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Chapter 9

GENERAL DISCUSSION 
Neonatal cholestasis 

The aim of this thesis was to identify novel targets of intervention for improving 

the prognosis of patients with biliary atresia (BA), severe deficiency of the bile salt 

export pump (BSEP) or severe deficiency of the familial intrahepatic cholestasis 

protein type 1 (FIC1), each a rare cholestatic disease. For studies in BA we used data 

from the Dutch, multicentre, nationwide ‘Netherlands Study group on Biliary Atresia 

Registry’ (NeSBAR) study group. Additionally, we set up the prospective ‘The Bilious 

bowel: the relation between bile and bowel in development of Biliary Atresia and 

liver fibrosis’ (BiBoBa) Trial. For studies in severe BSEP deficiency and severe FIC1 

deficiency, we initiated the global ‘NAtural course and Prognosis of PFIC and Effect 

of biliary Diversion’ (NAPPED) consortium, which currently comprises 68 centres 

worldwide (March 2020). The present chapter will first provide a brief overview of 

the main results of our studies on these rare cholestatic childhood disorders. The 

main findings of the studies will be discussed and related to existing literature and 

possible future applications. The implications for clinical practice will be addressed 

and lastly, suggestions for future research will be provided.

Neonatal cholestasis is defined as a reduction in bile formation or flow which results 

in the retention of biliary substances within the liver in the neonatal period2. However, 

clinically it is frequently regarded as similar to conjugated hyperbilirubinemia, 

although jaundice is not an obligate concurrence with neonatal cholestasis and 

neonatal hyperbilirubinemia may occur independent of neonatal cholestasis. 

Nevertheless, an underlying hepatobiliary disorder should be considered in every 

jaundiced infant above the age of two weeks. A prompt diagnosis of the underlying 

disease is frequently essential, since the inadequate bile formation or flow may result 

in complications e.g. vitamin K deficiency bleeding, or severe malnutrition. Also, 

timely treatment for BA is essential to optimize the chances of restoration of proper 

bile flow into the intestine (which will be discussed further on). Diseases underlying 

neonatal cholestasis are generally rare and therefore, diagnosis of these diseases 

has been proven difficult and often delayed2. Delay in diagnosis implies delayed 

treatment and possibly, worse outcome. The rarity of these diseases precludes 

clinicians and scientists from conducting large scale clinical studies, especially 

centres or countries with a small case load. The level of evidence from studies 

with low sample sizes is generally low and therefore the actual clinical impact is 

often limited. The lack of animal models for these diseases that closely reflect the 

human disease limits the possibilities to obtain novel, clinically applicable insights 

into the pathophysiology and targets of intervention3,4. However, a mouse model 
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with a human-like bile acid pool composition has recently been described, which 

may prove to be very useful for obtaining more pathophysiological insights5. 

Despite their rarity, the diseases underlying neonatal cholestasis form quantitively 

the main indication for liver transplantation at paediatric age (LTx). Although liver 

transplantation has profoundly improved the prognosis of patients with these 

diseases, the inherent surgical risks and long-term (life-long) dependence on 

immunosuppressive drugs are far from ideal. It is therefore essential to continuously 

strive for better understanding of these diseases in order to further improve the 

prognosis of these patients, for example by means that preserve native liver function.  

 

Improvement of continental and even global collaboration between centres and 

clinicians treating patients with rare childhood cholestatic diseases seems a logical 

means to obtain a better understanding of the pathophysiology and of possible 

novel targets of intervention. Collaboration through national registries has been able 

to provide, for example, benchmark natural history data6–10. Several (inter)national 

study groups (e.g. NeSBAR, Chapters 2, 3, and 4) have provided important data 

for the care of BA, and more recently the global NAPPED consortium was initiated 

aimed at diseases belonging to the spectrum of Progressive Familial Intrahepatic 

Cholestasis (Chapter 6, 7 and 8). Especially in rare diseases, collaboration is needed 

to generate enough statistical power to reliably draw conclusions on the different 

diseases and their responses to treatments. The acquired insights can translate into 

improved clinical care and counselling, to the benefit of the patient11. Patients are 

also expected to benefit from a network’s abilities to facilitate interactions between 

caregivers which are expected to promote the exchange of up to date knowledge 

and of resources and treatments. The European Union (EU) has been facilitating the 

development of European Reference Networks (ERN)12. ERNs, such as ERN Rare 

Liver13, constitute networks, specifically targeted on rare diseases, which involve 

healthcare providers and patient advocates from all over the EU12,13. By creating 

advisory panels, the final aim of ERNs is to provide easy access to specialist care 

for everyone with a rare disease within the EU. The study and care for rare diseases 

by means of research consortia and reference networks respectively, should be the 

benchmark for the near future. The present thesis provides several examples that 

combining (inter)national forces into collaborations can successfully provide essential 

information for clinicians and their patients, despite the sometimes extreme rarity 

of a disease. 

9
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PART I – BILIARY ATRESIA
Biliary atresia (BA) is the leading cause for neonatal cholestasis2. As discussed in 

Chapter 1, BA is a disease of infancy which is characterized by progressive fibro-

inflammatory obliteration of the intra- and extrahepatic bile ducts. Patients present 

with jaundice and pale stools in the first weeks of life. If timely diagnosed, patients 

will undergo a Kasai portoenterostomy (KPE) in an attempt to restore bile flow. The 

development of KPE surgery has strongly improved the prognosis of these patients. 

Nevertheless, the vast majority of patients (i.e. approximately 80%), does develop 

end-stage liver disease (ESLD) earlier or later during childhood14. At that stage, an 

LTx is the only treatment for obtaining a long-term survival. Despite the fact that 

BA is a rare disease, it accounts for over 50% of paediatric liver transplants15 and 

therefore forms the single most important indication for paediatric LTx. 

The aetiology of BA remains unknown. While the general consensus is that its 

nature is likely multifactorial, it is believed that a single exogenous insult, such as 

a viral infection, is the initiator for kind of immune-mediated bile duct injury3,16. In 

Chapter 4 we have studied associations between national pathogen counts and the 

temporal or geographical clustering of isolated BA (IBA) and syndromal BA (SBA) 

in the Netherlands. The design of this study resulted from the hypothesis that if BA 

indeed originates from a pathogen induced bile duct injury, one could hypothesize 

that differences in the geographical distribution and seasonal occurrence of IBA and 

SBA correspond with variable occurrence of pathogens. We observed significant 

correlations between the incidence of IBA and the number of confirmed infections 

with pathogens such as C. trachomatis, Influenza A and B virus, Dengue virus, 

Adenovirus, yet not Rotavirus. While the observed correlations were weak, these 

observations support further study of these pathogens, especially since some have 

been associated with biliary diseases in previous literature17–20. The strength of the 

correlations is likely underestimated. For, the Dutch National Institute of Public 

Health and the Environment (RIVM) periodically validates the number of confirmed 

infections per pathogen for representativeness and, not surprisingly, the registered 

number of confirmed infections of the RIVM are lower than the actual confirmed 

infections21. More specifically, the number of confirmed infections as reported by the 

RIVM are up to a tenfold lower than reality, while there is good correlation between 

the observed trends in the data of the RIVM and trends in national data21. The 

former is explained by the fact that the numbers from the RIVM are derived from 

data from only 21 laboratories in the Netherlands21. While the relative strength of 

the observed correlations may thus be underestimations, they may also reflect that 

the incidence of BA is not, or only weakly associated with viral infections in the 
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population and that other environmental factors play a role in the pathophysiology 

of BA, such as population density. Indeed, Chapter 4 observed a significantly 

higher incidence of BA in rural areas of the Netherlands. This is in contrast to the 

consensus that one’s chance of acquiring an infection is generally higher in densely 

populated areas22. It might be that other factors, such as the pathogens carried 

in the gut (i.e. the gut microbiome) by mothers of BA foetuses, may play a more 

essential role in the development of BA than is currently anticipated. For example, 

mothers in rural areas may have limited exposure to pathogens, especially during 

the last weeks of pregnancy when the majority of mothers take maternal leave. The 

‘hygiene theory’, later adapted to ‘the microflora theory’, describes that exposure 

to pathogens is essential for what has been regarded as a balanced, healthy gut 

microbiome23,24. During disruption or imbalance of the gut microbiota in mothers (for 

example during pregnancy), the chance of pathogenic microbes entering the foetal 

environment, either during pregnancy or later, delivery, is likely higher. It is known 

that gut associated taxa may enter the amniotic fluid, either by colonization of the 

vagina and subsequent ascension, or by translocation via the maternal gut wall into 

the circulation25. The immunity in the offspring is also driven by maternal IgG involved 

in transplacental transfer of bacteria. Lastly, microbial colonization of the foetus 

during pregnancy may drive immune programming, which indicates that already in 

utero, the foetus’ immune system is exposed to the extra-uterine environment. As 

stated above, the disrupted microbiota might still be rather a consequence than 

a cause of BA. In untreated BA patients, there is a complete absence of bile in 

the intestine in the vast majority of patients, if not in all. Moreover, the microbiota 

has essential roles within the bile acid metabolism and decreased bile acids levels 

in the gut are associated with e.g. bacterial overgrowth26–28. It may therefore well 

be that in BA, a disrupted microbiota results from the disease, rather than vice 

versa. In opposition to this argument; specific pathogens can initiate hepatocellular 

damage in cholestatic liver disease. Tedesco et al. evaluated how hepatic defects 

and alterations in gut microbiota contributed to production of IL-17 by intrahepatic γδ 
T cells29. γδ T cells are able to modulate liver injury by IL-17 production, and IL-17+ 

γδ T cells are important for the recognition of bacterial pathogens invading host 

tissues and for the response to inflammation30,31. Tedesco et al. observed that faeces 

of Mdr2-/- mice (in whom phosphatidylcholine transport across the bile canalicular 

membrane is impaired, resulting in chronic cholangitis and liver injury32) was enriched 

in Lactobacillus, compared to control mice. Correspondingly, liver tissues were 

enriched in Lactobacillus gasseri. Interestingly, isolated γδ TCR+ cells from Mdr2-/- 

mice produced IL-17 upon stimulation with heat-killed L. gasseri and intraperitoneal 

injection of L. gasseri in control mice resulted in increased serum levels of IL-17, 

9



228

Chapter 9

which decreased after anti-γδ TCR treatment. Treatment with anti-γδ TCR reduced 

liver fibrosis, and liver and serum levels of IL-17 in Mdr2-/- mice. Finally, γδTCR+ cells 

isolated from liver of adult human subjects with the cholestatic liver disease primary 

sclerosing cholangitis produced IL-17, in contrast to γδTCR+ cells obtained from 

livers of patients with hepatitis C infection. This elegant study provided important 

insights in the pathophysiology of cholestatic liver diseases and the possible role 

of pathogens therein. In BA, γδ T cells may also play an essential role, either in the 

development of disease (resulting from e.g. maternal microbial imbalance) or in the 

propagation and aggravation of disease (after bile acid depletion in the gut and 

subsequent microbial imbalance). In this light it might be interesting to study the role 

of the maternal (gut) microbiome, especially in while simultaneously assessing the 

microbiome of the BA infant to evaluate potential similarities. If a disturbed maternal 

gut microbiome is indeed associated with the pathophysiology of BA, it is interesting 

to elucidate why this translates in the low incidence of ‘only’ eight to twelve children 

with BA per year in the Netherlands (incidence 1:~19,000 live births). It would further 

support the notion that indeed, BA is multifactorial in nature. 

Previous studies in adults and more recently in children with BA point towards a role 

of the intestinal microbiota in liver disease. Indeed, in support of these studies and 

Chapter 4, we found in a pilot study (Chapter 5) that the gut microbiota of children 

with BA differs significantly from that of healthy controls. While the richness of the 

microbiota of controls and BA patients seemed comparable, BA associated with 

lower abundances of e.g. Bifidobacteriaceae and Lachnospiraceae, and greater 

abundances of  Streptococcaceae. Bifidobacteriaceae are dominant taxa in the gut 

of healthy infants with the ability to degrade complex polysaccharides to intermediate 

products of short-chain-fatty-acids, such as acetate, and to deconjugate bile acids33–

36. Lachnospiraceae are commensal bacteria, of which some species are butyrate 

producing, also dominant in the healthy human gut. These bacteria degrade the 

intermediate products, such as acetate produced by Bifidobacteria, to butyrate. 

By doing so, these butyrate producing bacteria contribute to the stability of the 

gut barrier by stimulation of the formation of mucin, antimicrobial peptides, and 

upregulation of the expression of tight-junction proteins36,37. A decrease in these 

bacteria, as observed in Chapter 5 and other studies in BA38,39, could lead to 

pathological bacterial translocation, which is defined as increased translocation 

of bacteria and/or their products, such as lipopolysaccharide (LPS, a component 

of the cell membrane of Gram-negative bacteria), from the gut towards mesenteric 

lymph nodes, portal vein and the liver40. In the liver, these bacteria and products 

may inflict a constant, subclinical inflammation which may be an example of how a 
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disruption of the gut microbiota can contribute to hepatocellular injury. In addition, 

the lower abundance of such bacteria may result in an altered bile acid metabolism 

due to altered intestinal Farnesoid X Receptor signalling41. This could indicate that 

the gut microbiota are important modulators of bile flow in BA patients, which has 

so far only been suggested by results from one recent study38. Yet, other studies 

that found lower abundances of Bifidobacteria in patients with BA and other 

cholestatic diseases have been published26,39. We demonstrated that , BA associated 

with greater abundances of Streptococcus (Chapter 5), which is also observed in 

patients with adult liver disease and liver cirrhosis39,42,43. Gram-positive cocci, such 

as Streptococcaceae, constitute a large fraction of bacterial infections in patients 

with cirrhosis42. In BA patients on the wait list for liver transplantation, sepsis is the 

prevailing cause of death44. The abundance of pathogens such as Streptococcaceae 

may increase the likelihood of developing systemic infections in BA. Future studies 

should focus in-depth on establishing if associations exist between abundance of 

specific microbiota in the gut and systemic infections in BA, and if these microbiota 

and infections are associated with increased gut wall permeability, which allows for 

increased bacterial translocation40. Analysis of jejunal, liver and lymph node tissue 

could aid in elucidating these principles. Such data may allow for more specific 

targeting of (pre-emptive) anti-, or even probiotic therapy in BA patients and patients 

with cholestatic liver disease as a whole. 

Not only was a difference in the composition of the gut microbiota observed between 

BA patients and controls, the data in Chapter 5 suggest that gut microbiota may 

be associated with outcome in BA. More specifically, our results show that already 

before the actual KPE, the microbiota of patients without a therapeutically successful 

KPE differs in richness and structure from that patients with a successful KPE (i.e. 

clearance of jaundice, defined as a total serum bilirubin below 20 µmol/L within 

six months post-KPE). Clearance of jaundice is regarded an important surrogate 

marker for long-term outcome after KPE9,14, as stated previously. A recent study 

by Tessier et al. also reported indications that the gut microbiota is associated 

with outcome in BA38. Although these scientists used a different definition of a 

successful KPE (i.e. a serum bile acid level below <40 µmol/L at six months post-

KPE), they observed also that prior to KPE, the gut microbiota differed in richness 

and structure between patients with good and poor outcome of the KPE. A recent 

case report had also suggested that the gut microbiota may associate with outcome 

in BA45. These combined data indicate that a so far undiscovered axis between gut 

microbiota and bile flow is present in BA. In addition to these data, our pilot study 

in Chapter 5 suggested that pathological bacterial translocation may be present 

9
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in BA: a multivariate prediction model which included clinical parameters pre-KPE, 

suggested that not only alpha diversity, yet also serum levels of lipopolysaccharide 

(LPS) prior to KPE may be associated with clearance of jaundice after KPE. As stated 

previously, a disrupted microbiota with decreased abundance of e.g. Actinobacteria 

may contribute to increased gut wall permeability37,46,4737,46,47. One might speculate 

that indeed the structural changes in the gut microbiota of BA patients, and more 

specifically in BA patients without clearance of jaundice, contribute to pathological 

bacterial translocation from the gut towards the liver as a result of increased gut 

wall permeability. For example, prior to KPE, we observed greater abundances of 

Klebsiella in patients that did not achieve clearance of jaundice during follow-up 

(Chapter 5). It might be that prior to KPE, a so far unknown factor allows for these 

bacteria to thrive in patients without clearance of jaundice after the KPE. While 

potential role of Klebsiella in the progression of BA prior to KPE should be elucidated, 

these bacteria have been associated with clinical outcome after KPE. Klebsiella 

pneumoniae and Klebsiella oxytoca account for 9% and 2% of the infections in 

BA patients with cholangitis, respectively48. In Chapter 5, we did not include data 

regarding cholangitis, yet such data could be studied in future initiatives. Gram-

positive bacteria as a whole constitute the majority of ascending cholangitis 

infections in BA, as well as the majority of spontaneous bacterial peritonitis (SBP) 

cases in patients with ascites due to liver cirrhosis48,49. This, combined with the 

finding that serum levels of LPS even before the KPE had been performed may be 

associated with clearance of jaundice, suggest that future research into the role of 

Gram-negative bacteria is warranted in order to determine the prospects of targeted 

(pre-emptive) therapy in BA patients. Although we feel that the results presented 

in Chapter 5 are exciting, it should be realized it concerns data from a pilot study 

with a small sample size, what necessitates interpretation with caution. However, if 

these results are confirmed in larger studies, it might well be that not only bile acid 

metabolism, but also gut wall permeability plays a role in the outcome of BA and of 

KPE surgery. This putative association between liver, gut microbiota and gut wall 

permeability (i.e. the gut-liver axis) should therefore be further studied, since it is 

becoming apparent that the gut microbiota may fulfil important roles not only in the 

development of BA but also in its prognosis . This exciting hypothesis and discovery 

needs validation and further exploration in larger cohorts of BA patients with available 

stool samples. Metagenomic sequencing is needed to validate data from 16S rRNA 

sequencing, due to its enhanced detection of e.g. bacterial species and diversity. 

Moreover, it has the ability to identify organisms from additional kingdoms such 

as viruses, fungi and protozoa50.Studies should focus on parameters on gut wall 

permeability. For example, by analysing tight-junction protein in intestinal specimens 
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(which could be obtained during KPE) or on the presence of e.g. bacterial, viral or 

fungal genomic products in liver and its adjacent or mesenteric lymph nodes. 

Apart from the gut microbiota, other, more thoroughly studied factors are associated 

with the outcome of BA, such as the age at which the KPE is performed and the 

presence or absence of the Biliary Atresia Splenic Malformation syndrome (BASM)51–

54. Although previous reports suggested that preterm birth is a risk factor for BA55, it 

had remained unknown to what extent preterm birth affected the prognosis of BA. 

Preterm born children are vulnerable to many complications56. Therefore, one could 

anticipate that preterm birth negatively affects the prognosis of BA, in addition to 

the complications associated with preterm birth. We aimed to specify the prognosis 

of BA in preterm infants by focusing on clinical outcomes relevant to BA, such as 

clearance of jaundice and survival with native liver. Chapter 3 established that indeed 

preterm birth is associated with a less favourable outcome, with respect to clearance 

of jaundice and native liver survival. This observation might partly be attributable to a 

later diagnosis in this subgroup of BA patients. An early KPE is key to the prognosis 

of BA. Several studies, including Chapter 3, established that preterm BA patients 

undergo KPE surgery up to two weeks later in postnatal life, compared to term born 

patients57,58. This delay may occur after initial presentation in the local community 

hospital (Chapter 3), which suggests that diagnosing BA in preterm infants is difficult, 

even when BA symptoms such as jaundice and pale stools) are already present. It is 

known that preterm infants without BA may present symptoms or histologic findings 

that mimic those of BA (e.g. pale stools, bile duct proliferation in liver biopsy)59–61. 

As stated earlier, hyperbilirubinaemia and jaundice are often regarded as similar 

to cholestasis in clinical practice. Hyperbilirubinaemia and jaundice are observed 

more often in preterm infants compared to term born infants, yet this is largely 

as a result of unconjugated instead of conjugated hyperbilirubinaemia (which is 

the case in cholestasis). In addition, jaundice in cholestasis in preterm infants is 

generally appreciated as multifactorial and can result from several factors, including 

a premature enterohepatic circulation, sepsis, intestinal injury, lack of intestinal 

feeding, medication use or prolonged total parental nutrition61. It seems reasonable 

to speculate that these factors contribute to delay in diagnosis of BA in preterm 

infants. It highlights that one of the main challenges of BA – improving early detection 

– even more so applies to preterm infants. It is therefore essential that BA is always 

considered in a preterm neonate presenting with jaundice, especially in light of the 

two-fold increase in BA incidence in preterm born infants, compared to the term-

born population (Chapter 3). I would therefore like to urge clinicians to measure total 

and conjugated (or direct) serum bilirubin in all preterm infants, without exception, 

9
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that are (still) jaundiced after two weeks of age to evaluate if the jaundice may be 

due to neonatal cholestasis for which a further work up would then be necessary. 

Apart from improving timely recognition and subsequent treatment of preterm infants 

with neonatal cholestasis, including BA, a more intense follow-up is warranted in 

preterm children as opposed to their term-born counterparts. Several studies, in 

agreement with Chapter 3, have observed that preterm BA children indeed have 

poorer outcomes58,62. Preterm birth in BA was associated with adverse events such 

as frequent readmission to hospital62. Only one report from Durkin et al. suggested 

comparable outcomes between term and preterm born BA children57, which might 

have resulted from the vast experience and BA caseload of this particular centre. 

Despite this, most available evidence today indicates that preterm BA patients need 

even closer monitoring than the term born BA population. Clinicians could strive for 

more frequent visits to the outpatient clinic, either at the tertiary centre or the local 

community hospital. In light of the significant wait-list mortality in preterm infants with 

BA (Chapter 3), one might even consider to admit preterm BA patients to hospital 

in case of being on the wait-list for LTx, in order to closely monitor and possibly 

treat life-threatening complications. To increase graft availability and early LTx, 

and to limit exposure to the complications of end-stage liver disease, living related 

LTx should be considered and discussed with the parents, caretakers or someone 

emotionally close to the patient’s family63. Lastly, preterm BA patients with congenital 

anomalies (approximately 40% of cases) require more intense follow-up as well, 

since these anomalies have been associated with worse outcome in (preterm) BA 

patients9,44,51. Our analyses demonstrate negative associations between congenital 

malformations and outcome (i.e. NLS, Chapter 3). It might well be that in preterm 

infants, such congenital anomalies have contributed to the poorer prognosis of BA. 

It does not seem likely that e.g. cardiac anomalies or Cri-du-chat syndrome (as 

reported in Chapter 3) directly affect clearance of jaundice, yet they might impact 

overall survival. Future studies in larger cohorts should focus on these effects in 

order to more specifically target care for preterm infants with BA. 

As previously stated, initial surgical treatment of BA consists of the KPE. The goal 

is to restore bile flow and thereby to increase survival with native liver. Despite the 

KPE, 40% to 50% of BA patients develop end-stage liver disease and thus require 

LTx already before the age of two years63. The transplantation rate for BA patients 

between 2 and 5 years is considerably lower than before 2 years63. This observation 

suggests that reaching the age of two years with native liver seems favourable for 

BA patients. Factors associated with NLS in the first two years after KPE include 

the age at which the KPE is performed, the presence or absence of BASM, post-
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operative use of ursodeoxycholic acid or antibiotics9,51,64, and prematurity (Chapter 

3). Continued NLS after the age of two years has not been characterized in 

reasonable detail nor have the possible associations with the factors mentioned 

above. In Chapter 2 we aimed to determine the prognosis of patients with BA 

after 2 years of NLS and to identify early-life factors that associated with continued 

NLS beyond the age of two years. Our study showed that eighty-seven per cent of 

patients who are alive with native liver at the age of two survive to adulthood, and 

that half of them do so with their native liver. This observation indicates that reaching 

the age of two years with native liver is indeed a milestone in BA, which is a helpful 

for counselling patients and their caretakers during follow-up after KPE. Previously 

identified early-life factors were not associated with NLS after two years of age, 

except for clearance of jaundice (Chapter 2). Clearance of jaundice, as a surrogate 

marker for NLS, has been studied extensively and its prognostic value for e.g. NLS 

has been well established. Indeed, the vast majority of BA patients that do not clear 

their jaundice receive an LTx before the age of two years (NeSBAR database)9. 

Clearance of jaundice is apparently not only associated with NLS before but also 

beyond the age of two years. It is likely that the prolonged cholestasis in patients 

without clearance of jaundice results in early advanced fibrosis and hepatocellular 

inflammation as opposed to patients that do clear their jaundice65, thereby increasing 

the risk for early-life LTx. It still remains unclear why some patients that initially clear 

their jaundice do need an LTx at a certain later point in time, mostly still in childhood9. 

A disruption of the gut microbiome (as discussed in Chapter 5) and impaired gut wall 

integrity could be responsible for the aggravation of liver injury. Factors such as the 

time between KPE and clearance of jaundice (instead of appreciating clearance of 

jaundice as a dichotomous variable) and the occurrence of early cholangitis seem 

to be associated with the need for LTx after 20 years of age, although it seems 

difficult to imagine how these factors in the first months of life would impact the 

NLS during adulthood66. In Chapter 2, the majority of patients that underwent an 

LTx after 2 years of NLS did so due to irreversible jaundice, what has previously 

been reported to be the main indication for LTx after two years of age and likely 

is largely similar to end-stage liver disease67. It suggests that in some patients, so 

far undiscovered factors lead to the detoriation of liver function and a subsequent 

need for LTx. It also highlights that patients with BA should be under lifelong 

monitoring by a paediatric and later, adult hepatologist, since they continue to be 

at risk of development of end stage liver disease with its associated complications.  

To date, the prognosis of BA significantly differs between continents, and even 

between countries. The prognosis is, for example, dependent on the centralization 

of care for BA, which leans on improved referral algorithms and subsequent earlier 

9
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diagnosis, as well as on increased experience of paediatric surgeons and paediatric 

hepatologists within the respective centres. Series from e.g. the United Kingdom, 

Finland and Germany observed that the caseload of centres with respect to KPE 

surgery is positively associated with outcome 10,68,69. It seems that, even in countries 

that have not strictly centralized the care for BA, follow-up in high-volume centres 

is associated with better outcomes7. Accordingly, the care for BA is now centralized 

in the Netherlands, Finland, Denmark, Norway, Sweden, Switzerland and in the 

UK3. It should be realized though that while centralization has major benefits for 

the prognosis of BA, it may lead to longer travel distances for patients and to a 

decreased recognition, interest and autonomy of the referring community centres to 

manage BA patients7. The prognosis of BA in (east)Asian countries is higher than in 

Europe and North-America. A recent series from Japan reported impressive native 

survival rates at 5, 10 and 15 years of age (88%, 77% and 49%, respectively)70. 

The prefecture in which the study was conducted between 1994 and 2011 had 

adopted a population screening test for the detection of neonatal cholestasis; the 

Stool Colour Card (SCC), a cheap and simple tool for detecting pale stools in early 

life. Their data suggest that the use of the SCC is associated with lower age at KPE 

and a subsequently improved native liver survival. Interestingly, the survival rates 

with native liver seem to always have been higher in Japan compared to Western 

countries70. The prognosis of BA in Japan is also improved compared to Taiwan, a 

country which has also implemented screening by means of the SCC71,72. Although 

the Japanese data suggest that implementation of the SCC likely helped to improve 

the prognosis, it cannot be excluded that there are other factors (e.g. genetic or 

environmental) which are beneficial to the overall prognosis compared to the rest of 

the world, which would be highly important and interesting to study. 

As discussed in Chapter 2, a significant number of patients with BA reach adulthood, 

with or without their native liver. The continuously improving prognosis will likely 

result in an increasing proportion of patients surviving into adulthood. This subset 

of patients, in addition to adolescents and young adults with other paediatric onset 

liver diseases, is becoming a novel, important patient group for adult hepatologists. 

The clinical course of adult BA patients remains to be adequately established in large 

cohorts. Yet, it seems that, apart from the regular care for a patient with chronic liver 

disease, specific attention may be needed for adult BA patients. Although numerous 

successful pregnancies have reported in women with BA, rapid deterioration of liver 

function and variceal bleeding during pregnancy and the post-partum period have 

been described, even in patients with initially normal liver function73. Also, reports 

suggest that adult patients with BA may have impaired quality of life74,75, although 
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some studies report no differences with the norm population76. Adult patients with 

BA may suffer neurodevelopmental delay, yet they are less likely to involve in risk-

taking behaviour in regard to gambling and substance abuse, compared to the 

norm population77. Also, our group has previously established that female, but not 

male BA patients seem to have lower general health perception scores compared 

to the norm population, which might be caused by worries in regard to fertility and/

or pregnancy78. Patients with advanced liver disease during adulthood require close 

follow-up to recognize the optimal timing for listing and transplantation in order to 

avoid acute decompensation, what has been associated with a less favourable 

outcome of transplant surgery79. These aforementioned problems need to be 

considered upon the transition of BA patients from paediatric to adult hepatology 

services. Due to the rarity of the disease, unawareness of the clinical problems that 

adult BA patients with their native liver may face, can result in sub-optimal care 

for these patients. Overcoming these pitfalls during and after the transition of care 

likely requires, in the first place, close communication between paediatric and adult 

hepatologists, preferably during a transitional period in which there are frequent 

evaluations between the paediatric and adult hepatologist, for example in the first 

year prior to and after the actual transition. Secondly, it is important that adult 

hepatologists are informed and, if needed, educated about this emerging group 

of patients with paediatric onset diseases. The subject should either be adopted 

in the adult hepatology training programs, or the staff should appoint a dedicated 

hepatologist with a focus on rare liver disease with paediatric onset. Collaborative 

efforts to improve the transition of care from paediatric to adult hepatology have 

already been undertaken80.

Since the cause(s) of BA remain elusive to date, one of the main pillars of future 

BA research includes elucidating the pathogenesis including its aetiology3,4. As 

previously discussed, a multitude of factors have been studied, including viruses, 

toxins, developmental disorders, genetic factors or abnormal immune responses4. 

For example, the presence of Cytomegalovirus (CMV) DNA and a liver T-cell memory 

response to CMV have been observed in BA infants81,82. CMV-immunoglobulin 

positivity has been associated with worse outcome of BA83. Although the 

aforementioned observations suggest a possible pathophysiological role for CMV in 

BA, it remains to be validated in state-of-the-art virologic analyses. Future initiatives 

should explore if there is indeed an important role for CMV in the development of 

BA and if this translates into a CMV specific BA phenotype. Accordingly, Fischler84 

recently advocated multicentre controlled studies that assess the effect of antiviral 
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CMV treatment. Other viruses, among Rota- and Reovirus, are also candidates for 

future studies. 

Biliatresone, a toxin which has been held responsible for clusters of BA in livestock 

and in BA like lesions in zebrafish and mice85–87, has been increasingly used to 

study pathways in the injury and repair of cholangiocytes. Biliatresone seems to 

disrupt cholangiocyte polarity by interfering with Sox and Notch pathways, which 

are involved in biliary morphogenesis86,88. The toxicity of biliatresone likely involves 

upregulation of transcripts of genes involved in the redox stress response (especially 

those in the glutathione [GSH] metabolism) in cholangiocytes and hepatocytes in 

experimental BA89. The subsequent depletion of hepatic GSH leads to increased 

vulnerability to biliatresone. Restoring hepatic GSH via e.g. N-acetylcysteine 

administration prevents injury to the extrahepatic cholangiocytes. These data 

suggest that an impaired redox stress response may be a critical factor in the 

pathogenesis of human BA. Although humans are likely not exposed to this toxin 

which occurs in nature in the weed genus Dysphania85, studying its characteristics 

may nevertheless provide important insights in biliary toxicity and therewith point 

toward other toxins that might indeed affect humans. The use of cholangiocyte 

or biliary epithelial organoids could be a useful technique to study these effects. 

Apart from environmental factors, intrinsic factors such as genetic susceptibility 

and immune dysfunction may play a role in BA. While it seems unlikely that BA is 

caused by mutations in a single gene, several genes have been associated with the 

disease4,90–92. For example, the c.433G>A; p.Ala145Thr mutation in the CFC1 gene 

has been associated with the biliary atresia splenic malformation syndrome (BASM). 

CFC1 is involved in the development of the left-right axis in humans and is mutated 

in patients with randomized organ positioning93. Additional mutations have been 

found over time in patients with BASM94–96, which indicates that the role of this gene 

in BASM should be further elucidated in future studies. Other genes, such as GPC1 

and ADD3, may be important in the pathophysiology of isolated BA due to their 

putative role in the hedgehog signalling pathway (a highly conserved pathway which 

is essential for tissue renewal and regeneration, and normal embryonic development), 

yet single nucleotide polymorphisms in these genes are only found in a limited 

number of patients with isolated BA90,91. A recent paper described de novo variants 

in the STIP1 and REV1 gene, which are associated with the heat shock response 

pathway and DNA repair, respectively97. Importantly, these genes seem sensitive 

to the biliatresone toxin in zebrafish. Future studies seem warranted to determine 

to what extent the aforementioned variants impact the severity of disease and the 
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response to treatment. Large cohorts of BA patients with available DNA samples 

are therefore needed.

Since the prognosis of BA is presently largely dependent on early treatment by 

KPE, early diagnosis is essential. One of the pillars of future BA research should be 

identifying the disease as early as possible. Several initiatives have been proposed, 

among others the earlier discussed Stool Colour Card (SCC), which has already been 

implemented in Japan, Taiwan, British Columbia (Canada) and Switzerland. The SCC 

is a simple, cost-effective tool that increases the awareness for and recognition of 

acholic stools in neonates. The SCC has proven its value for children between 2-4 

weeks old70–72,98, since stools may become pale in neonatal cholestasis as late as two 

weeks of age. The SCC might therefore not be the optimal screening tool to detect 

children at risk for BA as early as possible. Recent initiatives have also explored the 

prognostic value of direct or conjugated bilirubin in the first week of postnatal life 

(DB and Bc, respectively). DB and Bc levels are elevated in children later diagnosed 

with BA. Two population screening studies from the United States, which included 

123,279 and 251,120 infants, respectively, reported a high sensitivity, specificity, 

and negative predictive value for DB or Bc as a test for the presence of B A99,100. 

New-born screening by means of DB or Bc resulted in earlier diagnosis and faster 

normalization of Bc. The measurement of DB/Bc test is cheap and can be obtained 

from a dry blood spot101. In the Netherlands, all neonates undergo a new-born blood 

spot test in the first week of life. It is therefore worth assessing whether the DB 

and Bc blood test could be implemented in The Netherlands, as well as in other 

countries. Future research initiatives should therefore focus on the feasibility and 

financial consequences of implementation of this test within the national new-born 

screening heel prick. It should then be addressed how to organize the follow-up of 

patients with a positive test, how to handle informed consent and also assess the 

impact on a family’s wellbeing if a test brings forward a false positive result100. It 

seems that this relatively simple and cheap test may be of great value for improving 

the prognosis of children with BA and delaying or even decreasing the burden of liver 

transplantation in children with BA. Subgroups of BA patients in which diagnosis 

and treatment is difficult (such as preterm infants, Chapter 3) may especially benefit 

from this screening strategy. 

Apart from screening neonates in order to select the children at high risk for neonatal 

cholestasis, it is subsequently essential to identify those infants who appear to have 

BA as quickly as possible. The definitive diagnosis of BA is made by intraoperative 

cholangiography, yet clinicians use a liver biopsy (LBx) to triage children for 
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intraoperative cholangiography and, if indicated, subsequently KPE) The LBx is 

an invasive procedure which is performed under general anaesthesia. Due to the 

concurrent morbidity, although infrequent, it is desirable to have a less invasive means 

as an alternative for LBx. Also, general anaesthesia in children should be avoided 

as much as possible due to its negative effect on neurodevelopment102,103. Future 

studies should therefore explore novel means that could replace LBx. Recent studies 

have indicated that the measurement of serum levels of matrix metalloproteinase-7 

(MMP-7) may do so. MMP-7 is responsible for tissue remodelling and it has been 

associated with liver fibrosis in BA71,104–107. Patients with BA have higher serum 

levels of MMP-7 compared to disease and healthy controls. Recent efforts indicate 

that MMP-7 may be used in the diagnosis of BA due to the impressive sensitivity, 

sensitivity and positive predictive values of the test104,108,109. It therefore seems that 

MMP-7 could serve as an important diagnostic parameter in future clinical practice, 

although comparable studies from other parts of the world are still lacking. Since 

the University Medical Centre Groningen is the Dutch referral centre for BA it holds 

the essential infrastructure for conducting such studies, which has been proven by 

the studies like the BiBoBa trial (Chapter 5).

As stated above, reaching the age of two years with a native liver seems to be a 

milestone in BA (Chapter 2). The majority of patients that will undergo an LTx will do 

so in the first two years of life mainly due to persistent jaundice and the development 

of ESLD. Future studies should therefore focus on means to improve the NLS in the 

first two years of life, based on the high proportion of BA patients who require LTx 

in that particular timeframe. As stated earlier, an early KPE improves the chances 

of long-term native liver survival3,53,54,110, and several early-life screening methods 

have been proposed. Steroid administration after does not seem to benefit the 

BA prognosis and may even be associated with an early onset of serious adverse 

events111–114. A novel therapeutic target include the complement components C5 

and C5a. Recent explorative studies in an experimental model for BA have identified 

these factors as possible therapeutic targets in BA115,116. While steroids seem to fail to 

prevent progressive liver fibrosis, anti-complement-based therapeutics may regress 

liver fibrosis and normalize liver biochemistry. In two studies from Navabi et al., C5a 

and C5a serum levels were elevated in mice with rhesus rotavirus (RRV) induced 

BA, compared to normal controls115,116. Anti-C5 or -C5a treatment but not steroids, 

decreased cholestasis and portal injury. treatment with anti-C5 or C5a prevented 

inflammatory extrahepatic bile duct obstruction and atresia after infection with RRV. 

This led to increased long-term survival of the mice, compared to normal mice and 

steroid treated mice. Lastly, treatment normalized total bilirubin, ALT and AST levels 



239

after only two weeks of treatment. While these results are promising, this approach  

should first be evaluated in human BA patients 

Every BA patient in the Netherlands receives cotrimoxazole during six months after 

KPE as antibiotic prophylaxis against cholangitis. The antibiotic may be altered 

upon recurrent episodes of cholangitis and/or upon identification of cotrimoxazole-

resistant microorganisms. Recurrent cholangitis may aggravate progressive liver 

fibrosis and by itself is an indication to start the assessment of a BA patient for 

LTx. Gram-negative bacteria are cultured from blood cultures in approximately 

half of cases48. These bacteria were found to be present in increased abundance 

in BA patients compared to controls (Chapter 5). Future studies should focus on 

determining the exact pathogens that are associated with cholangitis to be able 

to timely switch towards an effective therapeutic and subsequently preventive 

antibiotic regimen, if applicable. It might be that probiotics prevent cholangitis with 

the same efficacy as regular antibiotics117, yet evidence in support of this finding is 

only derived from case series. It might nevertheless ultimately been proven preferable 

to treat a child with pro- instead of antibiotics due to the side effects of the latter. 

While studies describing the (side)effects of probiotics in BA are scarce, a recent 

systematic review and meta-analysis analysed the use of probiotics in patients with 

neonatal jaundice118. This study found that in 20 out of the 1067 (2%) included cases, 

the use of probiotics (e.g. Bifidobacterium, S. boulardii, Clostridium butyricum) was 

associated with adverse drug reactions (ADRs) such as fever, diarrhoea, skin rash 

and fatigue. In comparison, ADRs resulting from sulfamethoxazole/trimethoprim 

(i.e. the standard post-KPE antibiotic regimen in the Netherlands) may be as high as 

8%119–121. It remains to be thoroughly evaluated if indeed probiotics could substitute 

or add to the effect of antibiotic regimens in general, including cholangitis prophylaxis 

after KPE in BA patients. 

PART II – PROGRESSIVE FAMILIAL INTRAHEPATIC 
CHOLESTASIS 
Severe BSEP deficiency 

Genetic disorders are the second most common cause of neonatal cholestasis. 

The genetic disorders comprise a large group of individually very rare diseases2,122. 

Mutations in the ABCB11 gene are responsible for deficiency of the Bile Salt 

Export Pump (BSEP). This disease belongs to the spectrum of Progressive Familial 

Intrahepatic Cholestasis (PFIC). The most severe form of BSEP deficiency is also 

known as PFIC2123. Patients with severe BSEP deficiency typically present in early 

childhood with jaundice, pruritus, elevated serum bile acids, malabsorption and 
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failure to thrive124,125. Some patients transiently respond to medical therapy such 

as ursodeoxycholic acid (UDCA)124–126, but severe BSEP deficiency progresses into 

ESLD during childhood in the majority of patients. Patients may benefit from surgical 

biliary diversion (SBD)127–141, which aims to decrease the size of the bile acid pool by 

interrupting the enterohepatic circulation (EHC). Unfortunately, most patients require 

liver transplantation (LTx) due to end-stage liver disease (ESLD), intractable pruritus 

or hepatocellular carcinoma (HCC) before adulthood. Severe BSEP deficiency is a 

rare disease (estimated incidence between 1:50.000-1:100.000 live births)124,142,143, 

which has so far precluded clinicians and scientists from studying the disease in large 

patient cohorts, and from providing care based on scientific agreement. Hence, in-

depth understanding of the natural history, of genotype-phenotype correlations and 

of the effect of SBD on long-term outcome had been lacking. Chapter 6 comprises 

the first paper from the global NAPPED (NAtural course and Prognosis of PFIC and 

Effect of biliary Diversion) consortium, which started in 2017 and currently includes 

over 700 patients from 68 centres worldwide. NAPPED aims to characterize the 

natural history of severe BSEP deficiency and to assess the effect of genetic, clinical 

and therapeutic parameters on major surgical and clinical events, such as native 

liver survival (NLS), LTx and mortality. Our collection of an unprecedented cohort of 

264 genetically defined severe BSEP deficiency patients provided detailed insights 

in the natural course of severe BSEP deficiency (Chapter 6). The study confirmed 

some of the earlier observations from case-reports and small series; patients with 

severe BSEP deficiency generally present in the first months of life, with jaundice and 

low gamma-glutamyl transpeptidase (GGT) cholestasis124,125. Our data now showed 

that upon reaching adulthood, half of the patients had undergone an SBD and two-

thirds of patients a liver transplantation. We provide important information for patient 

counselling and targeting therapy of therapy by classifying patients with severe 

BSEP deficiency based on their genotype. The genotype was strongly predictive 

of the natural history of the disease in terms of long-term NLS, the responsiveness 

to SBD and the risk for HCC. By using the categorization as proposed in Chapter 

6, clinicians will now be able to counsel their patients in a more thorough manner 

and more efficiently assess which patients are e.g. candidates for SBD, or which 

patients should be considered for primary liver transplantation and/or aggressively 

screened for HCC. Earlier studies had established genotype-phenotype correlations 

only to a limited extent. For example, patients with at least one p.D482G or p.E297G 

mutation had a less severe disease course and responded more successfully to 

SBD compared to patients that do not harbour these mutations95,124,125. In addition to 

these findings, we subcategorized patients not only based on p.D482G or p.E297G 

mutations, but also on a genotype predicted to lead to a truncated, non-functional 
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protein (Chapter 6). This categorization provides clinicians now three patient 

subgroups: patients with a mild genotype (BSEP1, at least one p.D482G or p.E297G 

mutation), a moderate genotype (BSEP2, at least one missense mutation, yet not 

p.D482G or p.E297G) or a severe genotype (BSEP3, a genotype predicted to lead 

to a non-functional protein, or predicted protein truncating mutation [PPTM]), with 

correspondingly increasing severity of their subsequent phenotype with respect to 

natural history. Approximately 60% of BSEP1 patients reach adulthood with their 

native liver with or without a prior SBD. Indeed, SBD may postpone or even avert 

the need for LTx. On the contrary, BSEP3 patients appeared not to have long-term 

benefit from SBD and none of the BSEP3 patients reach adulthood with native 

liver. Apart from ESLD, patients may be indicated to undergo LTx because of the 

development of hepatocellular carcinoma (HCC). HCC had developed in more than 

30% of BSEP3 patients by the age of 15 years (compared to 4% in BSEP1, Chapter 

6). This striking outcome warrants aggressive screening for HCC starting from birth, 

as well as considering primary LTx in an early phase of the disease in order to 

prevent mortality due to HCC. Knisely et al. have previously published data on 11 

children with HCC, diagnosed before the age of five years144. Of these patients, nine 

had confirmed severe BSEP deficiency. Most of these nine patients harboured a 

genotype which we would have been classified as BSEP3, thereby supporting our 

findings on the high incidence of HCC in this patient category (Chapter 6). 

Our results support the concept that the phenotype of severe BSEP deficiency 

is strongly related to the combined functionality of the two different (mutated) 

copies of ABCB11 in hepatocytes. The data in Chapter 7 provide further support 

for this concept by establishing genotype-phenotype correlations for compound 

heterozygous patients of the BSEP1 category. Compound heterozygous patients 

in the BSEP1 category have at least one p.D482G or p.E297G mutation. The other 

mutation, i.e. other than p.D482G or p.E297G, appeared to affect the severity of 

the phenotype. Patients with a PPTM on the second allele (i.e. BSEP3), presented 

the severest phenotype: biochemical parameters (i.e. serum bile acids, total serum 

bilirubin, ALT and AST levels) at presentation were more elevated than in patients that 

do not harbour a PPTM on the second allele. Patients with these severe mutations 

were less likely to benefit from SBD, in terms of long-term NLS. On the basis of 

these findings, it seems that it might be necessary to reconsider the categorization 

of the BSEP1/BSEP3 patients with regard to their natural history and phenotype, 

and categorize them in the most severe category (i.e. BSEP3), i.e. equal to patients 

with two PPTMs. It is interesting that the phenotype in compound heterozygous 

patients is affected by the genetic severity of the second mutation, even though 
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the first mutation results in some residual function of BSEP. It has been proposed 

that ~25% of wild type BSEP function is likely the cut-off below which the risk of 

cholestasis strongly increases123. Apparently, the combination of one p.D482G or 

p.E297G and a truncating mutation is well below this threshold. It is known that the 

p.D482G or p.E297G mutation does not affect the BSEP transport function per se, 

but rather the amount of protein at the right location, i.e. the canalicular membrane. 

Common drugs, such as UDCA, yet also chaperone drugs, such as 4-phenylbutyrate, 

may enhance the retargeting of canalicular expression of BSEP126,145–147. Yet, which 

subgroups of patients will benefit exactly from these therapies remains to be 

established. While we did not study these questions, it remains a goal for future 

research to more adequately predict which patients are likely to benefit from medical 

treatment. 

Apart from medical therapies, SBD procedures are performed in severe BSEP 

deficiency in order to extend the NLS and to decrease pruritus by interrupting the 

enterohepatic circulation (EHC). The efficacy of such procedures (such as the partial 

external biliary diversion (PEBD) has been studied extensively, although generally in 

relatively small cohort127–141. SBD has been associated with a decrease the degree 

of pruritus and with improvements in biochemistry after SDB in patients with 

mutations that according to our categorisation would allocate to the BSEP1 category 

(Chapter 6)148. In Chapter 6, an SBD was associated with increased NLS in patients 

harbouring at least one missense mutation (i.e. patients with BSEP1 and BSEP2 

genotypes). These results do indicate that, in order for the interruption of the EHC 

to be successful, at least a minimal residual BSEP function must be present. This 

interpretation is supported by the apparent lack of effect of SBD in BSEP3 genotype 

with respect to long-term native liver survival. Based on our analyses we propose 

primary LTx for patients with genotypic BSEP3 disease (Chapter 6). The proposed 

treatment algorithm for severe BSEP deficiency in Chapter 6 therefore incorporates 

these advices, in order to improve targeting of therapy in clinical care and future 

research. Yet, after having performed the study as discussed in Chapter 7, we 

propose that not only in BSEP3 patients, yet also in BSEP1 patients that harbour a 

BSEP3 mutation (i.e. a BSEP1/BSEP3 genotype), primary LTx should be considered, 

due to the apparent lack of a beneficial effect of SBD on long-term outcome. 

As stated previously, our analyses of the NAPPED database provided information 

to allow improved counselling and adequate targeting of therapy in patients with 

severe BSEP deficiency, provided proper genetic diagnostics are available. While 

sequencing techniques have been essential for the discovery of severe BSEP and 
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severe FIC1 deficiency, the majority of centres treating patients that suffer from these 

diseases at a global scale do not have access to these techniques. Histological and 

biochemical data may aid in the discrimination between severe FIC1 and BSEP 

deficiency125, yet discriminating between severe BSEP1 or BSEP3 patients at 

presentation remains difficult. This in turn may hinder adequate counselling, targeting 

of treatment and screening for HCC. Chapter 6 shows that patients from BSEP3 

present the earliest in life with higher transaminases. However, this might differ per 

country since the age at presentation might be largely depend on the efficiency of the 

referral algorithm in the respective country. It might be that biochemical parameters 

are not sensitive enough to differentiate between the genotypic categories. Since 

conclusive data to adequately diagnose subgroups of severe BSEP deficiency 

patients is still lacking (apart from genetics), the access to genetic sequencing is a 

valuable target for improving patient care, particularly now we have demonstrated 

strong genotype-phenotype relationships. Consortia such as NAPPED and the 

European Reference Network Rare Liver11,13 have become exemplary cornerstones 

for connecting centres and clinicians worldwide. These consortia can provide equal 

access to care for PFIC patients, regardless of their nationality. It is essential that 

this will be one of the main pillars in improving the care for severe BSEP deficiency 

and other rare (liver) diseases during the upcoming decade. 

As discussed above, Chapter 6 provides detailed genotypic categorization of 

patients with severe BSEP deficiency. One of the main goals for this disease is to 

define genotype/phenotype relationships in more details in future analyses. Although 

the categorizations in Chapter 6 and 7 already provide important information, a 

significant heterogeneity in mutations still exists within the genotypic severity groups, 

which is mostly present in the group of patients with a BSEP2 genotype (i.e. a 

genotype with at least one missense mutation, yet not p.D482G or p.E297G). Up till 

now, we have not yet concentrated our efforts to further specify genotype/phenotype 

relationships in patients with a ‘moderate’, BSEP2 genotype. Yet, this will be a logical 

topic for future NAPPED research efforts. 

SBD is associated with improved NLS (Chapter 6 and 7) in selected patients with 

severe BSEP deficiency. Several forms of SBD exist, such as Partial External Biliary 

Diversion (PEBD), Ileal Exclusion (IE) and Gallbladder-colic diversion. While SBD 

might be effective in a part of severe BSEP deficiency patients, the procedure itself 

remains invasive, has inherent surgical and metabolic complications (including 

increased risk of hyponatraemia), and has cosmetic and perceived quality of life 

consequences. Data regarding the impact of these disadvantages are lacking, but it 
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seems reasonable to assume that an external biliary ostomy (e.g. in PEBD) may affect 

the patient’s quality of life, perhaps even more so during puberty149. Apart from the 

effect of an external ostomy on quality of life and the perioperative risks and general 

anaesthesia effects associated with PEBD102,103, the cosmetic consequences may 

limit the acceptability of external ostomies in some cultures (personal communication, 

M. al Shagrani, Riyadh, UAE). These disadvantages increase the likelihood that not all 

patients are currently receiving the optimal treatment for their disease, including SBD. 

Therefore, the development of novel, non-invasive treatments may be very helpful. 

Over the last years, medical alternatives for SBD are being developed. Apart from the 

chaperone drugs which have been discussed earlier, apical sodium bile transporter 

(ASBT) inhibitors are promising therapeutic candidates. ASBT (also known as ‘ileal 

bile acid transporter’, gene code SLC10A2) is present at the apical membrane of 

the small intestinal epithelium at the terminal ileum, where it facilitates bile acid 

reuptake from the intestine towards the liver; essential for efficient ‘enterohepatic 

circulation’ (EHC). In fact, up to 95% of bile acids is reabsorbed from the intestinal 

lumen per cycle. By inhibiting ASBT the aforementioned drugs interrupt the EHC, 

thereby decreasing the amount of bile acids returning to the BSEP deficient liver. 

While pilot studies provide promising results150,151, evaluation in larger patient cohorts 

is desperately needed. Such studies will need to determine the effect of ASBT 

inhibition on short-term outcomes such as itch, but perhaps more importantly, 

on long-term outcome, such as native liver survival and development of HCC. It 

is expected that category BSEP1 patients (except for BSEP1/BSEP3 compound 

heterozygous patients, Chapter 7) and BSEP2 patients will especially benefit from 

these drugs (Chapter 6). A serum bile acid level below 102 µmol after the start of 

treatment may act as a surrogate marker for favourable long-term outcome in these 

studies (Chapter 6).

While SBD – and perhaps ASBT inhibitors – may prevent the development of 

HCC in BSEP 1 and 2 patients, the risk of HCC development is particularly high in 

BSEP3 patients, i.e. patients with mutations predicted to lead to a non-functional 

protein142,144 (Chapter 6). A study from 2014 by Iannelli et al. discovered that the 

development of HCC in patients with severe BSEP deficiency even follows a unique 

pattern of genomic changes152. This pattern is distinctive from genomic patterns 

in other diseases, such as viral hepatitis. Future studies could focus on further 

elucidating these mechanisms, since novel pathways by which HCC develops during 

exposure to bile acids might provide novel treatment targets. 
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Genetics might also be of great value for severe BSEP deficiency patients in whom 

only one mutation in ABCB11 has been discovered (i.e. heterozygous mutations). 

With the developments and increasing availability of next generation sequencing 

methodologies, additional disorders within the PFIC spectrum have been discovered 

(e.g. deficiency of the Multidrug Resistant Protein 3 or Tight Junction Protein 2)123. 

In this light, those patients with heterozygous ABCB11 mutations are an important 

patient group for future studies. Studies should aim for elucidating if a heterozygous 

ABCB11 mutation may indeed cause PFIC phenotypes, or if the expressed 

phenotype is due to mutations in other (yet unidentified or not-implied) genes. 

Severe FIC1 deficiency

Severe deficiency of the Familial Intrahepatic Cholestasis protein type 1 (FIC1) results 

from mutations in ATP8B1, and has previously been termed ‘PFIC1’123,153,154. FIC1 

maintains a phospholipid asymmetry within the canalicular membrane, by which 

it protects the membrane against high concentrations of bile acids present in the 

canalicular lumen155–157. While the exact mechanism by which severe deficiency 

of FIC1 contributes to cholestasis, it is believed that the function of other biliary 

transporters are dependent on canalicular membrane stability156. Similar to severe 

BSEP deficiency, patients with severe FIC1 deficiency present with jaundice and 

pruritus in early life, which often progresses into end-stage liver disease124,125. 

FIC1 is also expressed in organs other than liver, such as intestine, pancreas, lung 

and inner ear. Indeed, patients may also develop extrahepatic manifestations of 

FIC1 deficiency, such as diarrhoea, pancreatitis and hearing loss124,125,158–160. Due 

to the expression in other tissues, a liver transplantation (LTx) may not result in 

treating all symptoms of the disease and, in several instances, it may even induce 

or aggravate extrahepatic manifestations124,148,161. LTx may cure end-stage liver 

disease and thereby prolong overall survival, but post-transplant complications on 

graft histology (steatosis, steatohepatitis, fibrosis) have been well recognized in 

severe FIC1 deficiency patients162–164. In an attempt to postpone or avert LTx, a 

surgical biliary diversion (SBD) is performed in a majority of severe FIC1 deficiency 

patients to interrupt the enterohepatic circulation and decrease the hepatic and 

systemic accumulation of bile acids, aiming to reduce the burden of pruritus and to 

slow or stop disease progression127,148,165. Severe FIC1 deficiency is even rarer than 

severe BSEP deficiency, which hinders adequate definition of its natural history, 

of genotype-phenotype associations and the assessment of the effect of surgical 

biliary diversion on long-term outcome. In Chapter 8, we describe the results of 

the presently largest, global multicentre cohort study of severe FIC1 deficiency 

patients with a confirmed genetic diagnosis. The first aim of this NAPPED paper 
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was to provide benchmark natural history data. We showed that patients with severe 

FIC1 deficiency generally present in the tertiary referral centre before the age of 

one year, yet some patients presented as late as the second decade. Variability in 

age at presentation was even observed in patients with comparable genotypes or 

within the same family. While this variability may be surprising, it has been reported 

previously and indicates that the genotype of severe FIC1 deficiency may not be 

the most important determinant of the phenotype 124,125. Patients with severe FIC1 

deficiency initially presented with elevated serum bile acids (sBAs), total serum 

bilirubin (TSB) and transaminases (Chapter 8). Transaminases were less elevated 

compared with severe BSEP deficiency patients (up to a five-fold lower median), 

which is concordant with literature124,125. Even though, only half of the patients with 

severe FIC1 deficiency reach adulthood with their native liver what illustrates the 

severity of the disease (Chapter 8). Hepatocellular carcinoma (HCC) has so far 

not been reported in severe FIC1 deficiency in previous (smaller) series, and we 

confirmed this striking observation in the present much larger cohort (Chapter 8). 

As stated before, HCC is observed more frequently in severe BSEP deficiency; up 

to 34% of patients with a BSEP3 genotype may develop an HCC (Chapter 6). The 

difference in the incidence of HCC between severe FIC1 and BSEP deficiency is 

intriguing since in both diseases, intrahepatic accumulation of sBAs is likely present. 

It seems that in severe FIC1 deficiency, the hepatic inflammation resulting from 

these sBAs does not induce cancer promoting pathways such as in severe BSEP 

deficiency152. It remains unknown why HCC does not seem to develop in patients 

with severe FIC1 deficiency. Future (basic science) studies elucidating the exact 

mechanisms by which hepatic injury in severe FIC1 deficiency originates may be 

needed first to provide explanations for the apparent absence of HCC in patients 

with this disease.  

It has been suggested that patients with a PFIC1 phenotype (i.e. continuous 

cholestasis and/or pruritus and continuous hepatocellular damage) harbour 

truncating mutations more often than patients with a BRIC1 phenotype (i.e. episodic 

cholestasis and/or pruritus and transient hepatocellular damage)166,167. While this may 

be true for distinguishing between a PFIC1 and BRIC1 phenotype, the genotype, 

in regard to the number of non-functional protein type mutations, does not seem 

to reliably predict the genotype in severe FIC1 deficiency (Chapter 8). Patients that 

harboured no, one or two predicted protein truncating mutations (PPTMs) in ATP8B1 

(FIC1-A, FIC1-B and FIC1-C, respectively) did not demonstrate clear phenotypic 

difference at presentation in the tertiary referral centre. Moreover, the three genotype 

categories did not associate with native liver survival (NLS), neither with biochemistry 
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after surgical biliary diversion (SBD) nor with NLS after SBD. These findings may 

indicate that PPTMs are not influencing the phenotype in severe FIC1 deficiency 

to a larger extent than, for example, missense mutations. This is further supported 

by phenotypic differences presented by patients in whom a homozygous c.2932-3 

C>A splice site mutation was observed; some did present a BRIC1 phenotype prior 

to the PFIC1 phenotype, while other did not. Additionally, these patients underwent 

diversion at different ages (or did not undergo diversion at all). Finally, we excluded 

one patient with a homozygous c.2932-3 C>A mutation from Chapter 8, due to the 

absence of a severe, permanently cholestatic PFIC phenotype at time of the drafting 

of the manuscript. These, among comparable previous findings166,168,169, indicate 

that phenotypic variations may result from other, yet unknown factors. For example, 

environmental circumstances (e.g. drugs or nutrition) may have a more significant 

impact than we currently anticipate and therefore future studies should focus on their 

elucidating. It should however be realized that relying solely on the number of PPTMs 

in the genotypic categorization of severe FIC1 deficiency may not be adequate. It 

may well be that the location of the observed mutations within the FIC1 protein 

determines the phenotype to some extent (Chapter 8)169. As stated previously, more 

insight is needed in the exact mechanism by which severe FIC1 deficiency results in 

cholestasis. These insights ideally will allow to more specifically design studies that 

assess genotype-phenotype associations, which may then provide further insights 

on presence or absence of other genotype phenotype relationships in severe FIC1 

deficiency. 

SBD tended to be associated with improved NLS in severe FIC1 deficiency and 

may therefore be considered as a means to slow or stop disease progression in the 

liver (Chapter 8)148. SBD is associated with a decrease in serum bile acids (sBA) 

and the post-SBD sBA level may aid in predicting long-term outcome after SBD 

(Chapter 8). While the SBD was associated with these outcomes in the overall 

cohort of Chapter 8, it seemed that some patients did especially benefit from the 

procedure, based on their long-term NLS and very low sBAs after SBD. A clear 

difference in genotype, sex or age at diversion, was observed in these patients 

which again indicates that genotype, with respect to the presence PPTMs, does 

not seem to reliably predict the phenotype of severe FIC1 deficiency. The fact 

that FIC1 is not directly involved in bile acid transport may be of importance, yet 

the mechanisms by which FIC1 deficiency contributes to cholestasis have to be 

elucidated in more detail. The findings in Chapter 8 do suggest that patients with 

severe FIC1 deficiency are likely candidates for interruption of the enterohepatic 

circulation, since SBD was associated with a decrease in sBAs and with improved 
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NLS. Therefore, it may be hypothesized that these patients may also benefit from 

the previously discussed apical sodium bile transporter (ASBT) inhibition, which is a 

medical alternative for SBD150,151. As stated previously, a medical alternative for SBD 

would be attractive, not only for the theoretical and reversible possibility to titrate the 

level of interruption of the enterohepatic circulation, but also since the anaesthesia, 

the cosmetic consequences and potential lower quality of life as a result from the 

latter are avoided101,102,148,169. At present, phase 2 and phase 3 studies are undertaken 

to evaluate the efficacy of such drugs on long-term NLS and pruritus170. If these 

drugs become approved for patients with severe FIC1 deficiency, evaluating them 

in a real-life cohort of patients will be necessary. sBAs may be used as a surrogate 

marker for long-term outcome in these studies (Chapter 8). 

Conclusions and suggestions for future research

Within this thesis we identified novel targets of intervention in order to improve the 

prognosis of biliary atresia (BA), severe deficiency of the bile salt export pump (BSEP) 

or severe deficiency of the familial intrahepatic cholestasis protein type 1 (FIC1). 

In BA, surviving up to two years with the native liver seems to be a milestone and 

which is indicative of a relatively good prognosis. Patients with BA that undergo liver 

transplantation after two years of age generally do so due to irreversible jaundice. 

Clinicians should use this information when counselling patients and their parents 

or caretakers. While patients with at least two years of native liver survival have a 

generally good prognosis, preterm infants with BA experience a more severe course 

of disease, compared to term born BA infants. Therefore, closer monitoring of these 

patients is warranted, especially when on the wait-list for liver transplantation due 

to relatively high wait-list mortality. The poor prognosis of BA in preterm infants 

may result from delayed treatment, and the relatively high incidence (i.e. 40%) of 

congenital malformations in these patients. In case jaundice is observed in a preterm 

infant, (primary) caregivers should be aware of a two-fold increase in chance of the 

child having BA. As in preterm born children, a higher incidence of BA is observed 

in infants born in rural areas in the Netherlands. The incidence of BA seems to 

correlate with the national number of confirmed bacterial and viral infections. The gut 

microbiota in BA infants differs in composition to that of healthy infants. Additionally, 

the gut microbiota of patients that do not clear their jaundice differs in richness 

and composition from that of patients that do clear their jaundice. This difference 

is already present before the Kasai portoenterostomy (KPE). The gut microbiota of 

patients with clearance of jaundice seems to follow a healthy development in regard 

to richness, compared to the norm population. Future studies in BA should be 

aimed at decreasing the age at KPE, in order to increase the chances of prolonged 
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native liver survival. Awareness for BA should be created in the primary care setting. 

Methods for detecting BA as early as possible (e.g. by means of the stool colour card 

or direct or conjugated bilirubin new-born screening) should be investigated and the 

diagnostic value of matrix metalloproteinase 7 for BA should be further explored. 

Studies assessing factors that contribute to the need for liver transplantation (after 

two years of age) should be determined, which could for example be focused at 

the gut microbiota. To what extent the gut microbiota is involved in the bile acid 

metabolism in BA, and more importantly, to what extent it is a determinant of the 

prognosis of the disease will be an important focus of future studies. 

Only a third of the patients with severe BSEP deficiency reach adulthood with their 

native liver. The genotype reliably predicts the natural history of the disease. Patients 

with at least one p.D482G or p.E297G mutation (i.e. a BSEP1 genotype) have the 

best prognosis in terms of native liver survival, incidence of hepatocellular carcinoma 

(HCC) and response to surgical interruption of the enterohepatic circulation (EHC). 

Interruption of the EHC is associated with increased native liver survival in patients 

with a BSEP1 and BSEP2 genotype. Yet, BSEP1/BSEP3 patients do not seem to 

substantially benefit from interruption of the EHC. Serum bile acid levels can aid in 

predicting long-term outcome after interruption of the EHC. Patients with a BSEP1/

BSEP3 genotype seem to have an equally poor prognosis as patients with a BSEP3/

BSEP3. Both groups do likely not benefit substantially from interruption of the EHC, 

and primary liver transplantation should therefore be considered in these patient 

groups. Screening for HCC is warranted in all severe BSEP deficiency patients, 

yet patients with a BSEP3 genotype seem to be at the highest risk for early-life 

development of HCC. Screening should commence in the first months of life in these 

patients. The care for severe BSEP deficiency can and should be based on genotype. 

Future studies should however continue to establish in-depth genotype-phenotype 

associations in order to improve counselling and targeting of therapy, which will 

increasingly allow for a patient-centred approach in this rare disease. Basic research 

should be focussed on determining to what extent several variants impact BSEP 

activity. Also, it should be further investigated to what extent one ABCB11 mutation 

(heterozygous), as well as the predicted combined residual activity of two ABCB11 

mutations (compound heterozygosity) impact the phenotype of the disease. Medical 

interruption of the EHC by means of apical sodium bile acid transporter inhibition 

is a promising alternative for surgical biliary diversion. While current phase-2 and 

phase-3 studies are assessing the efficacy of such drugs, clinical trials should be 

conducted in real-life cohorts to assess the effect in the overall population.  

9
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Less than half of the patients with severe FIC1 deficiency reach adulthood with their 

native liver. The number of predicted protein truncating mutations in ATP8B1 do not 

reliably predict the phenotype. Serum bile acids at presentation and after surgical 

biliary diversion may however predict native liver survival after these time points 

in follow-up and clinicians should use these parameters during counselling of the 

patients and prognostication of the disease. Surgical interruption of the enterohepatic 

is associated with improved native liver survival and could therefore be considered 

in patients with severe FIC1 deficiency. Screening for HCC is not warranted in 

severe FIC1 deficiency. Future studies in FIC1 should focus on elucidating the exact 

mechanisms by which mutations in ATP8B1 impact bile acid transport. Functionality 

studies are warranted. Such studies may also shed light on why HCC does not seem 

to develop in severe FIC1 deficiency. Studies that provide more specific grounds for 

genotype-phenotype studies are needed in order to assess if indeed the genotype is 

not the main determinant of the severe FIC1 deficiency phenotype. Extensive natural 

history data regarding extrahepatic manifestations are lacking, as well as data that 

elucidate to what extent these extrahepatic manifestations contribute to the hepatic 

phenotype. The course of severe FIC1 deficiency after liver transplantation has only 

been described in small cohorts and should therefore be studied in larger cohorts. 

In conclusion, the studies conducted in this thesis demonstrate that national or 

global collaboration allows to obtain novel insights in the natural history of rare liver 

diseases and their responsiveness to specific treatments. These insights have already 

led to patient-tailored changes in treatments for these diseases and are expected to 

have more impact in the near future, not only for the care and counselling of individual 

patients but also for understanding the pathophysiology of these rare diseases. The 

studies underline the value, if not the necessity, of collaborative efforts of clinicians, 

authorities and patient advocates for increasing the prognosis of patients with rare 

diseases and for the advancement of science. 
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