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Abstract
Chronic liver diseases that inevitably lead to hepatic fibrosis, cirrhosis and/or hepatocellular carcinoma (HCC), have become a major cause of illness and death worldwide. Among them, cholangiopathies or cholestatic liver diseases comprise a large group of conditions in which injury is primarily focused on the biliary system. They include congenital diseases such as biliary atresia and cystic fibrosis, acquired diseases including primary sclerosing cholangitis (PSC) and primary biliary cirrhosis (PBC), and those that arise from secondary damage to the biliary tree from obstruction, cholangitis or ischaemia. These conditions are associated with a specific pattern of chronic liver injury centered on damaged bile ducts which drive the development of peribiliary fibrosis and eventually biliary cirrhosis and liver failure. For most, there is no established medical therapy and hence they remain one of the most important indications for liver transplantation. As a result, there is a major need to develop new therapies which can prevent the development of chronic biliary injury and fibrosis. This mini-review briefly discusses the pathophysiology of liver fibrosis and its progression to cirrhosis with special emphasis on biliary fibrosis and current therapeutic options that include angiotensin converting enzyme-2 (ACE2) over-expression in the diseased liver as a novel potential therapy to treat this condition.
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Core Tip: This mini-review focuses on the pathophysiology of chronic liver fibrosis with special emphasis on biliary fibrosis. We also attempted to provide information on current clinically available therapeutic options for biliary fibrosis and other potential therapeutic options that are under preclinical stage of development while discussing their advantages and disadvantages. In particular, work from the author’s laboratory described in this review indicates that liver-specific over-expression of angiotensin converting enzyme-2 (ACE2) of the alternate renin angiotensin system dramatically reduces biliary fibrosis in mouse models of biliary disease. This suggests that ACE2 gene therapy has potential to treat patients with chronic biliary fibrosis.
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INTRODUCTION
The prevalence of chronic liver diseases is rising worldwide and approximately 1.7 million deaths are reported annually[1,2]. The etiology of chronic liver diseases is multifactorial and literature evidence indicates that these causative agents vary according to geographical location[3]. Major causes are chronic viral infections (e.g., hepatitis B and C), excessive alcohol consumption, non-alcoholic fatty liver disease (NAFLD), inherited diseases (e.g., Wilson’s disease, biliary fibrosis) and primary sclerosing cholangitis (PSC), side effects of medications, toxic chemicals and idiopathic or cryptogenic causes[3,4]. Regardless of the etiology, the events associated with pathogenesis and fibrogenic progression of chronic liver injury appear to share common intracellular pathways.
Hepatic fibrosis is the result of the wound-healing response of the liver to repeated injury. As a result, the balance between parenchymal cell regeneration and wound healing response is shifted towards wound healing response with impaired regenerative pathways over time, and hepatocytes are substituted with abundant extracellular matrix (ECM), eventually leading to accumulation of excess fibrotic scar tissue[5]. Cirrhosis is the end result of chronic liver diseases in which much of the hepatic parenchymal tissue is replaced by fibrous tissue, altering the liver function and distorting liver architecture with septae and nodule formation. This leads to alterations in blood flow with collateral formation and finally resulting in cirrhosis and liver failure[4,6]. There are no established medical therapies for cirrhosis and the ultimate therapy for this condition is liver transplantation which is limited by the lack of donor livers and carries the risk of post transplantation complications[4]. Thus, there remains a major need to identify potentially modifiable factors which exacerbate liver injury and fibrosis and to develop therapies that can prevent or slow liver scaring.
Liver injuries are categorized into three major groups, cell-indiscriminate, cholestasis and hepatocyte associated injuries. Mechanical trauma, ischemia and liver resection leads to cell-indiscriminate whilst either mechanical or autoimmune bile duct injuries cause cholestasis. The major types of hepatocyte associated injuries are either direct injuries (alcohol, drugs and hepatotropic infectious viruses such as hepatitis B and C) or immune mediated[2,7].
As injury persists, regardless of the initial cause, liver tissue responds by depositing ECM[8] which is known as the wound healing response. In addition, ECM synthesis is considered an effort of the liver tissue to localize the injury by encapsulating the area of injury. EventhoughEven though it is as an essential part of the wound healing process, once it is deregulated the condition progresses to “liver fibrosis”, which becomes an inefficient attempt at liver tissue remodelling[9,10]. Thus, liver fibrosis is mainly characterized by the excessive accumulation of ECM in the liver parenchyma replacing the functional hepatic tissue[11].
[bookmark: _GoBack]Interestingly, the microenvironment in the liver is an organized multidirectional interaction complex (cell-matrix-cell) which delivers the molecular signals crucial for normal liver homeostasis. In this process each cell type in the liver including hepatocytes, hepatic stellate cells (HSCs), Kupffer cells (KCs) and liver sinusoidal epithelial cells (LSECs) have their own roles to play while talking to each other, a process referred to as cellular “crosstalk”[12].
Activated HSCs are the main cell type that is responsible for ECM synthesis in the injured liver. In addition, they exert contractile and pro-inflammatory properties. During liver injury, HSC activation proceeds as a result of two major intercellular crosstalk pathways[12,13] and they are capillarization[14,15] of LSECs and apoptosis of hepatocytes[12,16]. It has been shown that KCs are also involved in cellular crosstalk during the process of fibrosis[12]. KCs are liver resident macrophages which engulf apoptotic bodies arising from the apoptotic hepatocytes[12,17] and become activated. The activated KCs begin to express death ligands such as, Fas, TNF-α and TNF-related apoptosis-inducing ligand that induce hepatocyte apoptosis in a feed-forward manner[17]. The activated KCs also release cytokines and reactive oxygen species through which they trigger activation of HSCs in a paracrine manner[18].
Other than HSCs, there are myofibroblasts that are predominantly located around the portal tracts, particularly in cholestatic liver injuries. These myofibroblasts are derived from either bone marrow or small portal vessels as a response to cholestasis and proliferate around biliary tracts[19]. In addition, the periportal myofibroblast cell population has been postulated to be also deriving from activated cholangiocytes[20]. These myofibroblast are also considered to play a role in collagen synthesis and perform a similar role to HSCs[19,21].
There is evidence that Mast cells are also involved in liver fibrosis as a response to an injury (Figure 1). A Mast cell is a white blood cell in the circulation containing histamine and heparin granules. It has been shown that Mast cell infiltration is evident during liver fibrosis in several rat models including bile duct ligated model[22,23]. It has also been described the infiltration of Mast cells into the liver during the progression of biliary fibrosis in multiple drug resistant gene 2 knockout (Mdr2-KO) mice, a mouse model of progressive biliary fibrosis. The presence of Mast cells increases the local levels of histamine, which is a pro-fibrogenic and proliferative factor. It induces intrahepatic bile duct mass and ductular proliferation during fibrogenesis[24]. Transforming growth factor beta 1 (TGF-β1) released by Mast cells is a key pro-fibrotic cytokine that subsequently activates quiescent HSCs which produce ECM, leading to fibrosis[22,25,26]. In addition, Mast cells have the ability to induce the production of ECM components by overproduction of the basement membrane which induces fibroblast attachment, spreading and proliferation[22,27].
Cirrhosis is the end stage of liver fibrosis and characterized by abnormal continuation of fibrogenesis and distortion of hepatic vasculature by neo-angiogenesis, a process involved in new sinusoid formation. In advanced stages of fibrogenesis there is a collective ECM synthesis from activated HSCs, myofibroblasts derived from bone marrow, portal fibroblasts and Mast cells that are closely associated with neo-angiogenesis and capillarization[10]. Cirrhosis is histologically characterised by vascularised fibrotic septa that link portal tracts and central veins, forming clusters of hepatocyte islands surrounded by fibrotic septa[28]. Thus, cirrhotic liver is characterized by diffuse fibrosis, regenerative nodules, altered lobular architecture and establishment of intrahepatic vascular shunts between afferent vessels and efferent hepatic vein of the liver[10,29]. Some of the major clinical consequences of these distortions are loss of liver function, development of portal hypertension (PHT), variceal bleeding and ascites which can lead to renal failure and hepatic encephalopathy[28].

BILIARY DISEASES
Biliary diseases or cholangiopathies are a group of chronic liver diseases characterized by cholestasis and progressive biliary fibrosis that can lead to end stage liver failure. There are numerous etiologies for these diseases. Two of the common cholangiopathies are the immune disorders, primary biliary cholangitis/primary biliary cirrhosis (PBC)[30] and PSC. Infectious agents of bacterial, viral or fungal origin, vascular or ischemic causes such as post liver transplantation, hepatic artery stenosis, drugs/toxin and genetical abnormalities such as cystic fibrosis are also causes of cholangiopathies. There are also idiopathic cholangiopathies including biliary atresia and idiopathic ductopenia. Many cholangiopathies including PBC and drug-induced cholangiopathies primarily affect the small bile ducts. In contrast, diseases like PSC and cholangiocarcinoma affect both intra and extrahepatic large bile ducts[31]. Once bile flow is impaired, bile accumulates in the liver causing primary damage to the biliary epithelium and eventually the liver parenchyma. A majority of cholangiopathies has similar features including peri-portal inflammations that lead to liver fibrosis/cirrhosis. Given their progressive nature, most cholangiopathies cause substantial morbidity and mortality in patients and thus, they are a major indication for liver transplantation[31,32]. 

PATHOGENESIS OF CHOLESTASIS AND BILIARY FIBROSIS
Cholestasis is defined as a decrease in bile flow due to impaired secretion by hepatocytes or to obstruction of bile flow. Obstruction of bile flow can occur due to intrahepatic or extrahepatic causes. Whilst intrahepatic bile duct obstruction and alterations in bile secretion by hepatocytes are considered as intrahepatic causes, obstruction in the extrahepatic bile duct is referred to as an extrahepatic cause of cholestasis[33]. Once bile flow is impaired, increased accumulation of bile within hepatocytes causes primary damage to biliary epithelium and eventually the liver parenchyma[34]. Many cholangiopathies including PBC and drug-induced cholangiopathies primarily affect small bile ducts. In contract, diseases like PSC and cholangiocarcinoma affect both intra and extrahepatic large bile ducts[31,35].
In a chronic cholestatic liver injury, two major pathways are responsible for repairing the damaged cells and to maintain biliary homeostasis. The first is the proliferation of existing cholangiocytes (Figure 2A) of both small and large injured bile ducts leads to subsequent expansion of existing bile ducts. The second pathway is via activation of hepatic progenitor cells (HPCs) or oval cells[36,37] which differentiate into cholangiocytes leads to the formation of new bile ducts, a condition referred to as “ductular reaction”[38] (Figure 2B). These newly formed ductules will eventually form a tubular network that restores the ductal mass in an attempt to prevent further liver injury from leakage of bile acids into liver parenchyma. In order to sustain newly formed tubules a fibro-vascular stromal area is developed as a result of an extensive cross-talk between hepatocytes, HSCs, LSECs and KCs[39]. On the other hand, ductular reaction is accompanied by continuous inflammatory signals resulting from key signalling molecules such as TGF-β1, TNF-α and vascular endothelial growth factor which then lead to liver fibrosis and later cirrhosis[36,40,41]. In late-stage cholangiopathies, ductopenia can occur which predominates over proliferation leading to a state of vanishing bile ducts. The apoptosis rate of cholangiocytes becomes higher than that of the proliferation rate and subsequently the cholangiocyte number is reduced, contributing to progressive portal fibrosis as seen in advanced cholangiopathies[31,42].

CURRENT TREATMENT OPTIONS FOR CHOLANGIOPATHIES 
PBC and PSC are considered as the most common cholangiopathies in humans. Both conditions lead to end stage liver failure, indicating for liver transplantation[43,44]. There has been a decrease in the number of liver transplantations for PBC in the United States and Europe after the clinical use of ursodeoxycholic acid (UDCA) in PBC patients[45]. Although, it is the only Food and Drug Administration (FDA) approved medical treatment for PBC, it has not been proven as a therapy for any other cholangiopathies[32,46]. PSC is the second most common cholangiopathy with no specific medical therapy and current evidence shows that there is no reduction in the number of PSC patients listed for liver transplantation[47], indicating that there is no effective medical therapy to prevent PSC patients progressing to cirrhosis[43,46]. Moreover, recurrence of PSC after liver transplantation emphasises the critical need for an effective medical therapy to treat this condition[48].
Development of antifibrotic therapies holds promise in the treatment of liver fibrosis including biliary diseases, irrespective of the cause of disease. They can be used either to prevent the formation of excessive ECM by inhibiting the activation of myofibroblastic cell population or stimulate ECM degradation. However, unavailability of an effective antifibrotic therapy with minimum or no side effects is the main hurdle and as a result, liver transplantation has inevitably become the only option for patients with biliary fibrosis. Increased incidence of chronic liver disease, lack of donor organs, post-transplant complications and high cost associated with liver transplantation make the current situation worse and therefore, there is a major need to develop and formulate specific, effective, safe and inexpensive medical treatment.
An exciting and potential target to develop antifibrotic therapies is the local renin angiotensin system (RAS). In normal physiology, the RAS plays a pivotal role in blood pressure regulation and sodium and water homeostasis as well as tissue remodelling after tissue injury. It is now well-established that the RAS consists of two arms called the “classical arm” and the “alternate arm” which play counter-balancing roles. There is substantial evidence that angiotensin II (Ang II) is a main mediator in hepatic fibrosis and circulating Ang II levels are elevated in patients with cirrhosis[49]. It has also been shown that the local RAS is also activated in the liver as a response to liver injury. Studies published by our laboratory and others have shown that once activated, there is an increased expression of components of the classical RAS including hepatic angiotensin converting enzyme (ACE) and Ang II type 1 receptor (AT1-R)[26,49]. Moreover, the increased expression of classical RAS components is localized to the areas of active fibrogenesis, confirming that the local RAS plays a pivotal role during hepatic fibrogenesis[22,50,51]. Consequently, attempts have been made to inhibit either production of Ang II by ACE inhibitors (ACEi) or AT1-R activation by angiotensin receptor blockers (ARBs) in cirrhotic patients. This implies that ACEi and ARBs can be considered as potential pharmacological agents to block the effects of classical RAS to inhibit liver fibrosis[52]. Unfortunately, a major setback with this approach is that they produce off-target systemic side effects including systemic hypotension and reduced renal perfusion.
[bookmark: _Hlk528657157]Work from our laboratory has demonstrated that the alternate RAS, comprising ACE2 and the antifibrotic peptide angiotensin-(1-7) [Ang-(1-7)], is also activated in liver injury[22,53]. The alternate RAS is expected to counter the deleterious effects produced by activated classical RAS. In experimental cholestasis induced by bile duct ligation (BDL) in rats, the components of the classical RAS including angiotensinogen, ACE and AT1-R are upregulated at 1 wk post-BDL. However, the expression of components of the alternate RAS such as ACE2, Ang-(1-7) and putative Ang-(1-7) receptor Mas (Mas-R) are delayed until the third week post-BDL. Upon activation however the expression of the alternate RAS parallels the changes of the classical RAS[53]. This in turn results in elevated circulating Ang-(1-7) levels[53]. These findings were corroborated with elevated levels of circulating Ang-(1-7) in patients with liver disease, confirming the activation of the alternate RAS during chronic liver injury[49,54].
Although inhibition of the components of the classical RAS has been extensively investigated in animal models of liver disease, there were only a few studies carried out to investigate the role of the alternate RAS in liver disease. Emerging evidence suggests that the alternate RAS is an attractive target for drug intervention in biliary fibrosis. One possible way of achieving a therapeutic outcome in biliary fibrosis would be to increase the level of antifibrotic peptide Ang-(1-7), the effector peptide of the alternate RAS, which opposes many of the deleterious effects of Ang II. Animal studies performed using BDL rats and cultured rat HSCs have confirmed that Ang-(1-7) peptide has the ability to reduce collagen secretion, leading to a profound improvement in hepatic fibrosis[49]. Moreover, the same study showed that non-peptide Mas-R agonist, AVE0991, produced a significant decrease in α-SMA protein content and collagen production in rat HSCs. The findings that these effects were inhibited by Mas-R antagonist D-Ala7-Ang-(1-7) (A779), suggest that the antifibrotic effects of Ang-(1-7) are mediated via the Mas-R[49]. Moreover, an oral formulation of Ang-(1-7) has been recently developed where the peptide is encapsulated with oligosaccharide hydroxypropyl-cyclodextrin (HPβCD) to protect the peptide from degradation by enzymes in the digestive system, and showed that this oral Ang-(1-7) formulation was cardioprotective in rats with myocardial infarction[55].
Published work from the author’s laboratory however suggested that the best way to achieve a therapeutic outcome in liver fibrosis is to target ACE2 of the alternate RAS. This is because an enhanced expression and activity of liver ACE2 would be expected to provide dual benefits by increasing the degradation of profibrotic peptide Ang II with simultaneous generation of antifibrotic peptide Ang-(1-7). The evidence comes from animal studies showing  that recombinant human ACE2 (rhACE2) is beneficial in the prevention of hypertension in cardiovascular disease[56] and to improve kidney function in diabetic nephropathy[57]. Recombinant hACE2 was shown to be well tolerated by a group of healthy human volunteers in a phase 1 clinical trial, without exerting any unwanted cardiovascular side effects[58]. However, randomized clinical trials with adequate number of healthy individuals and patients assigned to receive rhACE2 treatment are yet to be undertaken. There is one study that reported therapeutic effects of rACE2 in experimental liver fibrosis, in which liver injury was induced by BDL or carbon tetrachloride (CCl4) intoxication[59]. This study demonstrated that rACE2 reduced hepatic fibrosis in two animal models of liver disease[59]. Additionally, ACE2 gene knockout mice had elevated α-SMA protein and collagen content in the liver of CCl4-induced cirrhotic animals compared with those of wild-type controls[59]. These findings suggest that ACE2 of the alternate RAS is a potential target for liver fibrosis.
A major disadvantage of systemic therapy is that the treatment will inevitably produce off target effects, which in many cases are undesirable. Thus, there are several disadvantages with systemic administration of rACE2. This includes daily injections of ACE2[59], a procedure that is invasive in a clinical setting and expensive approach[52]. Increased circulating ACE2 is highly likely to produce off target effects including the effect on blood pressure. To circumvent this problem, an ideal approach would be to increase tissue- or organ-specific ACE2 levels. Thus, organ-specific increased ACE2 activity would not only produce long-term organ-specific benefits but would also minimize unwanted off-target effects.

ACE2 OVEREXPRESSION IN THE LIVER
Viral vectors are effective and safe vehicles to introduce a transgene into specific tissues or organs. Of the viral vectors that have been used to date to increase delivery of genes, adeno-associated viral (AAV) vector appears to be the most safe and effective and used widely in Phase 1-II clinical trials. The AAV vector has been shown to be efficient in the delivery of a transgene, and provides many advantages over other candidate viral vectors that include replicative defectiveness, non-pathogenicity, minimal immunogenicity and broad tissue tropism in both animal models and humans. The AAV system has become a popular tool for gene delivery with its ability to maintain long-term gene and protein expression following a single injection of the vector. This type of gene delivery system has been widely tested for inherited metabolic diseases[60]. It is of significance that for the first time, the FDA has approved a pioneering gene therapy protocol using an AAV vector for a rare form of childhood blindness in 2017, the first such treatment cleared in the United States for an inherited disease. Moreover, gene therapy using AAV vector was approved in 2012 by the European Commission for the treatment of patients with lipoprotein lipase deficiency (LPLD)[61]. However, because LPL deficiency is an extremely rare genetic disorder in human and the treatment is expensive, UniQure, the company that produced AAV vector to treat LPLD, has not renewed its EU license in 2017.
In line with this, our group has developed a safe and effective therapeutic approach using a pseudo typed AAV vector using AAV2 genome and liver-specific AAV8 capsid (AAV2/8) to deliver murine ACE2 (AAV2/8-mACE2) and showed that a single intraperitoneal injection of rAAV2/8-mACE2 produces sustained elevation of liver ACE2 expression for up to 6 mo. The treatment was given to three short-term mouse models with liver disease[62] which included liver disease induced by BDL (2-wk model), CCl4 (8-wk model) and methionine and choline deficient diet (8-wk model), representing cholestatic biliary fibrosis alcoholic liver fibrosis and NAFLD, respectively (Figure 3). AAV2/8-mACE2 therapy markedly reduced hepatic fibrosis in all three models. They further demonstrated that in addition to sustained expression of liver ACE2 for up to 6 mo, more importantly, ACE2 over-expression was absent in other major organs such as heart, lungs, brain, intestine and the kidneys. Increased liver ACE2 expression and activity was accompanied by increased hepatic Ang-(1-7) levels with concomitant decrease in hepatic Ang II levels[62].
We have now confirmed the effectiveness of this treatment strategy in Mdr2-KO mice, a long-term animal model with progressive hepato-biliary fibrosis. This model which has been widely used for studies that investigated pathophysiology of biliary fibrosis, produces lesions which resemble those of human PSC[63-65]. Gene therapy using AAV2/8-mACE2 vector was very effective in Mdr2-KO mice showing 50% and 80% reduction in liver fibrosis at both established and advanced liver disease, respectively (Table 1).

SUMMARY
In clinical practice, although UDCA is the standard treatment for PBC, reports indicate that approximately 35%-40% of PBC patients do not achieve optimum responses to UDCA[30]. On the other hand, PSC among other cholangiopathies is a significant biliary disease and studies in patients with PSC showed that whilst standard doses of UDCA are not effective, higher doses produce serious adverse events[66,67]. Thus, lack of an effective pharmacotherapy for biliary diseases is often associated with the condition progressing to biliary cirrhosis and bears the risk of developing HCC or cholangiocarcinoma. Therefore, liver transplantation is considered as the only treatment option for patients with chronic cholangiopathies such as end-stage PSC and PBC. However, the shortage of donor livers creates a large, unmet need to develop effective therapies for these conditions.
ACE2 gene therapy is a potential strategy to treat human biliary fibrosis by delivering ACE2 using human liver-specific novel vectors with high transduction efficiency[68]. Therefore, it is important to select an AAV vector specific for human hepatocytes with enhanced transduction efficiency[68]. Recent studies have shown that novel AAV vectors such as AAV-LK03, AAV3B and AAVrh10, which have been identified by AAV DNA re-shuffling, transduce human primary hepatocytes at higher efficiency[68,69]. Since the FDA as well as the EU has now endorsed human gene therapy, novel approaches of gene therapy research employing human liver-specific AAV vectors will lead to formulate therapeutic gene therapy applications for human biliary fibrosis.
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[image: ]Figure 1 Mast cell infiltration and its role in biliary fibrosis. HSC: Hepatic Stellate Cell; ECM: Extracellular matrix; IBDM: Intrahepatic Bile Duct Mass; TGF-β1: Transforming Growth Factor beta 1.
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Figure 2 A bile duct consists of cholangiocytes in normal liver (A) and ductular reaction with reactive ductular cells in biliary diseases (B) (arrows indicate bile ducts).
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Figure 3 Hepatic ACE2 gene expression and fibrosis in a short term model of biliary fibrosis with rAAV2/8-ACE2 therapy. ACE2 gene expression was significantly increased in ACE2 treated mice with biliary fibrosis compared to BDL mice injected with a control human serum albumin vector (rAAV2/8-HSA). rAAV2/8-ACE2 gene therapy markedly reduced the liver fibrosis in BDL mice compared to mice injected with rAAV2/8-HSA.


Table 1 mACE2-rAAV2/8 therapy increased hepatic ACE2 expression, resulting in a marked reduction in biliary fibrosis in a long term model of chronic biliary fibrosis (Mdr2-KO mice)
	Stage of the disease
	Hepatic ACE2 expression (folds)
	Liver fibrosis reduction (%)

	Early (3-6 mo)
	60
	50%

	Advanced (7-9 mo)
	160
	80%
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