM and LPCs. This is consistent with 

established methods of culturing LPCs which mandate IGF2 as a culture additive 

[89, 106, 116, 136, 162]. CHR suppressed activation of Erk1/2 and Akt signalling 

in LPCs by hAEC-CM indicating it is IGF2 in hAEC-CM that stimulates Erk1/2 and 

Akt signalling in LPCs. Also, it demonstrates that activation Erk1/2 and Akt 



 Chapter 5: IGF2 
 

94 

signalling is important for hAEC-CM to promote proliferation and migration of 

LPCs.  

In summary, the results presented in this chapter provide evidence that IGF2 is 

an important factor in mediating the therapeutic effects of hAEC-CM in liver 

repair. Future research should ascertain whether the concentration of IGF2 

correlates with the therapeutic efficacy of individual hAEC-CM batches. This 

would assist in selecting batches that are consistently effective for evaluation in 

clinical trials. 
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 General Discussion 

6.1 Summary of findings and future directions 

Previous studies demonstrate the potential of hAECs based therapies for CLD. 

However, these studies focus on their anti-inflammatory and antifibrotic 

properties with none assessing the impact of hAECs on the LPC response. LPCs 

play an important role in liver regeneration during chronic liver injury, therefore, 

understanding how hAECs therapies affect LPC is important. The ability of LPC 

to proliferate and differentiate into hepatocytes in culture provides a useful in vitro 

model to study how hAECs directly affect this avenue of liver regeneration. 

Hence, an objective of this project is to characterise the effects of hAECs and 

their secreted factors on LPCs. 

hAECs and hAEC-CM suppress the LPC response in a mouse model of chronic 

CCl4-induced liver injury as a consequence of their anti-inflammatory effects 

(Chapter 3). A series of in vitro studies which documented the cell-cell and 

paracrine-mediated effects of hAECs on LPCs show; coculture of LPCs with 

hAECs does not affect LPC differentiation (Chapter 3). In contrast, hAEC-CM 

enhances LPC proliferation, migration and differentiation into functional 

hepatocytes (Chapters 3 & 4). Further investigation into this interaction, 

demonstrates that hAEC-CM increases the expression of β-catenin and HNF4α 

and activates Erk1/2 and Akt signalling in LPCs (Chapter 4). Activation of Erk1/2 

and Akt by hAEC-CM is mediated by IGF2-IGF1R signalling (Chapter 5). Overall, 

these results provide multiple new insights into the mechanism underlying hAECs 

therapies in liver pathologies. 

First, is that paracrine mechanisms are primarily responsible for the therapeutic 

efficacy of hAECs. Second, hAEC-CM directly stimulates LPC proliferation, 
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migration and differentiation. Third, hAECs suppress the LPC response in vivo 

by their anti-inflammatory effects. Finally, IGF2-IGF1R is involved in cell-cell 

communication between hAECs and LPCs. 

6.1.1 hAECs exert their effects on liver repair by paracrine 

mechanisms 

The in vivo study presented in Chapter 3 demonstrated that treatment with hAECs 

or hAEC-CM reduces inflammation, ECM content and the LPC in a mouse model 

of chronic CCl4-induced liver injury. These results are consistent with previous 

reports that hAECs [36] and hAEC-CM [24] reduce inflammation and fibrosis 

during chronic CCl4-induced liver injury. The novelty of the present study is that 

the two approaches are directly compared. Hence, the results provide convincing 

evidence that hAECs exert their therapeutic effects by paracrine mechanisms 

hAEC-CM exerts unique effects on liver repair not observed in mice treated with 

hAECs, specifically, reducing HSC activation (Chapter 3) and stimulating IGF1R 

phosphorylation in LPCs (Chapter 5). This suggests that hAEC-CM possess 

advantages over hAECs. Such advantages may stem from administering only a 

single dose of hAECs. As a consequence, the capacity for hAECs to maintain 

sufficient levels of their paracrine factors directly depends on their long-term 

survival. Treatment with hAEC-CM at frequent intervals circumvents this issue. 

This suggests that treating CLD with hAECs long-term will require regular 

injections (Figure 6.1). 
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Figure 6.1 Modelling of the concentration of paracrine factors for each 
treatment strategy 

Treatment with hAECs (blue) is associated with a decrease in therapeutic factors 
over time due to the progressive loss of engrafted cells. Treatment with hAEC-
CM (green) at regular intervals is cyclic with the concentration of paracrine factors 
dependant on the volume of hAEC-CM and frequency of injections. 

 

Alternatively, the synthesis of paracrine factors by hAECs in vitro may differ from 

in vivo. Evidence to support this arises from a study by Tan et al, who showed 

that hAECs upregulate their expression of lipoxin-A4 in culture in response to 

TNFα [43]. Also, hypoxia has been shown to suppress the production of CX3CL1 

by hAECs [78]. Hence, the efficacy of hAECs may depend on their 

microenvironment. This suggests that the efficacy of hAEC-CM can be improved 

by altering their culture conditions. However, achieving this will require 

establishing a more extensive list of the paracrine factors hAECs produce that 

enhance liver repair. 
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6.1.2 hAEC-CM directly stimulates LPC proliferation, migration 

and differentiation 

A myriad of factors and cell types influence the LPC response. For example, 

macrophages promote the LPC response by producing inflammatory factors 

including TWEAK and TNFα [177, 178]. Consequently, the anti-inflammatory 

functions of hAEC-CM may indirectly affect the LPC response. To distinguish 

between these effects and those resulting from a direct interaction between the 

two cells types, the effect of hAEC-CM on LPC was characterised in vitro 

(Chapter 3). hAEC-CM stimulates LPC proliferation, migration and differentiation 

into functional hepatocytes. These findings coincide with observations made by 

Tan et al, who showed that hAEC‐derived exosomes enhance proliferation and 

differentiation of bronchioalveolar stem cells [144] suggesting, that hAEC 

therapies harness progenitor/stem cell populations to enhance tissue 

regeneration. 

Signalling pathways activated in LPCs by hAEC-CM were identified in this project. 

For example, hAEC-CM increases LPC proliferation and migration by activating 

Erk1/2 and Akt. The differentiation of LPCs into hepatocytes by hAEC-CM 

involves changes to LPC expression of hepatic transcription factors, specifically, 

upregulation of HNF4α and downregulation HNF1β expression. These changes 

accompany an increase in LPC expression of functional hepatocytes genes and 

the adoption of hepatocellular functions. Combined, these observations 

demonstrate that the diverse effects of hAEC-CM on LPCs occur by hAEC-CM 

stimulating multiple pathways. 
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6.1.3 hAECs suppress the LPC response in vivo by their anti-

inflammatory and anti-fibrotic effects 

Contradictory to the effects of hAEC-CM on LPCs in culture; treatment of mice 

with hAECs or hAEC-CM during chronic CCl4-induced liver injury reduces LPC 

numbers. The LPC response is controlled by a myriad of factors and pathways 

regulated by macrophages and activated HSCs [86, 181]. Hence, alterations to 

these cell types, especially inflammatory cells, will affect the LPC response. 

Hence, the reduction in LPC numbers by hAECs and hAEC-CM treatment in vivo 

results by the commiserate reduction in inflammation and fibrosis (Figure 6.2). 

The notion that hAEC therapies indirectly suppress the LPC response is 

important. It suggests that the anti-inflammatory and anti-fibrotic effects of hAEC 

therapies are more potent than their direct effects on LPCs. Also, it demonstrates 

that hAEC-based therapies alleviate the severity of CLD and, reduce the need for 

LPCs to participate in liver regeneration. This is supported by reports 

demonstrate ng that LPC numbers correlate with the severity of liver disease [89, 

100] and impairment of hepatocytes proliferation [92, 93]. A study by Lu et al, 

showed that direct disruption of LPC activation in mice on a CDE diet increased 

mortality [93]. Hence, it is unlikely that hAEC-based therapies directly suppress 

the LPC response in vivo. 
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Figure 6.2. hAEC therapies modulate LPC in vivo by direct and indirect 
interactions  

Paracrine factors produced by hAECs directly promote LPC proliferation, 
migration and differentiation. These effects are counteracted by the anti-
inflammatory and anti-fibrotic effects of hAECs. The observed effect of hAECs on 
the LPC response is the sum of these interactions. 

  

By suppressing the LPC response, hAEC-based therapies may prevent or slow 

the development of liver cancer. Many types of liver cancer develop as a 

consequence of long-term hepatic would healing induced by CLD. Under these 

conditions, the expansion and perpetuation of the LPC response results in 

accumulating genetic and/or epigenetic alterations which, can result in their 

tumorigenic transformation [182-184]. Suppression of the LPC in rodent models 

of chronic liver injury is reported to prevent HCC development [185, 186]. One 

pathway associated with HCC development and LPC transformation is aberrant 

Wnt/β-catenin signalling [187, 188]. hAEC-CM suppresses the expression of β-

catenin target genes despite promoting LPC expression of β-catenin (Chapter 3) 

suggesting, that it may prevent aberrant β-catenin signalling in LPCs. Future 

studies should explore this concept by ascertaining whether hAEC based-
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therapies can delay or prevent the development of liver cancers in murine 

models.  

6.1.4 IGF2-IGF1R signalling facilitates communication between 

hAEC-CM and LPCs. 

Evidence presented in Chapter 5 demonstrated that the effects of hAEC-CM on 

LPC proliferation and migration involve IGF2-IGF1R signalling. Mice treated with 

hAEC-CM displayed evidence of increased IGF1R activation in LPCs. This effect 

varied between mice suggesting that hAEC-CM treatment methods made need 

optimisation too significantly and consistently enhance IGF1R activation in LPCs 

in vivo.  

IGF2 may also be involved in other beneficial effects of hAEC-CM on liver repair. 

For example, IGF2 is reported to induce macrophages to adopt an anti-

inflammatory phenotype [189]. Additionally, IGF2 may promote senescence of 

HSCs. This is supported by Nishizawa et al, who showed that IGF1 limits fibrosis 

in a fatty liver model by inducing senescence of HSCs [190]. It is unknown if IGF2 

also induces senescence of HSCs however, research indicates that IGF1 and 

IGF2 are functionally very similar [191]. Accordingly, future research should 

investigate the role of IGF2 in relation to its effects of hAEC-CM on macrophages 

and HSCs. 

6.2 Conclusions 

The work presented in this thesis characterises the effect of hAECs and their 

secretome on the LPC response making significant progress towards elucidating 

the mechanism/s and mediators of this interaction. These findings advocate for 

the use of hAEC-based therapies especially their secretome as a treatment for 
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CLD. Finally, multiple areas of future study were identified which may help to 

better understand and ultimately translate the hAECs secretome to the clinic. 
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Appendix A: Quantifying immunofluorescence 

using the CX7 

A.1 Quantifying cytofluorescence using the CX7 

The CX7 platform incorporates automated high content imaging with a set of 

analysis tools that can characterise and quantify immunofluorescence. The 

purpose of this appendix is to outline how immunofluorescence was quantified 

using the CX7. As an example, images of HNF4α immunofluorescence will be 

used (Figure A.1). 

Figure A.1. Represented images of HNF4α immunofluorescence 

(A) LPCs stained for HNF4α (green) and Hoechst (blue) and imaged using the 
CX7 (Section 2.6.6). (B) Secondary antibody (Ab) only control is used to 
distinguish HNF4α+ staining from background. 

 

Hoechst staining identified cell nuclei which were labelled with a circle mask. 

Around each circle mask, a ring mask is applied and adjusted in size to 

encompass the cytoplasm. Next, using the secondary control as a background 

reference, a pixel intensity level was set to identify spots of HNF4α+ staining 

(Figure A.2). Positive cells could then be counted based on their average circle 

intensity of HNF4α (Figure A.3). 
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Figure A.2. Masked applied by CX7 software identify cells and positive 
staining 

Image shows the various masked applied by the CX7. The green circles (green 
arrows) outline cell nuclei. The yellow circles (yellow arrows) are rings which 
delineate the cell cytoplasm. The inner circle of each ring overlaps the green 
circle, so it is not visible in this image. The red regions (red arrow) define HNF4α+ 
pixel that lie within a cell circle. 
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Figure A.3. CX7 software can count positive cells staining using thresholds 

Positive cells were quantified by setting a high threshold for circle average 
intensity. This threshold was set using the secondary only as a background 
reference. Cells with a circle intensity above this threshold were counted as 
HNF4+. (A) HNF4+ cells are highlighted in red in the image and scatter plot. These 
cell’s circle average intensity is above the high threshold (B) Secondary only stain 
used to set the high threshold above background. 

 

A.2 Analysing tissue using the CX7 

To analyse tissue sections, the same method as outlined in A.1 was used to 

delineate cell circles, rings and positive pixels. Different cell population could then 

be distinguished and counted using multiple characteristics. For example, P-

Ekr1/2+ hepatocytes were identified by a large object area and P-Erk1/2 average 

circle intensity (Figure A.4). LPCs were characterised by their small object size 

and high A6 circle average intensity (Figure A.5). Importantly, the thresholds were 

set to ignore cholangiocyte. P-Erk1/2+ LPCs were detected by applying the same 

P-Erk1/2 average circle intensity threshold that was used to detect hepatocytes. 
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Figure A.4. P-Erk1/2+ hepatocytes can be identified by their area and 
average circle intensity of P-Erk1/2  

(A&B) Tissue sections stained for P-Erk1/2 (green) and Hoechst (blue) and 
imaged using the CX7 (Section 2.6.6). (C&D) P-Erk1/2+ hepatocytes were 
identified by their large area and high P-Erk1/2 average circle intensity. Red 
pixels indicate positive staining and cells highlight in red (red arrow) were counted 
as P-Erk-1/2+ hepatocytes. Secondary antibody only was used as background 
reference. Scatter plots show object size plotted against P-Erk1/2 average circle 
intensity and the threshold set for each parameter. P-Erk1/2+ hepatocytes lie in 
the upper right quadrant and are highlighted in red. 
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Figure A.5. A6+ LPC can be identified using the CX7 

(A&B) Tissue sections stained for A6 (red) and Hoechst (blue) and imaged using 
the CX7 (Section 2.6.6). LPCs were identified by their small object area and high 
A6 average circle intensity. Secondary antibody only was used as background 
reference. (C&D) Cells highlight in red are counted as LPCs (red arrows). The 
scatter plot shows object size against A6 average circle intensity. LPCs lie in the 
upper left quadrant of this scatter plot. Importantly, the majority of cholangiocytes 
lie outside this quadrant. 
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Appendix B: Human Amnion Epithelial Cell 

Therapy for Chronic Liver Disease 
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