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Cholangiopathies are defined as focal or extensive damage of the bile ducts. According to the pathogenetic mechanism, it may be immune-mediated or due to genetic, infectious, toxic, vascular, and obstructive causes. Their chronic evolution is characterized by inflammation, obstruction of bile flow, cholangiocyte proliferation, and progression toward fibrosis and cirrhosis. Immune-mediated cholangiopathies comprise primary sclerosing cholangitis (PSC), autoimmune cholangitis and IgG4-associated cholangitis in adults and biliary atresia (BA), neonatal sclerosing cholangitis (NSC) in children. The main purpose of this narrative review was to highlight the similarities and differences among immune-mediated cholangiopathies, especially those frequent in children in which cholangiocyte senescence plays a key role (BA, NSC, and PSC). These three entities have many similarities in terms of clinical and histopathological manifestations, and the distinction between them can be hard to achieve. In BA, bile duct destruction occurs due to aggression of the biliary cells due to viral infections or toxins during the intrauterine period or immediately after birth. The consequence is the activation of the immune system leading to severe inflammation and fibrosis of the extrahepatic biliary tract, lumen stenosis, and impairment of the biliary flow. PSC is characterized by inflammation and fibrosis of intra- and extrahepatic bile ducts, leading to secondary biliary cirrhosis. It is a multifactorial disease that occurs because of genetic predisposition [human leukocyte antigen (HLA) and non-HLA haplotypes], autoimmunity (cellular immune response, autoantibodies, association with inflammatory bowel disease), environmental factors (infections or toxic bile), and host factors (intestinal microbiota). NSC seems to be a distinct subgroup of childhood PSC that appears due to the interaction between genetic predisposition (HLA B8 and DR3) and the disruption of the immune system, validated by elevated IgG levels or specific antibodies [antinuclear antibody (ANA), anti-smooth muscle antibody (ASMA)]. Currently, the exact mechanism of immune cholangiopathy is not fully understood, and further data are required to identify individuals at high risk of developing these conditions. A better understanding of the immune mechanisms and pathophysiology of BA, NSC, and PSC will open new perspectives for future treatments and better methods of preventing severe evolution.
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1 Introduction

Cholangiopathies are focal or extensive damage of the bile ducts due to genetic, infectious, immune, environmental, or unknown causes. All of these disorders have a chronic evolution characterized by inflammation, biliary fibrosis with the obstruction of bile flow, cholangiocyte proliferation, and progression toward fibrosis and cirrhosis (1–3). According to the pathogenetic mechanism, cholangiopathies are divided into genetic disorders, immune-mediated, infectious, toxic, vascular, and obstructive cholangiopathies. In adults, the most common immune-mediated cholangiopathies are primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), autoimmune cholangitis (AC), and IgG4-associated cholangitis (IAC), while, in children, is biliary atresia (BA) (Figure 1) (3–12). PBC was named after the first patients presenting with cirrhosis described in 1949 by Dauphinee and Sinclair (13). However, the terminology of the disease changed in 2016 from cirrhosis to cholangitis due to early diagnosis in asymptomatic patients after 2000 (14). PBC is a chronic, autoimmune, progressive liver disorder that is characterized by the presence of antimitochondrial antibodies (AMAs) in serum, cholestasis and specific liver histology (15), while secondary biliary cirrhosis develops after different pathogenic injuries and can result in chronic biliary obstruction (16).




Figure 1 | Cholangiopathy classification: immune, genetic disorders, secondary cholangiopathies (OLT, orthotopic liver transplantation) (3–12).



Bile canaliculi surround hepatocytes except for the side next to a sinusoid. The bile canaliculi are composed of hepatocytes’ walls. Bile secreted by hepatocytes circulates through canaliculi toward the center of the liver lamina and flows into hepatic ductules. The ductules fuse into gradually larger ducts. Liver segments are divided by its biliary drainage. The right lobe is branched into anterior (segments V and VIII) and posterior sections (segments VI and VII) (17), and each is divided into superior (VIII and VII) and inferior segments (V and VI). The left lobe is branched into medial (segment IV) and lateral (segments II and III) sections. Biliary segmental ducts are named third-order ducts, sectoral bile ducts are second-order ducts, and the main right and left ducts are considered first-order ducts. The hepatic ducts are located near the portal vein and hepatic artery, which form the portal triad (18).

Immune pathogenesis is operative in all types of immune cholangiopathies leading to chronic inflammation of the bile duct and progressing to cirrhosis (10–12, 19–21). BA, PBC, and PSC are secondary to the increased cholangiocyte senescence process, while AC and IAC are associated with the overproduction of antibodies (19, 20). Cellular senescence, autophagy, and apoptosis are distinct cellular responses to stress. Autophagy plays a significant role in preventing cell damage by maintaining a lysosomal turnover of cellular components. It favors the senescence process and delays cell apoptosis, determining the recovery and repair of normal cell function (19–21). Typically, cellular senescence is produced by combining several factors: DNA deterioration, telomere shortening, and oxidative stress. Senescence is a process in which a cell can no longer replicate or proliferate and is irreversibly arrested in the G1 phase. Senescent cells remain metabolically active and adopt an immunogenic phenotype of pro-inflammatory status (20). PSC, BA, and NSC evolve with severe inflammation, bile duct obstruction, and fibrosis, predominantly extrahepatic biliary ducts in BA or including the entire biliary tree in PSC (2, 21). This narrative review aims to analyze the similarities and differences in the pathological mechanisms of PSC, BA, and NSC, the most frequently encountered immune-mediated cholangiopathies in children.




2 Biliary atresia

BA represents the most common cause of cholestasis in infants and the first indication for liver transplantation in children due to its severe and irreversible evolution (21–23). The incidence of BA varies according to geographic region, with 1 to 10–19,000 live births in Europe and North America, while in Asian countries is much higher (1–3,000 live births) (21–24).



2.1 The etiopathogenesis of BA

Currently, it is not known precisely what triggers this severe process of obstruction of bile flow. Two major hypotheses underlie the etiology of BA. The first one is that BA appears during organogenesis and the development of the liver, while the second theory supports the hypothesis of an immune disorder (25, 26). Starting from these, BA is classified into embryonal/fetal or syndromic BA (10%–20%) and non-syndromic or acquired/perinatal BA (80%–90%) (24). Embryonal BA is due to defective development of the extrahepatic biliary tract and is often associated with other congenital anomalies such as midline or left-sided liver, asplenia or polysplenia, cardiac malformation (tetralogy of Fallot, dextrocardia, anomalies of the pulmonary or cardiac vessels, atrial and ventricular septal defects), and interrupted inferior vena cava (27, 28). The heterozygous transition of CFC1:c433G>A located in exon 5 was founded in 5 of 10 patients with BA splenic malformation (polysplenia) syndrome, suggesting that genetic predisposition contributes to the disease (29). In those forms of BA, a lack of ductal plate remodeling during bile duct morphogenesis was demonstrated with the persistence of periportal epithelial sleeves (ductal plaque malformation) (30). The existence of cases of BA in the same family and the higher incidence in some regions of the globe (Asian countries) have raised the idea of genetic inheritance (29, 30).

In non-syndromic BA, a combination of factors triggers the inflammatory process (immune system, local and environmental factors). This process appears due to aggression of the biliary cells, mainly due to infections or toxins during the intrauterine period or immediately after birth. The consequence is a severe process of inflammation and fibrosis of the extrahepatic biliary tract, determining lumen stenosis and impairment of the biliary flow (25, 31).




2.2 The immune system in BA

The immune system represents perhaps the most important factor in the etiopathogenesis of BA. The liver is an important immunological organ with many properties, such as innate immunity and hematopoiesis in the fetus, immune tolerance, and poor adaptive immune response versus overreactive autoimmunity (32). These immune functions are provided by T lymphocytes, natural killer (NK) cells, macrophages (Kupffer cells), or dendritic cells (DCs) (33). Involvement of the immune system in BA etiopathogenesis was proven by evidence of bile duct damages and inflammatory cells found near them and in cholangiocytes. Also, at the level of the portal spaces, numerous inflammatory cells were revealed: NK cells (CD8), T helper cells (CD4), and histiocytes (CD68). CD4 has more functional subsets, including helper T (Th1, Th2, Th17, and follicular helper), which promotes innate and adaptive immune responses, and the Regulatory T cell (Treg), which suppresses the inflammation resulting from innate and adaptive immunity (34). CD4 marker is typically found on the surface of immune cells such as T helper cells, monocytes, macrophages, and DCs and serves as a co-receptor for the T-cell receptor (TCR). The complex TCR-CD4 binds to distinct regions of the antigen-presenting major histocompatibility complex (MHC) class II molecule. The major role of CD4 is to send signals to other types of immune cells, including cluster of differentiation 8 (CD8) (35). CD8 is a transmembrane glycoprotein co-receptor for the TCR (35). CD8 includes NK cells, the leading cell killer in adaptive immunity, and CD8 Treg cells, which inhibit the activity of Th cells’ immune responses to infection (36, 37) (Table 1).


Table 1 | Pathogenesis and treatment of the most frequent cholangiopathies in children−BA, PSC, NSC.





2.2.1 The innate immune system in BA

The innate immune represents the first line of defense against different infections (nonself) or tissue injury (damaged self) (68). In the liver and biliary ducts, this system is represented by the epithelial cells that prevent physical and chemical aggressions. After viral infections, cholangiocyte inflammation represents the immune system’s first response. The process of acute inflammation is initiated by specialized cells (macrophages, DCs, histiocytes, Kupffer cells) that will release inflammatory mediators (cytokines and chemokines) responsible for the clinical signs of inflammation and tissue damage (69). Neutrophils have a major role in the initial inflammatory response to tissue injury. They accumulate near intrahepatic bile ducts in the early phases of viral hepatic injury and produce reactive oxygen species and leukotriene, amplifying cellular destruction and inflammation. The initial immune phase is followed by a second adaptive immune phase mediated by lymphocytes, a process controlled by interleukin 12 (IL-12) (69, 70). Macrophages also play an important role in the pathogenesis of BA. These special cells involved in the detection, phagocytosis, and destruction of different antigens are divided into pro-inflammatory macrophages (M1) and restorative macrophages (M2), with a significant role in tissue regeneration (34). In BA, the balance tilts especially toward pro-inflammatory M1, which, once activated, will produce new chemokines. They will recruit other inflammatory cells producing mediators [IL-1β, IL-6, IL-8, tumor necrosis factor (TNF)-α], thus creating a vicious circle responsible for perpetuating inflammation and liver fibrosis (70, 71). IL-6 and IL-8 (CXCL8) are increased in the serum of patients with BA, indicating ongoing inflammation (71). Macrophages and cholangiocytes mainly produce IL-8. Its role is to recruit inflammatory cells (neutrophils, basophils, T cells), mediate innate immune activation, regulate granulocyte recruitment along the vascular wall and degranulation, and activate them. IL-8 mediates liver injury in BA by promoting bile duct reaction and liver fibrogenesis and induces alpha-smooth muscle actin (α-SMA), a marker responsible for collagen synthesis (72). IL-6 is involved in acute and chronic inflammation and is important in the pathophysiology of graft-versus-host disease (GVHD) and BA (35). The macrophages also release transforming growth factor-beta (TGF-β), which will stimulate hepatic stellate cells (HSCs) to synthesize collagen, thus determining fibrosis and progression to cirrhosis (73). Innate immunity expresses Toll-like receptors (TLRs), a class of proteins responsible for inflammatory response, which recognizes pathogen-associated molecular patterns (PAMPs) and realizes an essential connection between innate and adaptive immunity (73, 74).




2.2.2 The adaptive immune system in BA

Adaptive immunity (acquired immunity) supposes an immune response triggered by repeated exposure to an antigen with two main mechanisms: humoral immunity (antibody-mediated immunity) and cellular immunity (mediated by T cells) (75). Adaptive immunity is the body’s response against non-self-processed peptide antigens or self-antigens when this antigen is presented via MHC class I and II molecules (76). Normally, antigens are expressed on the cell surface of the antigen-presenting cell after a viral infection. Helper T cells (CD4) activated through the MHC–antigen complex produce cytokines that promote immune defense against virally infected cells. Most Th0 become Th1, which promotes cell-mediated inflammatory responses by inducing the activation of antigen-presenting cells (CD4), cytotoxic cells (CD8), macrophages, or NK cells (77–79). Some T cells will differentiate into cytotoxic T cells (CD8) that express TCRs involved in recognizing specific antigens. This process occurs in the thymus during the development of immature T cells (80). Once activated, CD8 cells will perpetuate inflammation by producing cytokines (IL-2), chemokines [Macrophage inflammatory protein (MIP)-1α, MIP-1β, Regulated upon Activation, Normal T cell Expressed, and Secreted (RANTES), interferon-gamma (IFN-γ), and TNF-α] and by stimulating the macrophage activation that determines infected cells’ destruction (81, 82). The virus also leads to portal tract inflammation mediated by Th1-cell and periductular inflammation secondary to accumulation of the immune cells with progressive obliteration of the bile ducts and fibrosis (83, 84). With the progression of the inflammatory process, macrophages and DCs will determine activation and proliferation of other Th0 cells, which will turn into Th1 cells after encountering IL-12, IL-18, and interferon type 1 (IFN-α, β, or γ) or Th2 cells after encountering IL-4 (84). Th1 cells produce IL-2, IL-12p70, IL-12p40, IFN-γ, and tumor necrosis factor-beta (TNF-β), while Th2 cells produce IL-4, IL-5, IL-6, and IL-10 (81). Therefore, one of the most important roles of these inflammatory processes in the bile ducts returns to Th1 cells and CD8 T cells, found in over 90% of children with BA (77, 81, 84). Due to this reason, BA has many similarities with GVHD seen after allogeneic hematopoietic-like lymphocytic infiltrate in portal space (Kupffer cells, CD4 T cells, and CD8 T cells), with predominance of CD24+ T helper (Th1) cells and a high number of cell adhesion molecules or human leukocyte antigen (HLA class II) markers (26). All of these processes were described in BA and are not encountered in other cholangiopathies (82). Many other pro-inflammatory cytokines were significantly higher in BA, such as TNF-α, IFN-γ, IL-12, IL-23, IL-32, and IL-33. These will perpetuate the inflammatory cascade and extend bile duct injuries (80). IL-12p40 is a subunit of IL-12 and IL-23, and its role is to promote the migration of macrophages or DCs and is a well-known inducer of the Th1 response (77, 83, 84). The level of IL-12p40 is significantly increased in BA and can predict the success of the Kasai intervention: serum level was higher in children with successful Kasai compared to those in which the intervention failed (64, 78, 79). IL-32 stimulates the synthesis of other pro-inflammatory cytokines, thus perpetuating periductal inflammation (61). In parallel with the high levels of these pro- or anti-inflammatory cytokines, lower levels of growth factors have been found in patients with BA, which reflect inflammation (64). Serum levels of those cytokines may serve as noninvasive biomarkers for the disease progression after surgery and could help to identify patients at high risk for poor outcomes. Regarding humoral immunity in BA, quite a few are known. The presence of antibodies (IgM, IgG) was detected in the basal membrane of the biliary epithelium. Also, the serum of patients with BA seems to contain autoantibodies against α-enolase, a cytoplasmic glycolytic enzyme expressed in various cells, including biliary epithelial cells and hepatocytes (61, 62).





2.3 The microchimerism in BA

During the last few years, more studies described the role of maternal microchimerism in BA etiopathogenesis. Microchimerism supposes maternal transplacental bidirectional cell trafficking between the mother and the fetus. This process normally occurs in approximately 40% of pregnancies and continues after birth (62). During normal pregnancy, three types of microchimerism occur: fetal microchimerism (transfer of fetal cells from the fetal circulation into the maternal circulation), maternal microchimerism (transfer of maternal cells into the fetal circulation during pregnancy or parturition), or microchimerism in twins (exchange of cells between the fetuses in the uterus) (55, 85). Maternal microchimerism is supposed to trigger biliary inflammation (27, 28), as maternal alloantigens induce the development of fetal T cells with pro-inflammatory potential and protective immune responses. Fetal T cells with pro-inflammatory potential are born in a tolerogenic environment and form the fetus’s immune system (55, 86). In BA, maternal cells passed to the fetus in the liver become semiallogeneic and persist after birth for a variable period causing insults. The antigen-presenting cells located in the bile duct epithelium, or the vascular endothelium of the portal space, will become the target of maternal effector lymphocytes, thus triggering hepatic and biliary tissue destruction (27). This process was described by Suskind et al. (26), who compared liver tissue derived from children with BA to those with neonatal hepatitis, detecting a high number of maternal cells in the liver of children with BA. Also, Leveque proposed that ductal injuries start in the fetal period with the transfer of maternal chimeric cells and their adherence to bile duct epithelial cells or endothelial cells in the fetus’s liver, causing acute inflammation of bile ducts (87). As a response to maternal antigen, native T fetal cells will differentiate predominantly in Th1, which accumulates in the liver and lymphoid organs and determine chronic inflammation by suppressing Th17 cells, with an important role in maintaining mucosal barriers. The loss of Th17 cell populations at mucosal surfaces determines chronic inflammation and is associated with multiple inflammatory and immune disorders, including BA (88). In neonates, there is a deficit in circulating Tregs in peripheral blood and a dysfunction of them (34). Also, the reduction of lithocholic acid in the gut of patients with BA will decrease Th17 and Th1 (88). As Th1 decreases, Th2 will proliferate, releasing cytokines (IL-4, IL-5, IL-9, IL-13) that stimulate collagen synthesis and fibrosis and are responsible for intrahepatic and extrahepatic bile duct proliferation (44, 88). In 2014, Toshihiro Muraji (27) also demonstrated the presence of a higher number of chimeric maternal cells in the portal area and sinusoids. He elaborated on a few hypotheses explaining the role of chimeric cells in triggering BA (27, 44, 88). The first refers to a primary insult triggered by the migration of chimeric cells in the first semester of pregnancy, along with intrahepatic and extrahepatic duct development (27, 44, 88). Chimeric cells will attach to the portal biliary and endothelial cells from different liver segments. The fetus will develop tolerance against them over time by the production of TGF-β at the level of the lymph nodes. The TGF-β will stimulate Treg fetal synthesis, a subpopulation of T cells, working in time as memory T cells for maternal antigens and causing immunotolerance later in life. Treg cells suppress cytokine production of B, CD4, CD8, and DCs and protect tissues against autoimmunities (27, 45). Various aggressions like cytomegalovirus (CMV) infection can reduce the number and activity of Treg cells determining the loss of immune tolerance and triggering the inflammatory process. Moreover, repeated exposure of the mother’s immune system to these antigens will trigger the immune attack and distort bile duct architecture (44, 45). Exposure to non-inherited maternal antigens (NIMAs) in fetal life and the development of tolerance to the maternal cells (NIMA effect) can be another trigger for bile duct destruction in BA. The last theory is about the injury of the fetal liver determined by maternal lymphocytes during the Kasai intervention (27, 44, 45). Along with this intervention, chimeric cells in the liver become semiallogenes causing GVHD interactions and new injuries of hepatic structures. Complement C4d deposits are present at the level of the endothelial cells in the portal space like renal complexes encountered in renal peritubular capillaries of patients with kidney transplants. This is an important indicator for acute antibody-mediated rejection (AMR) (89, 90). These findings suggest that complement activation led to progressive portal vein damage and stimulated BA fibrogenesis (89, 90).




2.4 Environmental factors in BA

Studies in animal models described the important role of environmental factors in BA etiopathogenesis. Viral infections with CMV, Rotavirus, reovirus, herpesvirus, adenovirus, and Epstein–Barr virus (EBV) are the leading cause of BA. In 1974, Benjamin Landing elaborated the first theory according to which BA and a few other infantile obstructive cholangiopathies were caused by a viral infection of the liver or biliary ducts (46–49). In non-syndromic BA, the disease often occurs sporadic, with genetic factors having a minor influence, but there is an involvement of the environmental factors and the immune system. Perinatal BA occurs after a viral infection with biliary tropism, which causes the activation of the immune system and determines inflammation and damage to the bile duct, leading to cholangitis associated with ductal and periductal fibrosis (24, 32). The virus must infect neonates, cause viremia, replicate in cholangiocytes, and determine the inflammatory immune response from the host (49). CMV infection is considered an important cause of BA, with a prevalence of 25% (91). Both intrauterine and perinatally CMV infections have been proven to be etiopathogenetic factors in BA (91). CMV injury of cholangiocytes leads to altered immune response, chronic inflammation, and fibrosis of the biliary ducts (92). CMV infection determines the increase of T helper cells (Th1 and Th17) and decrease of regulatory T cells (Th2 and Tregs), causing an exaggerated autoimmune response and bile duct obstruction. CMV also causes the increase of cytokines (IFN-γ, Th1 cytokines, and TNF-α) with inflammation and tissue damage (93). In patients with BA and CMV infection, liver fibrosis is more severe, episodes of cholangitis are more frequent, and progression to cirrhosis is more accelerated compared with patients with BA but without CMV. Moreover, CMV infection seems to be an important prognostic factor in the postoperative evolution of children with BA and Kasai procedure, the evidence of infection predicting an unfavorable prognosis (94). Other authors support that BA is only a genetic abnormality and CMV would not have any role in BA (91).

Reovirus is a member of the family Reoviridae, which determines cholangiocyte infection, followed by necrosis and inflammation in newborn mice used for experimental studies. Reovirus infection also reduces the number of Tregs in the liver, making the bile ducts susceptible to the virus and the immune system (91, 95–97). Reovirus antibodies IgM and IgG have been detected in 55% of cases with BA, but a direct causal relationship has not yet been proven (47, 96).

Another important virus in BA etiopathogenesis is Rotavirus, another genus in the family Reoviridae (98). Recent findings on mice indicate that Rotavirus induces BA only if the infectious dose is high enough for the virus to escape into the circulation, infecting many cholangiocytes and triggering the immune response (96). An important finding is related to the time of infection. Studies on pregnant female mice infected with Rotavirus proved that the infection did not cause BA in the pups, although the viremia was very high. Instead, the postnatal infection can determine Treg cell paucity, disturbing the balance between immune activation and immune tolerance and making the bile ducts susceptible to infection. Another theory postulates that Rotavirus infection in the first days of life determines BA due to an immature neonatal murine immune system (47).

Exogenous toxins are possible environmental factors implicated in BA; their role being proven only in animals. Environmental toxins, such as plants from Dysphania species, cause biliary damage in Australian newborn lambs or mice. Thus, in 2007, Park et al. noticed that more lambs developed BA after they were fed with Dysphania plants found in some arid areas. Also, Michael Pack and Rebecca Wells’s team isolated another plant toxin (isoflavone or biliatresone) that causes extrahepatic bile duct destruction in mammalian cells, supposing the hypothesis that the same process could happen in humans (25, 52).




2.5 The local factors in BA

The local factors, cholangiocytes, HSC, or fetal anatomy, are important in BA etiopathogenesis. The main functions of cholangiocytes consist of forming and secreting the primary bile into canaliculi, transport of bile, various ions, solutes, and water across the biliary tree (54, 99, 100). Besides these, cholangiocytes represent the first line of defense of the biliary tract. After viral or bacterial infection, cholangiocytes express a variety of surface innate immune receptors (TLRs), which activate intracellular signaling cascades stimulating the expression of adhesion molecules and the release of cytokines, chemokines, IFN, or other inflammatory mediators (99). IL-8 and IL-15 are the most produced ILs, essential in the chemotaxis and activation of NK cells (59). Cholangiocytes express many cytokines, chemokines, MHC class I and II, CD 44 or TLR-4, and TLR-9 (44, 101). TLRs are transmembrane proteins, expressed on the cell surface, that recognize PAMPs expressed on infectious agents and stimulate the production of cytokines necessary for innate and adaptive immunity (44, 101). TLR recognizes bacterial DNA and distinguishes it from self-DNA (44, 101). Furthermore, in infected cholangiocytes, the release of type 1 IFN-induced apoptosis processes determined cell death and the release of late mediators (34). Hepatic stellate cells (HSCs) determine the progression of liver fibrosis and play an important role in BA evolution (102). HSCs act as antigen-presenting cells and promote NK cell proliferation (102). Once activated, HSCs, together with bone marrow-derived cells, portal fibroblasts, and hepatocytes, become myofibroblasts, which in turn produce extracellular matrix (ECM) composed of glycosaminoglycans and proteoglycans, structural proteins (collagen and elastose), and adhesion proteins, which facilitate binding of the cells to the matrix. In a healthy liver ECM, these components are well balanced. But in BA, excessive liver healing leads to disproportionate deposition of ECM and promotes liver fibrosis (103). The non-syndromic isolated type of BA may result from fetal anatomy (104). There is a defective remodeling of the transition zone between the extrahepatic and intrahepatic bile ducts, called the porta hepatis. Fetal anatomy of the liver could explain the segmental distribution of inflammation and fibrosis of bile ducts. BA starts before the 15th week of gestation when the umbilical vein drains blood flow from the placenta, predominantly in the left branch of the portal vein. That is why, in some cases, the inflammation and fibrosis were more severe on the left lateral segment of the liver (22, 27).





3 Neonatal sclerosing cholangitis

Neonatal sclerosing cholangitis (NSC) is a rare autosomal recessive disorder characterized by inflammation and obliterative fibrosis of intrahepatic and often extrahepatic bile ducts, with dilation of preserved segments. Characteristically, the extrahepatic biliary tree is not atretic (38). NSC and BA have many similarities in clinical and histopathological manifestations, and the distinction between the two can be hard to achieve (38). Both have similar features in the first days of life, the particularities becoming more evident during the disease (38). The image scan for the gallbladder is normal in NSC, and histopathology reveals cholangitis at the level of intrahepatic and extrahepatic ducts and sometimes on the pancreatic duct (38, 43, 105). But, similar to BA, the mechanism of tissue damage remains unknown (43).



3.1 The etiopathogenesis of NSC

A characteristic of NSC is represented by autoimmune features like antinuclear antibody (ANA) or anti-smooth muscle antibody (ASMA) seropositivity. NSC can be associated with immunodeficiency, inflammatory bowel disease, Langerhans cell histiocytosis, psoriasis, cystic fibrosis, and sickle cell anemia. Also, NSC can be part of two complex syndromes: neonatal ichthyosis-sclerosing cholangitis (NISCH) syndrome and Kabuki syndrome (38). NISCH syndrome is a rare genetic disorder secondary to the CLDN1 variant that determines claudin-1 deficiency and affects hepatic tight junctions (TJs) (38). TJ proteins are localized on the surface of hepatocytes, cholangiocytes, and epidermis and are important for bile secretion, creating a barrier between the blood and bile flow, but also for skin integrity (56). In NISCH syndrome, hepatic variants of TJ molecules increased paracellular permeability for bile acids leading to inflammation and fibrosis of the intra- and extrahepatic bile ducts and biliary cirrhosis (53). Kabuki syndrome is a genetic disorder secondary to KMT2D or KDM6A gene variants (39) characterized by facial dysmorphism, developmental delay, growth hormone deficiency, skeletal anomalies, hypotonia, and congenital heart defect (38).




3.2 The immune system in NSC

Even though the name of NSC and PSC is almost similar, the pathogenetic mechanism is different. NSC seems to be a distinct subgroup of childhood PSC, especially the forms that associate specific autoimmune phenomena like elevated IgG levels and a high titer of ANA and ASMA (43). NSC is associated with increased incidence of HLA B8 and DR3, molecules that present antigens to CD4 T helper lymphocytes, initiating the immune response, which denotes the importance of genetic and immunologic factors in the disease etiopathogenesis (40).





4 Primary sclerosing cholangitis

PSC is a chronic liver disease characterized by inflammation and fibrosis of intra- and extrahepatic bile ducts, leading to secondary bile cirrhosis. The etiopathogenesis of PSC is not yet fully known, but like BA or NSC, genetic predisposition, infections, and host immunity seem to have significant roles. In addition, an important role in PSC belongs to the intestinal microbiota, with a high association with inflammatory bowel disease (IBD) (40). Up to 75% of people with PSC also have IBD, especially ulcerative colitis (UC) (106). Unlike BA, PSC is relatively rare in children, with an incidence lower than 20%. The disease predominantly affects men aged 30–40 and has a particular geographic distribution (more frequent in Northern Europe than Southern Europe and Asia) (40, 106).



4.1 The etiopathogenesis of PSC

In adults, sclerosing cholangitis is divided into PSC with unknown etiology and secondary sclerosing cholangitis (SSC) with a direct causative agent (41, 107). PSC is a multifactorial disease that occurs because of a cycle of immune-mediated cholangiocyte injury leading to fibrosis. Genetic predisposition (associations with HLA and non-HLA haplotypes involved in bile homeostasis and associated with inflammatory regulatory pathways), autoimmunity (involvement of cellular immune response, the presence of various autoantibodies, association of IBD), and environmental factors (infections, selenium or vitamin D deficiency, toxic bile) are the main mechanisms that trigger and maintain inflammation in PSC (41, 107). SSC arises because of the action of a well-known factor that triggers a chronic inflammatory process of bile ducts: infections (CMV, EBV, bacteria, or cryptosporidiosis), drugs (floxuridine), lithiasis, congenital disorders (choledochal cyst, cystic fibrosis), surgical trauma of the bile ducts, ischemia (hepatic artery occlusion after liver transplantation), or malignancies (41, 107).

Unlike BA, genetic predisposition plays a significant role in PSC onset (107). Evidence for genetic susceptibility in PSC is obvious, supported by the different prevalence in certain regions such as Northern and Southern Europe, by a 100 times higher incidence risk for first-degree relatives of PSC patients compared to the general population, of the strong connection with IBD and the presence of autoantibodies (108). PSC occurs because of genetic polymorphisms that determine susceptibility to the disease. The MHC is an important genetic susceptibility locus for the development of PBC. Several HLA molecules are central in the disease coordinating immune responses through the T-cell response (107). Commonly, hepatocytes and cholangiocytes express only HLA class I molecules. Still, in PSC, some HLA class II are aberrantly expressed: HLA-DR on the bile duct epithelium and vascular endothelium, HLA-DP on the bile duct epithelium, but not on the vascular endothelium and HLA-DQ on the bile ducts (109). A more critical role of genetics is linked to cholangiocarcinoma progression: NKG2D gene polymorphisms detected in patients with PSC were associated with a higher risk of cholangiocarcinoma and could identify patients at risk (110). Also, genetic variants of the steroid and xenobiotic receptor (SXR), which protects against bile acid-induced liver injury in mice, are associated with more severe forms of PSC (111).




4.2 The immune system in PSC

It is well known that the immune system plays a central role in the etiopathogenesis of PSC, considered an autoimmune disease, even if it does not respect the classic picture of autoimmunity. Thus, it is twice as frequent in men and does not respond to immunosuppressive therapy. However, it presents many features like autoimmunity, such as specific autoantibodies, HLA haplotypes, the association of IBD (70%) or AIH (50%–96%), and the histopathological aspect that describes the presence of a lymphocytic infiltrate in portal areas (42, 112). Mixed inflammatory cells (lymphocytes, plasma cells, and neutrophils) accumulate around the bile ducts. But as the disease progresses, the inflammatory infiltrate is reduced simultaneously with the progressive reduction of bile ducts and the appearance of periductal fibrosis. These changes give the “onion skin” appearance of medium-sized or larger bile ducts, a morphological feature considered characteristic of the disease (113–115).




4.3 The innate immune system in PSC

The exposure to toxic bile and the dysregulation of the intestinal microbiota found in PSC patients suggest that innate immunity plays a significant role in PSC etiopathogenesis. The cellular immune response is a primary event in the pathogenesis of PSC, one of the specific features being the abundance of T lymphocytes in the portal spaces, especially CD4, because of the action of different antigens (60). Bacteria, or bacterial constituents (lipopolysaccharide, lipoteichoic acid, peptidoglycans), cross the inflamed intestinal wall and reach the portal circulation (42, 113, 114). Once entered in the portal circulation, these antigens will attract inflammatory cells, such as macrophages, DCs, and NK cells, which will be activated through pattern recognition receptors. All of these activated cells will secrete pro-inflammatory and chemotactic cytokines to maintain the inflammation (57, 58, 116, 117). Also, they will determine MAdCAM-1 expression on portal endothelial cells that plays a central role in recruiting intestinal mucosal lymphocytes to the liver during intestinal inflammation (58). This time, the peripheral blood T-cell level is normal (60). Other authors described a predominance of CD8 T cells or an equal CD4/CD8 ratio. The explanation is related to the areas of the liver where inflammation predominates: CD4 in the portal spaces and CD8 in the lobular areas (57). Cholangiocytes and endothelial cells are important in PSC, as they create a vicious circle leading to inflammation and fibrosis progression (57, 58, 116). Cholangiocytes are the main targets of immune attacks in PSC. After an infection or injury of the biliary ducts, they can secrete pro-inflammatory and pro-fibrotic cytokines and chemokines (IL-1β, IL-6, TNF-α, and IFN-γ) (63, 117–119). Itself, cholangiocytes will be exposed to the action of inflammatory mediators produced by infiltrating inflammatory cells that migrate to the site of the bile duct injury, thus creating a vicious circle that will lead to ductular cholestasis and chronic inflammation (63, 117–119). Bo and his team reported an increased level of TNF-α and IL-1β, both pro-inflammatory cytokines required for activating the innate immune response, mediating the recruitment, activation, and adherence of circulating phagocytic cells (macrophages and neutrophils) and terminating the innate immune response (116, 117). They also described a decreased level of Th-2 mediators (IL-2) in the serum of a patient with PSC (63, 117, 118). Activated cholangiocytes will determine chemotaxis of other immune, mesenchymal, and endothelial cells, all implicated in tissue injury, persistent inflammation, apoptosis, angiogenesis, tissue remodeling processes, and fibrosis (63, 116–120). According to some authors, cholangiocyte activation can also induce the upregulation of HLA molecules and stimulate T and B cells, but more studies are necessary to confirm this hypothesis (121–123). Similar to BA, some T cells will differentiate into CD8 cells that express TCRs with a role in antigen recognition. In PSC, TLRs are found in a large number, in both the biliary and intestinal mucosa. They could be used for predicting the prognosis of the disease due to the correlation with Ludwig fibrosis scores in PSC patients (123). Another similarity with BA is related to cholangiocyte senescence. Normally, biliary epithelial cells have a limited replication capacity in the adult liver. After bile duct injuries, their replication rate increases considerably, thus preventing ductopenia. This property is also valid in liver damage when cholangiocytes become facultative liver stem cells and favor hepatic tissue regeneration (124). In the end stages of PSC, these cells have an increased secretion capacity of numerous cytokines, chemokines, growth factors (IL-6, IL-8, monocyte chemoattractant protein-1, plasminogen activator inhibitor-1, growth factors, and ECM), all this maintaining the inflammation and favoring the progression of fibrosis. Aberrant proliferation and senescence of reactive cholangiocytes in response to a chronic injury underlie new hypotheses regarding the pathogenesis of PSC (125). They also have a high potential for malignant transformation, contributing to the development of cholangiocarcinoma (125). In PSC, blood vascular endothelial cells (BECs) are important in the immune reaction. BECs control the immune response by regulating blood flow and immune cell recruitment by synthesizing cytokines, enzymes, and HLA molecules. Pro-inflammatory cytokines released by BEC stimulate cholangiocytes to secrete chemokines, cytokines, and growth factors that will cause inflammation and fibrosis (107, 113). Like cholangiocytes, BEC does not express HLA class II molecules under normal conditions, but in PSC, these molecules are excessively expressed, especially HLA-DR (109, 115). Some authors support the hypothesis that BECs are antigen-presenting cells, with antibodies attaching to them and stimulating IL-6 synthesis and CD44 expression, a transmembrane glycoprotein involved in cellular aggregation and migration, lymphocyte activation, lymphopoiesis, angiogenesis, and release of cytokines (120). HSCs and portal fibroblasts (PFs) play a major role in hepatic fibrosis by promoting collagen synthesis that begins in the peri-ductular region extending over time throughout the parenchyma (126).




4.4 The adaptive immune system in PSC

In PSC, adaptive immunity involves specialized immune cells and antibodies that attack and destroy cholangiocytes. It is a complex process, also found in BA but less in NSC, consisting of responses to specific antigens or self-antigens presented by MHC molecules to antigen-presenting cells to T cells with specialized receptors (TCRs). In PSC, these T cells, especially CD4 cells, infiltrate the portal spaces, while CD8 cells are found in interface hepatitis (110, 129). This finding coincides with a reduced level of peripheral blood CD4+ T cells or defective apoptosis of activated T cells, which may be part of the immune dysregulation observed in patients with PSC (127–129). After the initial response to an antigen, some T cells persist in the body and become long-living memory T that does not require antigen stimulation to proliferate, so they do not need a signal via MHC (127–129). Similarities between bacterial antigens from the bowel and self-peptides can trigger the activation of specific T or B cells that can cross-react with self-epitopes responsible for initiating the PSC (130). Activated T cells and macrophages will trigger cholangiocytes’ apoptosis and senescence. The result is immune-mediated damage of the bile ducts, fibrosis, and an increased risk for cholangiocarcinoma (130). Some of the intestinal T lymphocytes will persist as memory cells. They will cross in the portal circulation and, at some point, in the presence of various antigens, can trigger inflammation of the liver and bile ducts. Memory B cells are plasma cells that can produce antibodies for a long time (131). The role of B cells in PSC pathogenesis is not entirely understood. Still, the presence of so many antibodies in the serum of patients with PSC suggests that these cells certainly have a role in the etiopathogenesis of the disease (130). Also, B cells can be detected in the inflammatory infiltrate surrounding bile ducts in PBC, leading to the destruction of intrahepatic bile ducts (132).

The humoral immune response is often encountered in PSC, but in many situations, the meaning of each antibody is not known precisely. Anti-neutrophil cytoplasmic antibodies (ANCAs) are present in the serum of 80% of patients with PSC (117). Other antibodies that can be found in PSC are antimitochondrial (<10%) and anti-thyroperoxidase (7%–16%), and less often, ANA, ASMA, anti-endothelial cell antibody (AECA), or anti-cardiolipin antibody (41, 116). A particular category is represented by antibodies against the pancreatic zymogen granule glycoprotein 2 (GP2) identified in both disorders, PSC and IBD (63). According to some authors, their presence in PSC confirms the involvement of the gut–liver axis in the etiopathogenesis because glycoprotein is commonly expressed in human enterocytes and is not found in hepatobiliary tissue (118).




4.5 Environmental factors in PSC

Regarding environmental factors, in PSC, viral infections are not as important a risk factor as in BA. Several viruses have been analyzed, including EBV, CMV, mumps, measles, coxsackie 1-6, and hepatitis B and C viruses, but no association with the disease was detected (133–136). The involvement of toxins in PSC etiopathogenesis was also described. Bile acids (BA) are incriminated in the pathogenesis and progression of chronic fibrosing cholangiopathies, and more importantly, they accelerate carcinogenesis, increasing the risk of cholangiocarcinoma (50, 129, 136–138). Considering that 10%–20% of patients with PSC will develop cholangiocarcinoma, this may be the basis of new therapeutic methods to prevent it (51). Other theories refer to a defect in the hepatobiliary transport system or to arteriosclerosis of the bile duct found especially in those at risk of vascular disease. Altered biliary lipid oxidation and secretion or exposure of endothelial cells to toxic luminal lipid content initiate and favor both the atherosclerosis process and the inflammation in PSC (139).

A significant role in the etiopathogenesis of PSC belongs to the intestinal microbiota. The association between PSC and IBD supports the implications of immune-mediated mechanisms in the initiation and progression of PSC, considered an immune-mediated disease like UC (136). The increased intestinal wall permeability of patients with IBD causes the easy translocation of intestinal bacteria into the portal vein, leading to portal bacteremia and activation of cholangiocytes (136). Kupffer cells in the liver will release chemokines and cytokines attracting other inflammatory cells (macrophages, monocytes, lymphocytes, neutrophils, and fibroblasts) into the portal tracts and peribiliary space, leading to chronic inflammation, periductal fibrosis, obstructive strictures, and finally to secondary biliary cirrhosis (136). At the level of the inflamed intestinal wall but also in the liver, numerous adhesion molecules that attract T cells will be aberrantly expressed (137). These memory T cells accumulated in the inflamed intestine can persist as long-lived memory cells, enter the circulation to the liver, and will trigger the inflammation of portal spaces (50). Clinical studies support the role of intestinal microbiota in PSC: the gut microbiome in patients with PSC and PSC and IBD is different from that in healthy controls and IBD patients only. Also, the frequent association of PSC with IBD demonstrates the role of the gut–liver axis in the disease (50, 51). Experimental studies confirm the implication of the microbiome in PSC pathogeny, proving the involvement of some specific molecules produced by the microbiota in triggering epithelial injury (51, 139).

Comparing BA and PSC as entities secondary to the increased cholangiocyte senescence process, in Figure 2, we summarized the main characteristics of the pathogenesis.




Figure 2 | Etiopathogenesis of BA and PSC. The immune system represents one of the most important factors in the etiopathogenesis of BA and PSC, leading to chronic inflammation of the bile duct and progressing to cirrhosis. In BA, the process appears most frequently after viral infections with cytomegalovirus (CMV), Rotavirus, or reovirus. PSC occurs in people with a genetic predisposition and different antigens acting as triggers (bile acids, bacteria from the intestinal microbiota). Involvement of innate and adaptive immunity in both diseases has been proven by the presence of innate immune cells, including T lymphocytes, natural killer (NK) cells, macrophages (Kupffer cells), or dendritic cells. In BA, fetal cholangiocyte infection leads to a severe process of inflammation and fibrosis of the extrahepatic biliary tract with stenosis and impairment of the biliary flow. There will be a proliferation of the bile ducts in the portal space, fibrosis, and cirrhosis. Unlike BA, in PSC, the extrahepatic biliary tree is not atretic. In PSC, mixed inflammatory cells (lymphocytes, plasma cells, and neutrophils) are present around the intra- and extrahepatic bile ducts. As the disease progresses, the inflammatory infiltrate decreases simultaneously with the progressive reduction of bile ducts and the appearance of periductal fibrosis and progression to cirrhosis.







5 Conclusions

Despite recent advances in identifying essential aspects regarding the natural history of the most frequent cholangiopathies in children, even with the increasing availability of animal models, a clear and conclusive report concerning disease initiation is still lacking. The most frequently encountered cholangiopathies in children (BA, NSC, and PSC) probably involve genetic predisposition, environmental factors, and the immune system’s dysregulation. Understanding the pathophysiology of different cholangiopathies better is essential to improve the outcome. At present, there is no effective therapy in these entities. Based on the novel findings, future research should aim to find therapies (pharmaceutical or cellular) targeting the disease mechanism at the molecular level. Careful clinical observational studies of clearly defined pediatric patients, together with novel animal models, should further improve our knowledge on the pathogenesis of the most common cholangiopathies in children.





Author contributions

AG, AM, CS, GB and TP contributed to the conception and design of the study. AG wrote the first draft of the manuscript. AG, AM, CS, GB and TP wrote sections of the manuscript. AG, CS and TP revised the final draft. All authors contributed to the manuscript revision, read, and approved the submitted version.





Funding

This work was granted by project PDI-PFE-CDI 2021, entitled Increasing the Performance of Scientific Research, Supporting Excellence in Medical Research, and Innovation, PROGRES, no. 40PFE/30.12.2021, Iuliu Hatieganu University of Medicine and Pharmacy Cluj-Napoca, Romania.




Acknowledgments

We would like to thank Marina Perta for the design of the figures.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




Abbreviations

PSC, primary sclerosing cholangitis; BA, biliary atresia, NSC, neonatal sclerosing cholangitis; IAC, IgG4-associated cholangitis; PBC, primary biliary cholangitis; AC, autoimmune cholangitis; AMA, antimitochondrial antibody; NK cells, natural killer cells; Th, T helper lymphocytes; MHC, major histocompatibility complex; TCR, T-cell receptor; IL, interleukin; M, macrophage; TGF-β, transforming growth factor-beta; HSCs, hepatic stellate cells; PAMPs, pathogen-associated molecular patterns; IFN-γ, interferon-gamma; TNF-β, tumor necrosis factor-beta; HLA; human leukocyte antigen; CMV, cytomegalovirus; EBV, Epstein–Barr virus; NIMA, non-inherited maternal antigen; ECM, extracellular matrix; ANA, antinuclear antibody; ASMA, anti-smooth muscle antibody; IBD, inflammatory bowel disease; AIH, autoimmune hepatitis.




References

1. Tam, PKH, Yiu, RS, Lendahl, U, and Andersson, ER. Cholangiopathies - Towards a molecular understanding. EBioMedicine (2018) 35:381–93. doi: 10.1016/j.ebiom.2018.08.024

2. Trussoni, CE, O’Hara, SP, and LaRusso, NF. Cellular senescence in the cholangiopathies: a driver of immunopathology and a novel therapeutic target. Semin Immunopathol (2022) 44(4):527–44. doi: 10.1007/s00281-022-00909-9

3. Nakanuma, Y, Demetris, AJ, Ueno, Y, and Quaglia, A. Cholangiopathy: genetics, mechanism, and pathology. Int J Hepatol (2011) 2012:e950713. doi: 10.1155/2012/950713

4. Yavuz, A, Girgin, RB, and Tuncer, İ. The relationship of cholangiocarcinoma with human immunodeficiency virus cholangiopathy and cytomegalovirus infection. Eur J Case Rep Intern Med (2020) 7. doi: 10.12890/2020_001981

5. Stephens, J, Cosyns, M, Jones, M, and Hayward, A. Liver and bile duct pathology followingCryptosporidium parvuminfection of immunodeficient mice. Hepatology (1999) 30(1):27. doi: 10.1002/hep.510300138

6. Martins, P, and Verdelho MaChado, M. Secondary sclerosing cholangitis in critically ill patients: an underdiagnosed entity. GE Port J Gastroenterol (2020) 27(2):103–14. doi: 10.1159/000501405

7. Jay, CL, Lyuksemburg, V, Ladner, DP, Wang, E, Caicedo, JC, Holl, JL, et al. Ischemic cholangiopathy after controlled donation after cardiac death liver transplantation: a meta-analysis. Ann Surg (2011) 253(2):259–64. doi: 10.1097/SLA.0b013e318204e658

8. Keta-Cov research group. Intravenous ketamine and progressive cholangiopathy in COVID-19 patients. J Hepatol (2021) 74(5):1243–4. doi: 10.1016/j.jhep.2021.02.007

9. Hayward, AR, Levy, J, Facchetti, F, Notarangelo, L, Ochs, HD, Etzioni, A, et al. Cholangiopathy and tumors of the pancreas, liver, and biliary tree in boys with X-linked immunodeficiency with hyper-IgM. J Immunol Baltim Md 1950 (1997) 158(2):977–83. doi: 10.4049/jimmunol.158.2.977

10. Luo, Y, Ji, WB, Duan, WD, Ye, S, and Dong, JH. Graft cholangiopathy: etiology, diagnosis, and therapeutic strategies. Hepatobil Pancreat Dis Int (2014) 13(1):10–7. doi: 10.1016/s1499-3872(14)60001-1

11. Herta, T, and Beuers, U. Immune-mediated cholangiopathies: Diagnostic and therapeutic challenges. Radiol (2019) 59(4):348–56. doi: 10.1007/s00117-019-0513-x

12. Culver, EL, Sadler, R, Simpson, D, Cargill, T, Makuch, M, Bateman, AC, et al. Elevated serum igG4 levels in diagnosis, treatment response, organ involvement, and relapse in a prospective IgG4-related disease UK cohort. Am J Gastroenterol (2016) 111(5):733–43. doi: 10.1038/ajg.2016.40

13. Dauphinee, JA, and Sinclair, JC. Primary biliary cirrhosis. Can Med Assoc J (1949) 61(1):1–6.

14. Tanaka, A. Current understanding of primary biliary cholangitis. Clin Mol Hepatol (2021) 27(1):1–21. doi: 10.3350/cmh.2020.0028

15. Kaplan, MM, and Gershwin, ME. Primary biliary cirrhosis. N Engl J Med (2005) 353(12):1261–73. doi: 10.1056/NEJMra043898

16. Colombo, C, Battezzati, PM, Crosignani, A, Morabito, A, Costantini, D, Padoan, R, et al. Liver disease in cystic fibrosis: A prospective study on incidence, risk factors, and outcome. Hepatol Baltim Md (2002) 36(6):1374–82. doi: 10.1053/jhep.2002.37136

17. Pang, YY. The Brisbane 2000 terminology of liver anatomy and resections. HPB (2000) 2:333–39. doi: 10.1080/136518202760378489

18. Vakili, K, and Pomfret, EA. Biliary anatomy and embryology. Surg Clin North Am (2008) 88(6):1159–74. doi: 10.1016/j.suc.2008.07.001

19. Meadows, V, Baiocchi, L, Kundu, D, Sato, K, Fuentes, Y, Wu, C, et al. Biliary epithelial senescence in liver disease: there will be SASP. Front Mol Biosci (2021) 8:803098. doi: 10.3389/fmolb.2021.803098

20. Roger, L, Tomas, F, and Gire, V. Mechanisms and regulation of cellular senescence. Int J Mol Sci (2021) 22(23):13173. doi: 10.3390/ijms222313173

21. Wildhaber, BE, Majno, P, Mayr, J, Zachariou, Z, Hohlfeld, J, Schwoebel, M, et al. Biliary atresia: Swiss national study, 1994-2004. J Pediatr Gastroenterol Nutr (2008) 46(3):299–307. doi: 10.1097/MPG.0b013e3181633562

22. Lendahl, U, Lui, VCH, Chung, PHY, and Tam, PKH. Biliary Atresia - emerging diagnostic and therapy opportunities. EBioMedicine (2021) 74:103689. doi: 10.1016/j.ebiom.2021.103689

23. Schreiber, RA, Harpavat, S, Hulscher, JBF, and Wildhaber, BE. Biliary atresia in 2021: epidemiology, screening and public policy. J Clin Med (2022) 11(4):999. doi: 10.3390/jcm11040999

24. Mack, CL, Anderson, KM, Aubrey, MT, Rosenthal, P, Sokol, RJ, and Freed, BM. Lack of HLA predominance and HLA shared epitopes in biliary Atresia. SpringerPlus (2013) 2(1):42. doi: 10.1186/2193-1801-2-42

25. Mezina, A, and Karpen, SJ. Genetic contributors and modifiers of biliary atresia. Dig Dis Basel Switz (2015) 33(3):408–14. doi: 10.1159/000371694

26. Suskind, DL, Rosenthal, P, Heyman, MB, Kong, D, Magrane, G, Baxter-Lowe, LA, et al. Maternal microchimerism in the livers of patients with Biliary atresia. BMC Gastroenterol (2004) 4(1):14. doi: 10.1186/1471-230X-4-14

27. Muraji, T. Maternal microchimerism in biliary atresia. Chimeris (2014) 5(1):1–5. doi: 10.4161/chim.28576

28. Schwarz, KB, Haber, BH, Rosenthal, P, Mack, CL, Moore, J, Bove, K, et al. Extrahepatic anomalies in infants with biliary atresia: Results of a Large prospective North American multicenter study. Hepatology (2013) 58(5):1724–31. doi: 10.1002/hep.26512

29. Tran, KT, Le, VS, Dao, L, Nguyen, HK, Mai, AK, Nguyen, HT, et al. Novel findings from family-based exome sequencing for children with biliary atresia. Sci Rep (2021) 11(1):21815. doi: 10.1038/s41598-021-01148-y

30. Pal, N, Joy, PS, and Sergi, CM. Biliary atresia animal models: is the needle in a haystack? Int J Mol Sci (2022) 23(14):7838. doi: 10.3390/ijms23147838

31. Asai, A, Miethke, A, and Bezerra, JA. Pathogenesis of biliary atresia: defining biology to understand clinical phenotypes. Nat Rev Gastroenterol Hepatol (2015) 12(6):342–52. doi: 10.1038/nrgastro.2015.74

32. Gao, B. Basic liver immunology. Cell Mol Immunol (2016) 13(3):265–6. doi: 10.1038/cmi.2016.09

33. Shivakumar, P, Sabla, GE, Whitington, P, Chougnet, CA, and Bezerra, JA. Neonatal NK cells target the mouse duct epithelium via Nkg2d and drive tissue-specific injury in experimental biliary atresia. J Clin Invest (2009) 119(8):2281–90. doi: 10.1172/JCI38879

34. Ortiz-Perez, A, Donnelly, B, Temple, H, Tiao, G, Bansal, R, and Mohanty, SK. Innate immunity and pathogenesis of biliary atresia. Front Immunol (2020) 11:329. doi: 10.3389/fimmu.2020.00329

35. Zola, H. Human leukocyte differentiation antigens as therapeutic targets: the CD molecules and CD antibodies. Expert Opin Biol Ther (2001) 1(3):375–83. doi: 10.1517/14712598.1.3.375

36. Pop, TL, Sîrbe, C, Benţa, G, Mititelu, A, and Grama, A. The role of vitamin D and vitamin D binding protein in chronic liver diseases. Int J Mol Sci (2022) 23(18):10705. doi: 10.3390/ijms231810705

37. Parlar, YE, Ayar, SN, Cagdas, D, and Balaban, YH. Liver immunity, autoimmunity, and inborn errors of immunity. World J Hepatol (2023) 15(1):52–67. doi: 10.4254/wjh.v15.i1.52

38. Shetty, NS, and Shah, I. Neonatal cholestasis due to primary sclerosing cholangitis. J Fam Med Prim Care (2016) 5(4):863–4. doi: 10.4103/2249-4863.201154

39. Adam, MP, Banka, S, Bjornsson, HT, Bodamer, O, Chudley, AE, Harris, J, et al. Kabuki syndrome: international consensus diagnostic criteria. J Med Genet (2019) 56(2):89–95. doi: 10.1136/jmedgenet-2018-105625

40. Kummen, M, Schrumpf, E, and Boberg, KM. Liver abnormalities in bowel diseases. Best Pract Res Clin Gastroenterol (2013) 27(4):531–42. doi: 10.1016/j.bpg.2013.06.013

41. Pollheimer, MJ, Halilbasic, E, Fickert, P, and Trauner, M. Pathogenesis of primary sclerosing cholangitis. Best Pract Res Clin Gastroenterol (2011) 25(6):727–39. doi: 10.1016/j.bpg.2011.10.009

42. Angulo, P, Peter, JB, Gershwin, ME, DeSotel, CK, Shoenfeld, Y, Ahmed, AE, et al. Serum autoantibodies in patients with primary sclerosing cholangitis. J Hepatol (2000) 32(2):182–7. doi: 10.1016/s0168-8278(00)80061-6

43. Bar Meir, M, Hadas-Halperin, I, Fisher, D, Rosenmann, E, Brautbar, C, Branski, D, et al. Neonatal sclerosing cholangitis associated with autoimmune phenomena. J Pediatr Gastroenterol Nutr (2000) 30(3):332–4. doi: 10.1097/00005176-200003000-00024

44. Hemmi, H, Takeuchi, O, Kawai, T, Kaisho, T, Sato, S, Sanjo, H, et al. A Toll-like receptor recognizes bacterial DNA. Nature (2000) 408(6813):740–5. doi: 10.1038/35047123

45. Bettelli, E, Carrier, Y, Gao, W, Korn, T, Strom, TB, Oukka, M, et al. Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature (2006) 441(7090):235–8. doi: 10.1038/nature04753

46. Girard, M, and Panasyuk, G. Genetics in biliary atresia. Curr Opin Gastroenterol (2019) 35(2):73–81. doi: 10.1097/MOG.0000000000000509

47. Hertel, PM, and Estes, MK. Rotavirus and biliary atresia: can causation be proven? Curr Opin Gastroenterol (2012) 28(1):10–7. doi: 10.1097/MOG.0b013e32834c7ae4

48. Feldman, AG, and Mack, CL. Biliary atresia: cellular dynamics and immune dysregulation. Semin Pediatr Surg (2012) 21(3):192–200. doi: 10.1053/j.sempedsurg.2012.05.003

49. Mohamed, SOO, Elhassan, ABE, Elkhidir, IHE, Ali, AHM, Elbathani, MEH, Abdallah, OOA, et al. Detection of cytomegalovirus infection in infants with biliary atresia: A meta-analysis. Avicenna J Med (2022) 12(1):3–9. doi: 10.1055/s-0041-1739236

50. Dawson, PA. Toxic bile and sclerosing cholangitis: Is there a role for pharmacological interruption of the bile acid enterohepatic circulation? Hepatology (2016) 63(2):363–4. doi: 10.1002/hep.28363

51. Rawla, P, and Samant, H. Primary sclerosing cholangitis, in: StatPearls (2023). StatPearls Publishing. Available at: https://www.ncbi.nlm.nih.gov/books/NBK537181/ (Accessed July 11, 2023).

52. Yang, Y, Wang, J, Zhan, Y, Chen, G, Shen, Z, Zheng, S, et al. The synthetic toxin biliatresone causes biliary atresia in mice. Lab Invest (2020) 100(11):1425–35. doi: 10.1038/s41374-020-0467-7

53. Hadj-Rabia, S, Baala, L, Vabres, P, Hamel-Teillac, D, Jacquemin, E, Fabre, M, et al. Claudin-1 gene mutations in neonatal sclerosing cholangitis associated with ichthyosis: A tight junction disease. Gastroenterology (2004) 127(5):1386–90. doi: 10.1053/j.gastro.2004.07.022

54. Tabibian, JH, Masyuk, AI, Masyuk, TV, O’Hara, SP, and LaRusso, NF. Physiology of cholangiocytes. Compr Physiol (2013) 3(1):541–65. doi: 10.1002/cphy.c120019

55. Lo, YM, Lo, ES, Watson, N, Noakes, L, Sargent, IL, Thilaganathan, B, et al. Two-way cell traffic between mother and fetus: biologic and clinical implications. Blood (1996) 88(11):4390–5. doi: 10.1182/blood.V88.11.4390.4390

56. Roehlen, N, Roca Suarez, AA, El Saghire, H, Saviano, A, Schuster, C, Lupberger, J, et al. Tight junction proteins and the biology of hepatobiliary disease. Int J Mol Sci (2020) 21(3):825. doi: 10.3390/ijms21030825

57. Aron, JH, and Bowlus, CL. The immunobiology of primary sclerosing cholangitis. Semin Immunopathol (2009) 31(3):383–97. doi: 10.1007/s00281-009-0154-7

58. Grant, AJ, Lalor, PF, Hübscher, SG, Briskin, M, and Adams, DH. MAdCAM-1 expressed in chronic inflammatory liver disease supports mucosal lymphocyte adhesion to hepatic endothelium (MAdCAM-1 in chronic inflammatory liver disease). Hepatology (2001) 33(5):1065–72. doi: 10.1053/jhep.2001.24231

59. Udomsinprasert, W, Ungsudechachai, T, Vejchapipat, P, Poovorawan, Y, and Honsawek, S. Systemic cytokine profiles in biliary atresia. PloS One (2022) 17(4):e0267363. doi: 10.1371/journal.pone.0267363

60. Brommé, U, Grunewald, J, Scheynius, A, Olerup, O, and Hultcrantz, R. Preferential Vβ3 usage by hepatic T lymphocytes in patients with primary sclerosing cholangitis. J Hepatol (1997) 26(3):527–34. doi: 10.1016/S0168-8278(97)80417-5

61. Okamura, A, Harada, K, Nio, M, and Nakanuma, Y. Interleukin-32 production associated with biliary innate immunity and proinflammatory cytokines contributes to the pathogenesis of cholangitis in biliary atresia. Clin Exp Immunol (2013) 173(2):268–75. doi: 10.1111/cei.12103

62. Terrier, B, Degand, N, Guilpain, P, Servettaz, A, Guillevin, L, and Mouthon, L. Alpha-enolase: a target of antibodies in infectious and autoimmune diseases. Autoimmun Rev (2007) 6(3):176–82. doi: 10.1016/j.autrev.2006.10.004

63. Malek, TR. The main function of IL-2 is to promote the development of T regulatory cells. J Leukoc Biol (2003) 74(6):961–5. doi: 10.1189/jlb.0603272

64. Goda, SS, Khedr, MA, Elshenawy, SZ, Ibrahim, TM, El-Araby, HA, and Sira, MM. Preoperative serum IL-12p40 is a potential predictor of kasai portoenterostomy outcome in infants with biliary atresia. Gastroenterol Res Pract (2017) 2017:9089068. doi: 10.1155/2017/9089068

65. Ando, H, Inomata, Y, Iwanaka, T, Kuroda, T, Nio, M, Matsui, A, et al. Clinical practice guidelines for biliary atresia in Japan: A secondary publication of the abbreviated version translated into English. J Hepato-Biliary-Pancreat Sci (2021) 28(1):55–61. doi: 10.1002/jhbp.816

66. Wei, X, Fang, Y, Wang, JS, Wang, YZ, Zhang, Y, Abuduxikuer, K, et al. Neonatal sclerosing cholangitis with novel mutations in DCDC2 (doublecortin domain-containing protein 2) in Chinese children. Front Pediatr (2023) 11:1094895. doi: 10.3389/fped.2023.1094895

67. Tabibian, JH, Ali, AH, and Lindor, KD. Primary sclerosing cholangitis, part 1: epidemiology, etiopathogenesis, clinical features, and treatment. Gastroenterol Hepatol (2018) 14(5):293–304.

68. Hato, T, and Dagher, PC. How the innate immune system senses trouble and causes trouble. Clin J Am Soc Nephrol (2015) 10(8):1459–69. doi: 10.2215/CJN.04680514

69. Harada, K, and Nakanuma, Y. Biliary innate immunity: function and modulation. Mediators Inflammation (2010) 2010:e373878. doi: 10.1155/2010/373878

70. Mohanty, SK, Shivakumar, P, Sabla, G, and Bezerra, JA. Loss of interleukin-12 modifies the pro-inflammatory response but does not prevent duct obstruction in experimental biliary atresia. BMC Gastroenterol (2006) 6(1):14. doi: 10.1186/1471-230X-6-14

71. El-Faramawy, AAM, El-Shazly, LBE, Abbass, AA, and Ismail, HAB. Serum IL-6 and IL-8 in infants with biliary atresia in comparison to intrahepatic cholestasis. Trop Gastroenterol Off J Dig Dis Found (2011) 32(1):50–5.

72. Wang, J, Zohar, R, and McCulloch, CA. Multiple roles of alpha-smooth muscle actin in mechanotransduction. Exp Cell Res (2006) 312(3):205–14. doi: 10.1016/j.yexcr.2005.11.004

73. Nakashima, T, Hayashi, T, Tomoeda, S, Yoshino, M, and Mizuno, T. Reovirus type-2-triggered autoimmune cholangitis in extrahepatic bile ducts of weanling DBA/1J mice. Pediatr Res (2014) 75(1-1):29–37. doi: 10.1038/pr.2013.170

74. Kumar, H, Kawai, T, and Akira, S. Pathogen recognition by the innate immune system. Int Rev Immunol (2011) 30(1):16–34. doi: 10.3109/08830185.2010.529976

75. Bonilla, FA, and Oettgen, HC. Adaptive immunity. J Allergy Clin Immunol (2010) 125(2 Suppl 2):S33–40. doi: 10.1016/j.jaci.2009.09.017

76. Annunziato, F, Cosmi, L, Liotta, F, Maggi, E, and Romagnani, S. Human T helper type 1 dichotomy: origin, phenotype and biological activities. Immunology (2015) 144(3):343–51. doi: 10.1111/imm.12399

77. Sîrbe, C, Rednic, S, Grama, A, and Pop, TL. An update on the effects of vitamin D on the immune system and autoimmune diseases. Int J Mol Sci (2022) 23(17):9784. doi: 10.3390/ijms23179784

78. Urushihara, N, Iwagaki, H, Yagi, T, Kohka, H, Kobashi, K, Morimoto, Y, et al. Elevation of serum interleukin-18 levels and activation of kupffer cells in biliary atresia. J Pediatr Surg (2000) 35(3):446–9. doi: 10.1016/S0022-3468(00)90211-2

79. Cooper, AM, and Khader, SA. IL-12p40: an inherently agonistic cytokine. Trends Immunol (2007) 28(1):33–8. doi: 10.1016/j.it.2006.11.002

80. Kurachi, M. CD8+ T cell exhaustion. Semin Immunopathol (2019) 41(3):327–37. doi: 10.1007/s00281-019-00744-5

81. Romagnani, S. Type 1 T helper and type 2 T helper cells: Functions, regulation and role in protection and disease. Int J Clin Lab Res (1992) 21(2):152–8. doi: 10.1007/BF02591635

82. Mack, CL, Tucker, RM, Sokol, RJ, Karrer, FM, Kotzin, BL, Whitington, PF, et al. Biliary atresia is associated with CD4+ Th1 cell–mediated portal tract inflammation. Pediatr Res (2004) 56(1):79–87. doi: 10.1203/01.PDR.0000130480.51066.FB

83. Dong, R, and Zheng, S. Interleukin-8: A critical chemokine in biliary atresia. J Gastroenterol Hepatol (2015) 30(6):970–6. doi: 10.1111/jgh.12900

84. Podack, ER, and Kupfer, A. T-cell effector functions: mechanisms for delivery of cytotoxicity and help. Annu Rev Cell Biol (1991) 7:479–504. doi: 10.1146/annurev.cb.07.110191.002403

85. Shrivastava, S, Naik, R, Suryawanshi, H, and Gupta, N. Microchimerism: A new concept. J Oral Maxillofac Pathol (2019) 23(2):311. doi: 10.4103/jomfp.JOMFP_85_17

86. Rackaityte, E, and Halkias, J. Mechanisms of fetal T cell tolerance and immune regulation. Front Immunol (2020) 11:588. doi: 10.3389/fimmu.2020.00588

87. Leveque, L, Hodgson, S, Peyton, S, Koyama, M, MacDonald, KP, and Khosrotehrani, K. Selective organ-specific inflammation in offspring harbouring microchimerism from strongly alloreactive mothers. J Autoimmunity. (2014) 50:51–8. doi: 10.1016/j.jaut.2013.10.005

88. Masuya, R, Muraji, T, Kanaan, SB, Harumatsu, T, Muto, M, Toma, M, et al. Circulating maternal chimeric cells have an impact on the outcome of biliary atresia. Front Pediatr (2022) 10:1007927. doi: 10.3389/fped.2022.1007927

89. Murata, K, and Baldwin, WM. Mechanisms of complement activation, C4d deposition, and their contribution to the pathogenesis of antibody-mediated rejection. Transplant Rev Orlando Fla (2009) 23(3):139–50. doi: 10.1016/j.trre.2009.02.005

90. Fujisawa, S, Muraji, T, Sakamoto, N, Hosaka, N, Matsuda, S, Kawakami, H, et al. Positive C4d staining of the portal vein endothelium in the liver of patients with biliary atresia: a role of humoral immunity in ongoing liver fibrosis. Pediatr Surg Int (2014) 30(9):877–81. doi: 10.1007/s00383-014-3553-3

91. Averbukh, LD, and Wu, GY. Evidence for viral induction of biliary atresia: A review. J Clin Transl Hepatol (2018) 6(4):410–9. doi: 10.14218/JCTH.2018.00046

92. Vij, M, and Rela, M. Biliary atresia: pathology, etiology and pathogenesis. Future Sci OA (2020) 6(5):FSO466. doi: 10.2144/fsoa-2019-0153

93. Kodo, K, Sakamoto, K, Imai, T, Ota, T, Miyachi, M, Mori, J, et al. Cytomegalovirus-associated biliary atresia. J Pediatr Surg Case Rep (2018) 35:17–20. doi: 10.1016/j.epsc.2018.02.002

94. Zhao, Y, Xu, X, Liu, G, Yang, F, and Zhan, J. Prognosis of biliary atresia associated with cytomegalovirus: A meta-analysis. Front Pediatr (2021) 9:710450. doi: 10.3389/fped.2021.710450

95. Mohanty, SK, Lobeck, I, Domohamednnelly, B, Dupree, P, Walther, A, Mowery, S, et al. Rotavirus reassortant–induced murine model of liver fibrosis parallels human biliary atresia. Hepatology (2020) 71(4):1316–30. doi: 10.1002/hep.30907

96. Hertel, PM, Crawford, SE, Finegold, MJ, and Estes, MK. Osteopontin upregulation in rotavirus-induced murine biliary atresia requires replicating virus but is not necessary for development of biliary atresia. Virology (2011) 417(2):281–92. doi: 10.1016/j.virol.2011.05.015

97. Tyler, KL, Sokol, RJ, Oberhaus, SM, Le, M, Karrer, FM, Narkewicz, MR, et al. Detection of reovirus RNA in hepatobiliary tissues from patients with extrahepatic biliary atresia and choledochal cysts. Hepatology (1998) 27(6):1475–82. doi: 10.1002/hep.510270603

98. Mack, CL. The pathogenesis of biliary atresia: evidence for a virus-induced autoimmune disease. Semin Liver Dis (2007) 27(3):233–42. doi: 10.1055/s-2007-985068

99. Chen, XM, O’Hara, SP, and LaRusso, NF. The immunobiology of cholangiocytes. Immunol Cell Biol (2008) 86(6):497–505. doi: 10.1038/icb.2008.37

100. Banales, JM, Huebert, RC, Karlsen, T, Strazzabosco, M, LaRusso, NF, and Gores, GJ. Cholangiocyte pathobiology. Nat Rev Gastroenterol Hepatol (2019) 16(5):269–81. doi: 10.1038/s41575-019-0125-y

101. Duan, T, Du, Y, Xing, C, Wang, HY, and Wang, RF. Toll-like receptor signaling and its role in cell-mediated immunity. Front Immunol (2022) 13:812774. doi: 10.3389/fimmu.2022.812774

102. Wang, J, Xu, Y, Chen, Z, Liang, J, Lin, Z, Liang, H, et al. Liver immune profiling reveals pathogenesis and therapeutics for biliary atresia. Cell (2020) 183(7):1867–1883.e26. doi: 10.1016/j.cell.2020.10.048

103. Chen, Y, Fan, Y, Guo, DY, Xu, B, Shi, XY, Li, JT, et al. Study on the relationship between hepatic fibrosis and epithelial-mesenchymal transition in intrahepatic cells. BioMed Pharmacother (2020) 129:110413. doi: 10.1016/j.biopha.2020.110413

104. Sun, XC, Kong, DF, Zhao, J, Faber, KN, Xia, Q, and He, K. Liver organoids: established tools for disease modeling and drug development. Hepatol Commun (2023) 7(4):e0105. doi: 10.1097/HC9.0000000000000105

105. Charlesworth, P, and Thompson, R. NEONATAL SCLEROSING CHOLANGITIS: KINGS COLLEGE HOSPITAL EXPERIENCE. J Pediatr Gastroenterol Nutr (2006) 42(5):E77.

106. Pithawa, A. Sleisenger and Fordtran’s Gastrointestinal and Liver Disease: pathophysiology, diagnosis, management. Med J Armed Forces India (2007) 63(2):205. doi: 10.1016/S0377-1237(07)80085-2

107. Chapman, R, and Cullen, S. Etiopathogenesis of primary sclerosing cholangitis. World J Gastroenterol (2008) 14(21):3350–9. doi: 10.3748/wjg.14.3350

108. Bergquist, A, Lindberg, G, Saarinen, S, and Broomé, U. Increased prevalence of primary sclerosing cholangitis among first-degree relatives. J Hepatol (2005) 42(2):252–6. doi: 10.1016/j.jhep.2004.10.011

109. Broomé, U, Glaumann, H, Hultcrantz, R, and Forsum, U. Distribution of HLA-DR, HLA-DP, HLA-DQ antigens in liver tissue from patients with primary sclerosing cholangitis. Scand J Gastroenterol (1990) 25(1):54–8. doi: 10.3109/00365529008999209

110. Karlsen, TH, Schrumpf, E, and Boberg, KM. Genetic epidemiology of primary sclerosing cholangitis. World J Gastroenterol (2007) 13(41):5421–31. doi: 10.3748/wjg.v13.i41.5421

111. Stedman, CAM, Liddle, C, Coulter, SA, Sonoda, J, Alvarez, JG, Moore, DD, et al. Nuclear receptors constitutive androstane receptor and pregnane X receptor ameliorate cholestatic liver injury. Proc Natl Acad Sci (2005) 102(6):2063–8. doi: 10.1073/pnas.0409794102

112. Terjung, B, and Worman, HJ. Anti-neutrophil antibodies in primary sclerosing cholangitis. Best Pract Res Clin Gastroenterol (2001) 15(4):629–42. doi: 10.1053/bega.2001.0209

113. Aoki, CA, Bowlus, CL, and Gershwin, ME. The immunobiology of primary sclerosing cholangitis. Autoimmun Rev (2005) 4(3):137–43. doi: 10.1016/j.autrev.2004.09.003

114. Wunsch, E, Norman, GL, Milkiewicz, M, Krawczyk, M, Bentow, C, Shums, Z, et al. Anti-glycoprotein 2 (anti-GP2) IgA and anti-neutrophil cytoplasmic antibodies to serine proteinase 3 (PR3-ANCA): antibodies to predict severe disease, poor survival and cholangiocarcinoma in primary sclerosing cholangitis. Aliment Pharmacol Ther (2021) 53(2):302–13. doi: 10.1111/apt.16153

115. Roggenbuck, D, Hausdorf, G, Martinez-Gamboa, L, Reinhold, D, Büttner, T, Jungblut, PR, et al. Identification of GP2, the major zymogen granule membrane glycoprotein, as the autoantigen of pancreatic antibodies in Crohn’s disease. Gut (2009) 58(12):1620–8. doi: 10.1136/gut.2008.162495

116. Ott, LW, Resing, KA, Sizemore, AW, Heyen, JW, Cocklin, RR, Pedrick, NM, et al. Tumor necrosis factor-α- and interleukin-1-induced cellular responses:  Coupling proteomic and genomic information. J Proteome Res (2007) 6(6):2176–85. doi: 10.1021/pr060665l

117. Bo, X, Broome, U, Remberger, M, and Sumitran-Holgersson, S. Tumour necrosis factor alpha impairs function of liver derived T lymphocytes and natural killer cells in patients with primary sclerosing cholangitis. Gut (2001) 49(1):131–41. doi: 10.1136/gut.49.1.131

118. Iyer, SS, and Cheng, G. Role of interleukin 10 transcriptional regulation in inflammation and autoimmune disease. Crit Rev Immunol (2012) 32(1):23–63. doi: 10.1615/critrevimmunol.v32.i1.30

119. Schroder, K, Hertzog, PJ, Ravasi, T, and Hume, DA. Interferon-gamma: an overview of signals, mechanisms and functions. J Leukoc Biol (2004) 75(2):163–89. doi: 10.1189/jlb.0603252

120. Spirlì, C, Nathanson, MH, Fiorotto, R, Duner, E, Denson, LA, Sanz, JM, et al. Proinflammatory cytokines inhibit secretion in rat bile duct epithelium. Gastroenterology (2001) 121(1):156–69. doi: 10.1053/gast.2001.25516

121. Schrumpf, E, Tan, C, Karlsen, TH, Sponheim, J, Björkström, NK, Sundnes, O, et al. The biliary epithelium presents antigens to and activates natural killer T cells. Hepatology (2015) 62(4):1249–59. doi: 10.1002/hep.27840

122. Matsushita, H, Miyake, Y, Takaki, A, Yasunaka, T, Koike, K, Ikeda, F, et al. TLR4, TLR9, and NLRP3 in biliary epithelial cells of primary sclerosing cholangitis: Relationship with clinical characteristics. J Gastroenterol Hepato (2015) 30(3):600–8. doi: 10.1111/jgh.12711

123. Raven, A, Lu, WY, Man, TY, Ferreira-Gonzalez, S, O'Duibhir, E, Dwyer, BJ, et al. Cholangiocytes act as facultative liver stem cells during impaired hepatocyte regeneration. Nature (2017) 547(7663):350–4. doi: 10.1038/nature23015

124. Chung, BK, Karlsen, TH, and Folseraas, T Cholangiocytes in the pathogenesis of primary sclerosing cholangitis and development of cholangiocarcinoma. Biochim Biophys Acta BBA - Mol Basis Dis (2018) 1864(4):1390–400. doi: 10.1016/j.bbadis.2017.08.020

125. J, T, L, H, L, K, J, D, and H, F. Cellular crosstalk during cholestatic liver injury. Liver Res (2017) 1(1):26–33. doi: 10.1016/j.livres.2017.05.002

126. Sneath, RJ, and Mangham, DC. The normal structure and function of CD44 and its role in neoplasia. Mol Pathol (1998) 51(4):191–200. doi: 10.1136/mp.51.4.191

127. Schoknecht, T, Schwinge, D, Stein, S, Weiler-Normann, C, Sebode, M, Mucha, S, et al. CD4+ T cells from patients with primary sclerosing cholangitis exhibit reduced apoptosis and down-regulation of proapoptotic Bim in peripheral blood. J Leukoc Biol (2017) 101(2):589–97. doi: 10.1189/jlb.5A1015-469R

128. Lampinen, M, Vessby, J, Fredricsson, A, Wanders, A, Rorsman, F, and Carlson, M. High serum sCD40 and a distinct colonic T cell profile in ulcerative colitis associated with primary sclerosing cholangitis. J Crohns Colitis (2019) 13(3):341–50. doi: 10.1093/ecco-jcc/jjy170

129. Kekilli, M, Tunc, B, Beyazit, Y, Kurt, M, Onal, IK, Ulker, A, et al. Circulating CD4+CD25+ Regulatory T cells in the pathobiology of ulcerative colitis and concurrent primary sclerosing cholangitis. Dig Dis Sci (2013) 58(5):1250–5. doi: 10.1007/s10620-012-2511-y

130. Kohm, AP, Fuller, KG, and Miller, SD. Mimicking the way to autoimmunity: an evolving theory of sequence and structural homology. Trends Microbiol (2003) 11(3):101–5. doi: 10.1016/s0966-842x(03)00006-4

131. Lu, BR, and Mack, CL. Inflammation and biliary tract injury. Curr Opin Gastroenterol (2009) 25(3):260. doi: 10.1097/MOG.0b013e328325aa10

132. Takahashi, T, Miura, T, Nakamura, J, Yamada, S, Miura, T, Yanagi, M, et al. Plasma cells and the chronic nonsuppurative destructive cholangitis of primary biliary cirrhosis. Hepatology (2012) 55(3):846–55. doi: 10.1002/hep.24757

133. Özdirik, B, Müller, T, Wree, A, Tacke, F, and Sigal, M. The role of microbiota in primary sclerosing cholangitis and related biliary Malignancies. Int J Mol Sci (2021) 22(13):6975. doi: 10.3390/ijms22136975

134. Georgiadou, SP, Zachou, K, Liaskos, C, Gabeta, S, Rigopoulou, EI, and Dalekos, GN. Occult hepatitis B virus infection in patients with autoimmune liver diseases. Liver Int (2009) 29(3):434–42. doi: 10.1111/j.1478-3231.2008.01851.x

135. Kim, SR, Imoto, S, Taniguchi, M, Kim, KI, Sasase, N, Matsuoka, T, et al. Primary sclerosing cholangitis and hepatitis C virus infection. Intervirology (2005) 48(4):268–72. doi: 10.1159/000084605

136. Ca, O, and Jm, V. Etiopathogenesis of primary sclerosing cholangitis. Semin Liver Dis (2006) 26(1):3–21. doi: 10.1055/s-2006-933559

137. Je, E, Ja, T, Kn, L, Gj, G, and Kd, L. Pathogenesis of primary sclerosing cholangitis and advances in diagnosis and management. Gastroenterology (2013) 145(3):521–36. doi: 10.1053/j.gastro.2013.06.052

138. Aj, G, Pf L, MS, S, J, and Dh, A. Homing of mucosal lymphocytes to the liver in the pathogenesis of hepatic complications of inflammatory bowel disease. Lancet Lond Engl (2002) 359(9301):150–7. doi: 10.1016/S0140-6736(02)07374-9

139. Fickert, P, Moustafa, T, and Trauner, M. Primary sclerosing cholangitis – The arteriosclerosis of the bile duct? Lipids Health Dis (2007) 6:3. doi: 10.1186/1476-511X-6-3




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Grama, Mititelu, Sîrbe, Benţa and Pop. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1206025-g002.jpg
BILIARY ATRESIA PRIMARY SCLEROSING CHOLANGITIS

I. Predisposing factors ¢

1. Viral Infection i 1. Canaic pradapouton
(CMV, Reovirus) o

2. Maternal i

microchimerism 5. Intertnat microtiors.

Hepatocytes 1. Predisposing factors

1. Genetic predisposition
2. Toxic (Bile acid)
3. Intestinal microbiota

Small

11. Innate immune
Cholangiocytes

response

Il Innate immune response

©
L
©

.»....--, 11l Adaptive immune
response

Large
Cholangiocytes

1ll. Adaptive immune
response

IV. Cholangiocyte
necrosis, proliferation
and fibrosis

- Inflammation

- Cholangiocyte
destruction

- Bile duct proliferation
in portal space

IV. Cholangiocyte
necrosis, proliferation

- Fibrosis and fibro
Result: Result:
Extrahepatic Intra and extrahepatic
bile duct destruction bile duct destruction
Normal Nocrotic TH NK ’
Cholangiocyte Cholangiocyte @ Vocrorhece @ Hoporcan ® oo citer ceny ‘ Hepstl SteNats Call

Apoptotic o o TH2 & iEs p
Cholangiocyte Dendrite Cell © euwopni @ (THolpor can) (@ (immato Lymphatic Call Jg Fibrosis





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1206025_cover.jpg
& frontiers | Frontiers in Immunology

Immune-mediated cholangiopathies in
children: the need to better understand the
pathophysiology for finding the future
possible treatment targets





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immune-mediated cholangiopathies in children: the need to better understand the pathophysiology for finding the future possible treatment targets

      

        		

          1 Introduction

        



        		

          2 Biliary atresia

        

          		

            2.1 The etiopathogenesis of BA

          



          		

            2.2 The immune system in BA

          

            		

              2.2.1 The innate immune system in BA

            



            		

              2.2.2 The adaptive immune system in BA

            



          



          



          		

            2.3 The microchimerism in BA

          



          		

            2.4 Environmental factors in BA

          



          		

            2.5 The local factors in BA

          



        



        



        		

          3 Neonatal sclerosing cholangitis

        

          		

            3.1 The etiopathogenesis of NSC

          



          		

            3.2 The immune system in NSC

          



        



        



        		

          4 Primary sclerosing cholangitis

        

          		

            4.1 The etiopathogenesis of PSC

          



          		

            4.2 The immune system in PSC

          



          		

            4.3 The innate immune system in PSC

          



          		

            4.4 The adaptive immune system in PSC

          



          		

            4.5 Environmental factors in PSC

          



        



        



        		

          5 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1206025-g001.jpg
putolmmune ChOIangi!is s

ociated Ch ]
G& psS
\9 ola

git

o"-':’-'eoogsue\oqo

U
Ty

@,
/]





OEBPS/Images/table1.jpg
Characteristics

Biliary atresia

Neonatal Primary sclerosing cholangitis

sclerosing
cholangitis

Genetic predisposition

Viruses, bacteria, fungi

Toxic

Anatomy and local factors

Innate and adaptive
immunity

Cellular immunity
(mediated by T
Iymphocytes)

Humoral immunity
(antibody-mediated
immunity)

Maternal microchimerism

Current therapy

- heterozygous transition of CFC1:c433G>A (29)

- Cytomegalovirus (44, 45), Rotavirus, herpesvirus,
adenovirus, reovirus, Epstein-Barr virus (46-49)

- biliatresone (52)
- plants from Dysphania (25, 52)

- fetal anatomy (54)

- cholangiocytes (55), macrophages (35), dendritic
cells, histiocytes, Kupfer cells (33)

- natural killer cells (CD8+T) (59)
- helper T cells (CD4+) (35)

- local antibodies against the basal membrane of the
biliary epithelium (34, 61)
- serum autoantibodies against o-enolase (34, 62)

Yes

- Kasai intervention (64)

- postoperative steroid administration
- ursodeoxycholic acid administration
- liver transplantation (65)

- autosomal recessive - HLA class IT (HLA-DR, -DQ, or -DP) (41, 42)
disorder (38) - NKG2D gene polymorphisms (43)

- CLDNI variant (38)

- KMT2D or KDM6A

gene variants (39)

- HLA B8 and DR3

(40)

- Cytomegalovirus - intestinal microbiota (50, 51)

(39)

- bile acids (53) - bile acids (53)

= - enterohepatic circulation (50)

- cholangiocytes (56) - cholangiocytes, endothelial cells macrophages,

dendritic cells and natural killer cells (41, 57, 58)

- helper T cells (CD4 - natural killer cells (CD8+T) (57)

+) (40) - helper T cells (CD4+) (60)

- antinuclear - Anti-neutrophil cytoplasmic antibodies (63)
antibodies (43) - antimitochondrial antibodies (41, 63)
-anti-smooth muscle - anti-thyroperoxidase antibodies (41, 63)
antibody (43)

No No

- liver transplantation | - ursodeoxycholic acid administration

(66) - liver transplantation (67)





