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ABSTRACT
Subclinical fibrosis and inflammation are common findings in pediatric
hepatic diseases and in liver grafts after liver transplantation (LT). The
mechanisms of these histopathological changes are unclear. Biomarkers that
would precede these changes and non-invasive ways to assess fibrosis are
needed. The aim of this thesis was to investigate the molecular and cellular
markers of subclinical graft fibrosis and non-invasive methods to determine
the stage of fibrosis and varices.
Study I included 99 pediatric patients with chronic liver disease who
underwent liver biopsy sampling for histology and transient elastography (TE)
study for liver stiffness (LS) between January 2012 to March 2015. In addition,
data on spleen size, platelet count, and aspartate aminotransferase to platelet
ratio index (APRI) were collected. Esophagogastroduodenoscopy (EGD) was
performed for 61 patients to assess varices. LS had the best accuracy in the
prediction of liver fibrosis stage, compared to APRI, spleen size, and platelets
to spleen size score. For moderate fibrosis (≥F2) and cirrhosis (F4) the area
under receiver curve (AUROC) values for LS were 0.831 (95%CI: 0.745-0.981,
p<0.001) and 0.919 (95%CI: 0.861-0.977, p<0.001, respectively). APRI
performed little better in the prediction of varices with AUROC 0.832 [95%CI:
0.730-0.934, p<0.001), compared to LS with AUROC 0.818 (95%CI: 0.7060.930, p<0.001).
Patients of studies II-IV consisted of pediatric LT patients who underwent LT
in Finland between 1987-2007 and were available for the study in 2009-2011
(time point referred here as cross-section/first follow-up) (n=54). The median
time from LT was 11 years. All patients underwent liver biopsy sampling for
histological evaluation and blood sampling for liver biochemistry.
In Study II, serum concentrations of matrix metalloproteinase-8 (MMP-8),
MMP-9, and tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) were
analyzed from 52 patients and 94 healthy controls. Also, hepatic gene
expression of MMPs and TIMPS genes was measured from 29 patients and
eight control liver samples. The findings were correlated with histological
findings. Patients with graft fibrosis had significantly increased hepatic gene
expression of MMP-2, MMP-9, MMP-14, TIMP-1, and TIMP-2, compared to
those without fibrosis (Mann-Whitney U test p-values ranging from 0.001 to
0.031). However, serum concentrations of MMP-8, MMP-9 TIMP-1 were
unrelated to the presence of graft fibrosis.
In Study III, hepatic gene expression of 40 fibrosis-related genes was
measured from 29 patients and eight healthy controls. Gene expression levels
were correlated with histological findings. Compared to patients with normal
histology, patients with fibrosis and no inflammation had higher hepatic gene
expression of genes related to fibrosis: transforming growth factor-E3 (TGFE3), connective tissue growth factor (CTGF), platelet-derived growth factor
subunit-D (PDGF-D), PDGF-E, integrin-subunit-E1, D-smooth muscle cell
actin (D-SMA), and type I collagen and lower gene expression of decorin and
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vascular endothelial growth factor A (VEGF A) (Mann-Whitney U test p-values
ranging from 0.005 to 0.049). However, compared to patients with normal
histology, patients with fibrosis and inflammation had much fewer differences
in the gene expression of the fibrosis-related factors than patients with solely
fibrosis.
Study IV included 51 patients who had sufficient liver biopsy for
immunohistochemical staining of six biomarkers; D-SMA, type I collagen,
decorin, vimentin, p-selectin glycoprotein-1 (PSGL-1), and CD34.
Immunohistochemical staining was also performed on 29 patients' biopsy
samples taken at the LT operation available from the biobank. Before
November 2019, at the final assessment, data on patient (n=48, three
deceased) liver status was evaluated. Second liver biopsies (taken after the first
follow-up) were available from 24 patients for histological evaluation. The
immunohistochemically assessed expression of the six biomarkers at the time
of the operation was unrelated to the presence of graft fibrosis at the first
follow-up. The expression D-SMA, type I collagen, decorin and vimentin
correlated with simultaneous graft fibrosis (r=0.693, p<0.001; r=0.612,
p<0.001; r=0.464, p=0.003; and r=0.562, p<0.001, respectively). Increased
portal expression of D-SMA, decorin, and vimentin in liver grafts without
fibrosis at the first follow-up were observed in patients who later developed
fibrosis (second follow-up biopsies) (Fisher's exact test p-values: 0.014, 0.024,
and 0.024 respectively). Moderate fibrosis (≥F2) and increased expression of
D-SMA, type I collagen, decorin, and vimentin at the first follow-up associated
with suboptimal liver status at the final assessment (Fishers exact test
p=0.002, p=0.003, p=0.003, p=0.003, p=0.042, p=0.014 and p=0.004
respectively).
Our findings implicate that the hepatic gene expression of MMPs and TIMPs
is altered in patients with fibrosis after LT. Still, the serum concentration of
MMPs and TIMPs was unrelated to graft fibrosis or their gene expression. The
genes related to fibrosis were mostly associated with graft fibrosis without
inflammation after LT. The immunohistochemically assessed expression of DSMA, decorin, and vimentin might precede the development of later fibrosis
and suboptimal liver status, but their expression at the time of LT seems to be
unrelated to later graft fibrosis. LS and APRI could be used in some cases to
rule out moderate fibrosis and varices and thus avoid invasive liver biopsy
sampling and EGS.
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TIIVISTELMÄ
Maksansiirto on tehokas hoitomuoto parantumatonta maksasairautta
potevilla lapsilla. Maksansiirtojen pitkäaikaisennuste on hyvä. Viime vuosina
on kuitenkin raportoitu siirteen lievää tulehdusta ja sidekudoslisää potilailla,
joiden vointi ja siirteen toiminta ovat moitteettomat. Näiden muutosten syy ja
merkitys on avoin. Maksasta otetun koepalan histologinen analyysi on
standardi tutkimus maksan tilan tutkimiseksi. Kajoavana tutkimuksena siihen
liittyy kuitenkin haittoja. Tässä väitöskirjassa tutkittiin maksansiirron
lapsuudessaan saaneiden potilaiden sidekudoslisän ja tulehduksen syitä
molekyyli- ja solutasolla, sekä ei-kajoavia keinoja sidekudoslisän
toteamiseksi.
Tutkimuksessa I selvitettiin maksan sidekudoslisän asteen ja
ruokatorven/mahalaukun laskimolaajentumien toteamista neljällä eikajoavalla
menetelmällä:
1.
transientti
elastografia
(TE),
2.
aspartaattiaminotransferaasi-verihiutaleindeksi (APRI), 3. verihiutalemäärä
ja 4. verihiutale pernan koko indeksi. Tutkimuskohteena oli 99 kroonista
maksasairautta potevaa lapsipotilasta, jotka osallistuivat tutkimukseen
vuosina 2012-2015. Kaikille suoritettiin maksan kudospalan histologinen
tutkimus
ja tehtiin
TE-mittaukset. 61 potilaalle tehtiin myös
ruokatorvimahalaukun tähystys laskimolaajentumien toteamiseksi. TE
osoittautui parhaaksi ja kohtalaisen tarkaksi sidekudoslisän asteen
määrittämisessä,
kun
taas
APRI
toimi
hieman
paremmin
laskimolaajentumien toteamisessa.
Tutkimuksissa II-IV kohteena olivat vuosina 1987–2007 lapsuudessaan
maksansiirron saaneet potilaat. Tutkimuksen aikaan vuosina 2009–2011
siirrosta oli keskimäärin 11 vuotta (n=54). Tuolloin kaikista potilaista otettiin
maksan kudosnäytteet ja laboratoriokokeet. Tutkimuksissa III ja IV
maksasiirteen ja potilaan kliinistä tilannetta tarkasteltiin myös 19 vuoden
kohdalla, marraskuussa 2019.
Tutkimuksessa II selvitettiin potilaiden matrix metalloproteinase (MMP) ja
tissue inhibitor of matrix metalloproteinase (TIMP) molekyylien
seerumipitoisuuksia ja geenien ilmentymistä maksasiirteissä. MMP-2, MMP9 MMP-14, TIMP-1 ja TIMP-2 -molekyylien lähetti-RNA-pitoisuudet
siirteessä korreloivat positiivisesti sidekudoksen määrään ja TIMP-1:n osalta
myös maksan tulehdukseen. MMP-8:n, MMP-9:n ja TIMP-1:n
seerumipitoisuudet eivät olleet yhteydessä histologisiin muutoksiin.
Tutkimuksessa III tarkasteltiin 40:n sidekudoslisän kehitykseen liittyvän
geenin ilmentymistä maksasiirteissä. Potilaat jaettiin kolmeen ryhmään
histologisten löydösten perusteella. Suurimmat lähetti-RNA:n pitoisuudet
todettiin potilailla, joilla oli sidekudoslisää ilman tulehdusta verrattuna
kontrolleihin ja potilaisiin, joilla ei ollut sidekudoslisää tai tulehdusta. Paljon
vähemmän löydöksiä sidekudoslisän kehitykseen liittyvien geenien
ilmentymisessä todettiin potilailla, joilla oli sekä sidekudoslisää ja tulehdusta.
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Tutkittujen geenien ilmentymisellä 11 vuoden kohdalla ei ollut yhteyttä
maksasiirteen tilaan 19 vuoden kohdalla.
Tutkimuksessa IV analysoitiin kuuden eri merkkiproteiinin [D-smooth muscle
cell (D-SMA), type I collagen, decorin, vimentin, p-selectin glycoprotein-1
(PSGL-1), and CD34] immunohistokemiallista ilmentymistä maksasiirteissä
leikkaushetkellä
ja
seurannassa
noin
11
vuotta
myöhemmin.
Merkkiproteiinien ilmentyminen siirtohetkellä ei ollut yhteydessä 11 vuotta
myöhemmin todettuun sidekudoslisään. 11 vuoden kohdalla todettu maksan
sidekudoslisä korreloi positiivisesti D-SMA:n, tyyppi I kollageenin, decorinin
ja vimentinin ilmentymiseen. 11 vuoden kohdalla suurentunutta D-SMA:n,
tyypi I kollageenin ja decorinin ilmentymistä todettiin myös potilailla joilla
silloin ollut sidekudoslisää, mutta jotka myöhemmin kehittivät sitä.
Merkittävä sidekudoslisä, suurentunut D-SMA, tyypi I kollageeni,, decorin ja
vimentin ilmentyminen 11 vuoden kohdalla oli verrrannolinen huonompaan
siirteen tilaan 19 vuoden kohdalla.
Yhteenvetona voidaan todeta, että TE:tä ja APRI:a voidaan käyttää lasten
maksasairauksien seurannassa sidekudoslisän asteen arvioinnin tukena.
Seurantakoepalan ottoja voidaan mahdollisesti välttää potilailla, joilla on
matalat TE ja APRI arvot. Maksansiirtopotilailla poikkeavaa MMP- ja TIMPgeenien ilmentymistä todettiin seurannassa niillä, joilla siirteessä oli
sidekudoslisää. MMP-8:n , MMP-9:n ja TIMP-1:n seerumipitoisuudet eivät
olleet verrannollisia sidekudoksen määrään, eivätkä siksi tämän tutkimuksen
valossa sovellu sidekudoslisän asteen määrittämiseen maksansiirto potilailla.
Maksansiirron jälkeen, sidekudoslisän geenien muuttuneen ilmentymisen
todettiin liittyvän erityisesti tilanteeseen, jossa havaittiin siirteen
sidekudoslisää ilman tulehdusta. Maksansiirron jälkeen D-SMA-, decorin- ja
vimentin-merkkiproteiinien lisääntyminen siirteessä saattaa edeltää
sidekudoslisän muodostumista ja olla verrannollinen siirteen huonompaan
tilaan jatkossa, näiden proteiininen ilmentyminen siirron hetkellä ei ole
yhteydessä myöhempään siirteen sidekudoslisän kehitykseen.
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1 INTRODUCTION
Liver diseases are rare in children. The most common severe disorders are
congenital biliary atresia, metabolic diseases, such as tyrosinemia, Wilson's
disease, and alpha-1-antitrypsin deficiency, acute liver failure caused by toxins
or viral infections, and hepatic malignancies (Lin HC 2015). Chronic diseases
often lead to fibrosis, cirrhosis, and eventually terminal liver failure (Friedman
SL 2008 B). Liver transplantation (LT) is the only curative treatment for most
children and adolescents with severe liver failure (Khungar V 2015).
The first pediatric LT in Finland was performed in 1987. Today, 2-6 pediatric
LTs are performed annually, and so far, 151 pediatric patients have received
new liver (Jalanko H 2018). Transplantation surgery is centralized to Helsinki
University Hospital. The outcome of the Finnish pediatric LTs during the first
three decades (1987-2007) was good, with the survival rates of 84% at one
year, 78% at three years, and 71% at ten years (Kosola S 2010). An Italian
study, including LTs performed between 1990 to 2006, reported 1-, 3-, 5-year
patient survival rates of 82%, 82%, and 78%, respectively (Brolese A 2007). A
20-year survival rate of 79% was reported from France considering LTs
performed between 1988-1993 (Martinelli J 2018). Recent surveillance
studies have described survival rates of 90% at one year and 85% at 5-year in
the United States (Pham Y 2018).
LT patients require surveillance and life-long immunosuppressive medication.
Early complications include vascular and biliary stenosis or leakage, intraabdominal infections, ascites, pleural effusion, and acute rejections. After the
first months, possible biliary strictures, viral infections (especially EpsteinBarr virus and Cytomegalovirus infections), chronic rejections, and the side
effects of the immunosuppressive medication, such as reduced kidney
function, metabolic problems, poor growth, and hypertension, may impair the
well-being of the LT patients. In general, LT children and adolescents,
however, live a very normal life. (Hsu E 2014)
Acute rejections after three months from the operation are rare in LT patients.
However, protocol liver biopsies have revealed subclinical inflammation and
fibrosis, in children with stable graft function and laboratory values, in many
pediatric follow-up studies (Briem-Richter A 2013, Ekong UD 2008, Evans
HM 2006, Kosola S 2013, Scheenstra R 2009, Venturi C 2012). In our country,
liver biopsies taken at the median of 11 years from 54 pediatric LT patients
revealed graft fibrosis, portal inflammation, and normal histology in 21 (39%),
14 (26%), and 18 (33%) of the patients, respectively (Kosola S 2013). During
the last decade, the etiology and mechanism of subclinical fibrosis and
inflammation have been a major research topic. Chronic cellular or antibodymediated rejection has been the suspected etiology in some of the patients.
However, the results are controversial, and the precise mechanisms are still
unknown (Feng S 2018, Kelly DA 2016, Neil DA al 2010).
One branch of these studies investigated the basis of subclinical inflammation
and fibrosis on the cellular and molecular level. Liver fibrosis refers to the
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accumulation of excessive extracellular matrix (ECM) components and the
reduction of functional liver tissue (Bataller R 2005). Collagen I and III are the
major ECM components produced in hepatic fibrosis (Thompson KJ 2011). At
the cellular level, liver injury initiates an inflammatory reaction that activates
the phenotypic change of hepatic stellate cells (HSC) into activated
myofibroblasts, the primary producers of ECM components altering the
balance of ECM turnover (Friedman SL 2008 A, Mack M 2017). Key molecular
mediators in the activation of myofibroblasts are transforming growth factorb1 (TGF-E1) and several other cytokines and chemokines (Tsuchida D 2017).
Activated myofibroblasts can be identified from their expression of a-smooth
muscle actin (D-SMA) and vimentin (Eyden B 2008, Evans MR 1998, Wang
PW 2019). Matrix metalloproteinases (MMPs) degrade ECM components, and
together with their tissue inhibitors (TIMPs), balance ECM turnover (Visse R
2003). In liver fibrosis, their expression is altered (Roderfeld M 2018).
Liver biopsy is the gold standard for assessing liver fibrosis, but as an invasive
procedure, it needs general anesthesia in children and carries a risk for
bleeding (Tobkes AI 1995). Taking a small core needle biopsy sample may lead
to sampling error and intra- and interobserver variation (The French
METAVIR Cooperative Study Group 1994, Regev A 2002). Thus, non-invasive,
accurate methods for liver fibrosis evaluation are needed (Dezsofi A 2015).
Liver stiffness (LS) measured by transient elastography (TE) seems to be a
promising tool for the non-invasive staging of fibrosis (Kim JR 2018).
This thesis aimed to explore the cellular and molecular basis of fibrosis and
inflammation after pediatric LT. A median of 11 years after pediatric LT, serum
levels, and hepatic gene expression of matrix metalloproteinases (MMPs) and
their inhibitors (TIMPs) were measured and correlated with graft histology.
Similarly, hepatic gene expression of several fibrosis-related genes, such as
TGF-E, PDGF, CTGF, decorin, D-SMA, and type I and III collagens, were
analyzed in liver grafts. The immunohistochemical expressions of six fibrosisrelated biomarkers (D-SMA, type I collagen, decorin, vimentin, PSGL-1, and
CD-34) were correlated with simultaneous and subsequent graft fibrosis and
outcome. Besides, the accuracy of non-invasive TE in assessing liver fibrosis
stage and the presence of varices among pediatric patients was evaluated.
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2 REVIEW OF LITTERATURE
2.1 LIVER STRUCTURE AND FUNCTION
2.1.1 LIVER ANATOMY
The human liver is the largest organ of the body, accounting for 2 % of the
body weight (1500 grams in adults). It is located below the diaphragm on the
right side of the abdomen. Oxygen-rich blood comes from the proper hepatic
artery, branched from the common hepatic artery, celiac trunk, and
aorta, Figure 1. Nutrient-rich, oxygen low blood comes via portal vein from
the gastrointestinal tract. Hepatic veins descend to the inferior vena cava. Bile
formed in the liver is excreted through the right and left hepatic ducts to the
common hepatic duct, common bile duct, and eventually to the
duodenum, Figure 1. The liver can be divided into eight functionally
independent segments with their own vascular supply and venous and biliary
drainage. (Barrett KE 2019, Netter 2011)

Figure 1. Liver anatomy. (Netter FH 2011)

2.1.2 LIVER HISTOLOGY
The liver's microscopic structure is based on classical central lobules, with a 12 mm diameter. At the center of the lobule lies the central vein surrounded by

12

portal tracks at its corners in the hexagon pattern. Each portal track contains
a branch of the hepatic artery, portal vein, and bile duct. Blood flows from the
portal tracks to the central vein through sinusoids between hepatocytes. The
oxygen-rich arterial blood from the hepatic artery and nutrient-rich blood
from the portal vein is mixed in sinusoids. Large gaps fenestrate the
endothelium, allowing intimate contact of hepatocytes with plasma. Between
the hepatocytes and endothelium lies the space of Disse, where Kupffer cells
(macrophages) and hepatic stellate cells (HSCs) are located. Initial biliary
secretion is to the canaliculi, formed by the space between two abutting
hepatocytes. Bile canaliculi drain to bile ducts located in the portal tract. The
direction of the bile drainage is therefore opposed to the blood drainage,
Figure 2. (Barrett KE 2019)

Figure 2. Cells of the liver between portal area and central vein. (Barrett KE 2019) HSC Hepatic
stellate cells, LSEC Liver sinusoidal endothelial cells

2.1.3 LIVER CELLS AND EXTRACELLULAR MATRIX
HEPATOCYTES. Up to 80% of liver cells are hepatocytes, which take care of most
of the liver functions. They are arranged in plates and bonded to each other by
tight junctions. Bile canaliculi, in between adjacent hepatocytes, empty
through intralobular ductules into the portal triad's bile ducts. The
bloodstream is faced on the other membrane through sinusoids. Hepatocytes
have a massive regeneration ability. This ability has partly made living donor
transplantations possible. (Barrett KE 2014 A)

Liver sinusoidal endothelial cells (LSECs) have large
fenestrations, which allow an effective exchange of large molecules, like
albumin and lipoproteins, between hepatocytes and the blood. The
endothelium also lacks a basement membrane, which further increases its
permeability. (Barrett KE 2014 A)

ENDOTHELIAL CELLS.

BILIARY CELLS. Bile ducts and ductules are bordered by biliary epithelial cells,
cholangiocytes. Canals of Hering are lined by both hepatocytes and biliary
epithelial cells (Barrett KE 2014). Hepatic progenitor cells situate near the
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canals of Hering. They are thought to have the ability to maturate into biliary
epithelial cells and hepatocytes (Vestentoft PS 2013).
HEPATIC STELLATE CELLS (HSCs). HSCs locate in the space of Disse and store
vitamin-A. As contractile cells, they may be involved in the regulation of
sinusoidal diameter. In the case of hepatic injury, they transform into
activated myofibroblasts expressing D-SMA. Activated HSCs are the main
ECM producing cells in liver fibrosis. (Barrett KE 2014 A)
KUPFFER CELLS. Kupffer cells are macrophages located in the space of Disse.
They are part of the immunological defense system. Their phagocytic activity
is essential, e.g., for removing bacteria from the venous blood coming from GItract. (Barrett KE 2014 A)

in the liver is present in Glisson's capsule,
portal tracks, sinusoidal wall, and central veins. Type I, II, III, and IV collagens
are the most abundant components of liver ECM. Other liver ECM elements
are glycoproteins, such as laminin and fibronectin, proteoglycans, such as
heparin, hyaluronic acid, and decorin. Liver ECM provides mechanical
support and reservoir for growth factors as well as participates in many
cellular functions. (Bebossa P 2003)

EXTRACELLULAR MATRIX (ECM)

2.1.4 LIVER FUNCTION
The liver is the main metabolic organ in humans. It synthesizes most plasma
proteins except immunoglobulins. These include albumin, acute-phase
proteins, coagulation factors, and carrier proteins for hormones. The liver is
essential in carbohydrate and fat metabolism. It maintains cholesterol
equilibrium and produces lipoproteins for the transportation of lipids in
plasma. It has a crucial role in the detoxification of blood. Detoxification
occurs in hepatocytes via multiple cytochrome P450 enzymes. Also, steroid
hormone metabolism and excretion to bile occur in the liver. Hepatocytes
convert harmful ammonia into urea via urea, which kidneys can excrete. The
liver is also the main organ in the maintenance of iron balance. (Barret KE
2019)
The exocrine function of the liver is based on the production and secretion of
bile. Bile is a major excretory route for lipid-soluble end products of
metabolism and detoxification. One of the bile pigments, bilirubin, is a
breakdown product of hemoglobin. Bilirubin is conjugated in the liver and
excreted via the bile. Bile acids, synthesized from cholesterol, have a vital role
in the digestion and absorption of fats in the small intestine. Most bile acids
(95%) are reabsorbed in the terminal ileum and transported back to the liver
(enterohepatic circulation). (Barret KE 2014 B)
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2.2. PEDIATRIC LIVER DISEASES AND
TRANSPLANTATION
2.2.1 PEDIATRIC LIVER DISEASES
Severe persistent liver diseases in childhood are rare. Approximately 20
children with severe liver disease are diagnosed annually in Finland (Jalanko
H 2018). Most patients recover, but LT is needed in about 5 cases annually
(Jalanko H 2018). Table 1 shows the diagnoses of the 151 children
transplanted so far in Finland (Unpublished data).
BILIARY ATRESIA (BA) is the most common indication for pediatric LT. It is a
destructive fibro-inflammatory disease affecting the biliary tree of unknown
etiology. BA is diagnosed in approximately four infants per year in Finland.
BA has a multifactorial etiology. The primary treatment of BA is surgical. In
hepatoportoenterostomy (Kasai procedure), the extrahepatic biliary tree's
fibrotic remnants are removed. The small intestine is connected to the liver
hilum with Roux-en-Y anastomosis at the level of proximal jejunum. Although
the Kasai procedure often normalizes serum bilirubin, around 60-80% of
patients develop progressive liver fibrosis and failure and need LT before
adulthood.
CHOLEDOCHAL MALFORMATIONS are rare congenital cystic anomalies of the
biliary tract, accompanied by varying degrees of obstruction of the biliary
drainage. Treatment is surgical excision of the cyst and Roux-en-Y
choledochojejunostomy. Intrahepatic cysts may be treated by hepatic
lobectomy in segmental disease or LT in diffuse intrahepatic disease. (Hsu HY
2014, Murray KF 2014)
TRANSIENT NEONATAL CHOLESTASIS, formerly called neonatal hepatitis, is a
heterogeneous group of neonatal liver diseases. Histology includes varying
degrees of cholestasis and inflammation without extrahepatic biliary
obstruction. Despite extensive investigations, in most cases, etiology remains
unclear. (Feldman AG 2019, Schwarz KB 2014)

Typically, IFALD is
diagnosed based on a combination of elevated routine laboratory tests
reflecting cholestasis and parental nutrition dependency while excluding other
causes of liver disease. Histopathology of the acute IFALD phase is
predominated by cholestasis and inflammation, which are replaced by fibrosis
and steatosis in the later chronic phase of the disease. While the active
cholestatic/inflammatory disease phase may rapidly progress to biliary
cirrhosis and liver failure, the chronic fibro-steatotic phase's clinical
significance and fate remain poorly understood. (Khalaf RT 2020, Mutanen A
2020)

INTESTINAL FAILURE ASSOCIATED LIVER DISEASE (IFALD)
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Table 1 Underlying diagnoses of the 151 children who underwent liver transplantation in Finland
from 1987 to July 2020 (Unpublished data).

Cholestatic
diseases

liver

64

Biliary atresia 54
Sclerosing cholangitis 6
Alagille syndrome 2
Biliary hypoplasia 2
Hepatic tumors
22
Hepatoblastoma 15
HCC 4
Hemangioendothelioma 1
Myofibroblast tumor 1
Adenoma 1
Metabolic liver diseases
22
Tyrosinemia 11
Wilson's disease 4
D1-antitrypsin deficiency 1
Farber disease 1
Familiar 1
hypercholesterolemia
OTC-deficiency 1
Cystic fibrosis 1
Hyperoxaluria 1
ARPKD 1
Acute liver failure
17
Others
14
Unknown cirrhosis 9
Familial cirrhosis 2
Budd-Chiari 1
Abernethy 1
Dyskeratosis congenital 1
Combined liver-kidney
12
transplantations
ARPKD 8
Hypercalciuria 2
Atypical HUS 1
MMA 1
Out
of
these
re20
transplantations
ARPKD Autosomal recessive polycystic kidney disease, HCC Hepatocellular carcinoma, MMA
Methylmalonic acidemia, OTC Ornithine transcarbamylase

is a genetic disease that manifests in a variety of organs.
Hepatic involvement usually appears as neonatal cholestasis. Cholestasis
persists during the first months to years until, in many cases, it improves over
time. LT is necessary for approximately 20-30% of patients with Alagille
syndrome. (Kamath BM 2014)

ALAGILLE SYNDROME

is a genetic disorder with reduced serum
concentrations of a1-antitrypsin, an inhibitor of serine proteases, produced
mainly in the liver secreted to blood. Mutant a1-antitrypsin protein cannot be
secreted out of the hepatocytes, causing liver injury. Clinical signs include
jaundice in infancy. However, it can onset as liver cirrhosis in late childhood

a1-ANTITRYPSIN DEFICIENCY
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or adulthood. LT is the treatment for the severe hepatic manifestation of the
disease. (Narkewicz MR 2014)
WILSON DISEASE is sporadic in Finland (Sipilä JOT 2020). It is a hereditary
disease caused by a mutation in cell membrane protein (ATP7B) that secretes
copper. Copper accumulates in the liver, central nervous system, and other
tissues. Liver injury manifest as a chronic liver disease leading eventually to
cirrhosis. The diagnosis is based on copper metabolism investigations and
genetic testing. There is an effective chelator therapy for the illness, but LT
might be required if the liver injury persists. (Narkewicz MR 2014)
CYSTIC FIBROSIS is a genetic disorder caused by a mutation in the cystic fibrosis

transmembrane conductance (CFTR) gene and manifests as severe chronic
lung and liver disease (Narkewicz MR 2014). Multiple treatment opinions
exist, including supportive treatment and recently discovered ivacaftor
(restores CFTR function) therapy (Quon SD 2016). LT is the treatment for endstage liver disease.

is a hereditary disease caused by mutations in FAH-gene
encoding an enzyme in tyrosine metabolism. Tyrosine metabolite
fumarylacetoacetate accumulates, causing injury to numerous organs,
including the liver, kidneys, and peripheral nerves. Treatment with nitisinone
and diet is effective, and LT is nowadays rarely needed. (Squires JE 2014)

TYROSINEMIA

Hepatic tumors account for 15 % (22/151) of LT operations
in Finnish children and adolescents (Kosola S 2010). The most common
malignant hepatic tumor of childhood is hepatoblastoma. Surgical resection of
the tumor is curative in most cases. An unresectable tumor without evidence
of extrahepatic disease is an indication for LT. Treated lung metastases are not
an absolute contraindication. Hepatocellular carcinoma is the second most
frequent malignant hepatic tumor in children. Surgical resection is rarely
possible, while LT is quite often curative despite extensive intrahepatic tumor
growth. Infantile hepatic hemangioma is the most common benign vascular
hepatic tumor in children. Treatment depends on tumor size and symptoms.
Surgical treatment is rarely needed. (Ng K 2018)

HEPATIC TUMORS

ACUTE LIVER FAILURE The leading causes of acute liver failure in children are
viral infections, drug/toxin exposure, and metabolic disorders. Clinical
findings include increased aminotransferases, hepatocyte necrosis,
encephalopathy, hyperammonemia, electrolyte imbalance, septic infections.
The spontaneous survival rate depends on the severity, age, and underlying
diagnosis. (Squires RH 2014)

2.2.2 MANIFESTATIONS AND COMPLICATIONS OF CHRONIC LIVER
FAILURE
The clinical signs and symptoms of chronic liver disease can be relatively
minimal or absent at the onset. As the disease progress to end-stage liver
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disease, multiple complications appear, including portal hypertension, ascites,
hepatorenal syndrome, encephalopathy, hepatopulmonary syndrome, septic
infections, and metabolic problems. (Shanmugam NP 2014, Shepherd RW
2014)
Portal hypertension occurs due to increased portal resistance, sometimes
combined with increased portal blood flow. Clinical manifestations include
splenomegaly, varices, and ascites, with leucopenia, thrombocytopenia, and
sometimes anemia. Varices, ascites, and splenomegaly are seen as a
consequence of portal hypertension (Hardy SC 2014, Sanyal AJ 2008). The
pooling of thrombocytes into the enlarged spleen explains thrombocytopenia.
Recent studies have also shown the importance of reduced thrombopoietin
production, resulting in reduced thrombopoiesis in the bone marrow (PeckRadosavljevic M 2017). As healthy liver participates in erythropoietin
production, partly storages iron, and produces lipids and cholesterol essential
to red blood cells, these typical functions are altered in chronic liver diseases,
resulting in anemia (Marks PW 2013). Leucopenia is also explained by the
hypersplenism and bone marrow suppression by toxins (Peck-Radosavljevic
M 2001). Esophageal varices may cause GI bleeding with a high mortality rate.
Impaired synthesis of proteins manifests most commonly as
hypoalbuminemia and coagulopathies. Both hypercholesterolemia due to
impaired bile production or secretion (biliary obstruction) and
hypocholesterolemia due to diminished cholesterol synthesis may occur.
Encephalopathy may occur early. In children, poor growth is a typical sign of
chronic liver failure. (Hardy SC 2014, Sanyal AJ 2008)
2.2.3 LIVER TRANSPLANTATION
SURGICAL OPERATION
LT is a curative treatment for end-stage liver disease (Hsu E 2014). The
pediatric whole and reduced-size LT operations' surgical procedures are well
described in the literature (Otte JB 1990, Ryckman FC 1992). In general, the
process consists of 3 phases. The diseased liver is first removed from the
recipient. Vascular anastomoses are constructed in the second phase starting
from the hepatic vein, followed by the portal vein, and hepatic artery
anastomoses. In the third phase, biliary anastomosis is performed. The
techniques used for the vascular anastomoses are dependent on recipient
anomalies, possible thromboses of native vessels, and the use of reduced-size
donor liver (Hsu E 2014). The appropriate size of the liver graft is essential
(Jensen M 2014). Due to the limited availability of size-matched livers from
pediatric donors, reduced-size (partial/split) livers are used in the majority of
pediatric LTs in Finland (67%) (Kosola S 2013).
COMPLICATIONS AFTER LIVER TRANSPLANTATION
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include hepatic artery stenosis and thrombosis (HAT),
portal vein thrombosis, biliary complications, and very rarely primary
nonfunction (Hsu E 2014). HAT has a 5-8% prevalence after pediatric LTs and
may require exploration, thrombectomy, or re-LT (Hsu E 2014). HAT's risk
factors are recipient weight less than 10 kg, age under three years, female sex,
ABO incompatibility, surgical complications, cellular rejection, and long cold
ischemia time (Sevmis S 2011). The overall rate of vascular complications is
higher among infants (Venick RS 2010). Biliary complications (10-30% of
pediatric LTs), such as leaks and strictures, may require endoscopic stenting
or surgical exploration (Hsu E 2014).

MAIN COMPLICATIONS

is defined as the tissue damage in the graft
that occurs when the blood supply is first interrupted and then restored.
Severe ischemia-reperfusion injury predisposes to poor graft function and
survival (Saidi RF 2014). Risk factors for severe ischemia-reperfusion injury
include higher donor age, graft steatosis, and prolonged ischemic time (Dar
WA 2019). Histologically ischemia-reperfusion injury is characterized by
neutrophil infiltration, ECM degradation, and sinusoidal endothelial cell
damage followed by hepatocyte apoptosis and necrosis (CasillasǦRamirez A
2006, Huet PM 2004).
ISCHEMIA-REPERFUSION INJURY

MAIN MEDICAL COMPLICATIONS are infections, rejections, recurrence of
primary liver disease, and side-effects of immunosuppression. Recurrence of
primary liver disease is rare in pediatric patients because most pediatric liver
diseases requiring transplantation are congenital. Infections include bacterial,
fungal, and viral infections (Hsu E 2014). The incidence of bacterial infections
after pediatric LT is 40-70%, while the incidence of fungal infections during
the first year after LT is around 40% (Halasa N 2008). Cytomegalovirus and
Epstein-Barr virus may cause diseases with varying severity and symptoms
(Hsu E 2014). The use of antiviral prophylaxis decreases CMV incidence (065% incidences reported) (Holt CD 2015). Although 80% of pediatric
recipients develop EBV infection, only one-third of these infections manifest
with clinical symptoms (Hasala N 2008). Epstein-Barr virus infection may
lead to post-transplant lymphoproliferative disease (PTLD) (Hsu E 2014).
After pediatric LT, the incidence of PTLD is around 3-4%, but even up to 10%
in some reports (Barış Z 2018). Treatment of PTLD includes reduction or
discontinuation of immunosuppression, antiviral medication, anti-CD20
antibody infusions, and chemotherapy (Hsu E 2014).

Acute cellular
rejection is the most common rejection type after LT. The incidence of acute
rejections during the first year after LT is around 25-46%; however, most of
them occur during the first two months. Recurrent acute rejection episodes
may lead to graft failure (Parekh J 2015). Chronic rejection affects about 5%
of recipients (Rook M 2011) and predisposes to graft loss (Parekh J 2015). The
life-quality and overall survival are also affected by the side-effects of
immunosuppression, such as kidney failure, metabolic syndrome, increased
risk for cardiovascular diseases, and malignancies (Hsu E 2014). Long-term
follow-ups have reported a prevalence of reduced kidney function in one-third
of the patients, while 2% develop end-stage renal failure after pediatric LT (Isa

REJECTIONS AND SIDE-EFFECTS OF IMMUNOSUPPRESSION.
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HM 2016). Compared to the general population, there is a two- to four-fold
increased risk for malignancy after LT (Gallegos-Orozco JF 2015).
PREDICTORS OF GRAFT OUTCOME
Survival rates after pediatric LT have increased significantly during the past 23 decades. Recently patient survival rates of 90% at one year and 85% five
years have been reported (Pham Y 2018). Major complications affecting
pediatric graft survival are HAT, portal vein thrombosis, chronic rejection,
primary graft nonfunction, and biliary complications (Rook M 2011). The main
reasons for late deaths after pediatric LT are side-effects of the medication,
such as infections and malignancies (Kelly DA 2013).
OPERATIVE FACTORS. Prolonged cold ischemia time decreases the graft
survival. It was thought earlier that partial/split liver LTs are associated with
worse outcomes than whole LTs, but according to more recent data, the
outcomes are comparable (Diamond IR 2007). The partial/split liver graft size
matters, as small-for-size liver grafts are associated with worse outcomes
(Tucker ON 2005). Also, living and deceased donor segmental liver grafts have
equal outcomes (Becker NS 2008). ABO-incompatible transplants have a
worse outcome than ABO-compatible grafts (Parekh J 2015).

The medical status and co-morbidities of the
recipient affect the outcome of LT. Pretransplant renal impairment, intensive
care, previous transplantations, impaired liver function, portal vein
thrombosis, and ascites are recipient related factors that worsen the outcome
of LT (Hong JC 2015). After transplantation, non-adherence predisposes to
acute rejections and possibly exacerbate the graft survival. In pediatric
patients, young age (<3 years) and weight under 10 kg are risk factors for HAT
and graft loss (Semvis S 2011). On the other hand, rejections are more frequent
in adolescents than in infants (Shepherd RW 2008).

RECIPIENT CHARACTERISTICS.

Several donor-related risk factors have been
associated with later graft failure: donor age over 40 years, donation after
cardiac death, split/partial graft, donor liver steatosis, African-American race,
reduced height, and brain death due to cerebrovascular accident (Feng S
2006).

DONOR RELATED FACTORS.

2.3 TRANSPLANT IMMUNOLOGY
Compared to other organ transplantations, the liver has a privileged status as
an immunologically tolerant organ. The liver's tolerance is explained by
several assumptions, such as the remarkable regenerative capacity of
hepatocytes, dual hepatic vasculature, and limited Human leukocyte antigen
(HLA) class-II expression of the liver graft. Also, the liver possibly secretes
soluble HLA class-I antigens forming immunocomplexes with donor-specific
antibodies (DSA) that can be absorbed by Kupffer cells. (Knechtle SJ 2009)
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ABO-blood group matching is a basic requirement for LT (Zhang Q 2015) as
ABO-incompatible LTs have a worse outcome than ABO compatible LTs
(Zhang Q 2015). However, in very young children, ABO-incompatible and
ABO-compatible LTs have comparable outcomes (Rana A 2016). Recent data
on adult LTs has shown equal graft survival for 1-year, 3-year, and 5-year
between ABO-compatible and -incompatible transplantations. Still, ABOincompatible transplantations associate with a higher incidence of CMV
infections, AMR, and biliary complications (Yadav DK 2019). However, in a
meta-analysis of pediatric LTs, ABO-incompatible transplantations had
significantly lower patient survival rates at 1-. 3-, 5-, 10-year than ABO
compatible transplantations (Kang ZY 2020) Organ transplantation across the
ABO barrier can lead to hyperacute rejection. In hyperacute rejections, the
natural ABO antibodies react with the AB antigens on blood vessel endothelial
leading to micro thrombosis and hemorrhage (Zhang Q 2015). In contrast to
other organ transplantations, HLA tissue typing is not routinely performed
before LT due to a lack of evidence to support the importance of HLA
matching. Other factors affecting the donor-recipient matching and graft
outcome are seen as more critical (Jakab SS 2007, Ohe H 2012, Vandevoorde
K 2018, Zhang Q 2015).
DSA refers to the recipient's antibodies that bind to HLA and sometimes nonHLA antigens of the donor graft. Preformed anti-HLA DSAs arise from
previous sensitization to foreign tissue, such as during pregnancy, blood
transfusions, and previous transplantations. anti-HLA DSAs commonly arise
after transplantation due to sensitization to the transplant HLAs (de novo
DSA). (Del Bello A 2016)
The significance of anti-HLA DSAs in liver LT is controversial. Between 5% to
25 % of liver recipients have preformed anti-HLA DSAs due to previous
sensitization, and the prevalence of de novo DSAs is around 8-12% at one year
(Del Bello A 2014, Vandevoorde K 2018). DSAs associate with portal
inflammation (Kivelä Jm 2016), AMR (Del Bello 2015, Koslowski 2011, Musat
AI 2013, Zhang Q 2015), chronic rejection (Demetris AJ 1987), fibrosis
(MiyagawaǦHayashino A 2009), and graft loss (Kaneku H 2013, O'Leary JG
2013, Zhang Q 2015). However, persistent DSAs in patients without any
chronic rejection or graft loss have also been reported (Feng S 2017, Lan X
2010, Tanner T 2012). Despite the increasing evidence of anti-HLA DSAs'
effect in LT, routine testing is not widely used. DSAs can also target non-HLA
antigens. An engaging non-HLA antibody, anti-vimentin antibody, was
recently associated with chronic graft dysfunction in renal transplants
(Divanyan T 2019).
2.3.1 IMMUNOSUPPRESSION
Immunosuppressive drugs are used to prevent acute and chronic rejections.
The development of immunosuppressive drugs has made long-term survival
truly possible after transplantation (Meirelles Junior RF 2015). On the other
hand, they predispose recipients to a variety of side effects. Many side-effects
are dose-dependent, and combined use of the drugs decreases the risk for
complications (McKenna GJ 2015). Conventional triple medication consists of
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calcineurin inhibitor (cyclosporin-A or tacrolimus), antimetabolite
(azathioprine or mycophenolate mofetil), and glucocorticoid (prednisone or
methylprednisolone) (Miloh T 2017). The combination used is center-specific
and also varies individually, as is the case with the drug dosing. Glucocorticoid
is often weaned off after the first years.
2.3.2 REJECTIONS AND REJECTION HISTOPATHOLOGY
Rejections can be divided as hyperacute, acute, or chronic, based on timing,
reversibility, and histological findings. Rejections can also be categorized
according to their immunological origin: cell-mediated or antibody-mediated.
Hyperacute rejections, caused by preformed antibodies (e.g., anti-ABO- and
anti-HLA-antibodies), are described primarily after kidney transplantations.
Nowadays, hyperacute rejections are extremely rare after LT and not
discussed here. (Parekh J 2015)
is the most common type of
organ allograft rejections. CD4 positive helper T cells are activated by donor
antigen-presenting cells (APC), like Kupffer cells in the liver. Helper T cells
recognize allo-HLA peptides on donor APCs. They enhance activation of CD8
positive effector T cells and can also activate B cells. Interleukine-2 (IL-2) is a
growth factor produced by activated T-cells that has a significant role in
maintaining CD4 and CD8 positive T cell proliferation. (Parekh J 2015)

ACUTE CELLULAR (T-CELL MEDIATED) REJECTION

The histology of acute cellular rejection is evaluated by the criteria of the Banff
working group (Banff working Group 1997, Demetris AJ 2016). Three
histological findings characterize it:
1. Portal inflammation consisting of lymphocytes, neutrophils, and
eosinophils
2. Endothelial inflammation of portal and hepatic veins (endothelitis)
3. Bile duct inflammation and damage (cholangitis)
For the diagnosis, at least two of the three criteria must be fulfilled. The
grading is from intermediate to severe (Banff working Group 1997)
ACUTE ANTIBODY MEDIATED REJECTION (AMR) is well recognized in kidney
transplantation. In LT, the role of AMR is not as clear. In acute AMR, DSAs
react with the HLA-antigens on endothelial cells activating the complement
(Parekh J 2015). Main histological findings include endothelial cell injury at
the portal tracts and positive endothelial staining of C4d, a product of
complement activation (Gonzalez-Molina M 2016, Lee M 2017). Diagnosis of
AMR in liver grafts is difficult due to the high prevalence of DSAs in
asymptomatic patients and non-specific C4d staining (Hogen R 2017).

The main histological findings in chronic
rejection include fibrosis, loss of bile ducts ("vanishing bile duct syndrome"),
and intimal/subintimal inflammation of hepatic arterial branches. CD4 and
CD8 positive T lymphocytes are the dominant cell types, but neutrophils and
eosinophils are also present. (Parekh J 2015)

CHRONIC CELLULAR REJECTION.
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Chronic allograft rejection, divided as early and late, is evaluated by the
criteria of the Banff working group (Demetris AJ 2000). Diagnostic criteria for
chronic rejection are:
1. Bile duct atrophy/pyknosis, affecting a majority of the bile ducts, with
or without bile duct loss
2. Convincing foam cell obliterative arteriopathy OR
3. Bile duct loss affecting more than 50% of the portal tracts
Early chronic allograft rejection is characterized by mild portal inflammation,
cholangitis, small bile duct changes, and loss. Both bile duct loss and arterial
loss are present in late chronic rejection. (Demetris AJ 2000)
The Banff working group
has developed diagnostic criteria for chronic antibody-mediated rejection,
including mild portal or/and perivenular inflammation with an interface
and/or perivenular necroinflammatory activity, moderate portal, sinusoidal,
and/or perivenular fibrosis, positive C4d staining, positive anti-HLA DSAs,
and reasonable exclusion of other entities. Caution must be taken in the
diagnosis of chronic AMR before better knowledge of this entity has been
achieved. (Demetris AJ 2016, Hogen 2017)

CHRONIC ANTI-BODY MEDIATED REJECTION (CAMR).
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2.4. MECHANISM OF LIVER FIBROSIS AT THE
CELLULAR AND MOLECULAR LEVEL
Chronic liver diseases have multiple causes. As the result of the progressive
disorder, one can uniformly detect fibrosis, scarring, and eventually cirrhosis.
Chronic liver insult results in resident cell death that initiates an inflammatory
reaction. Necrotic cells release material that rapidly recruits inflammatory
cells. Chronic inflammatory reaction alters the balance in ECM production
and degeneration. Excessive ECM disturbs the liver's normal anatomy and
function, as normal liver cells and structures are replaced by it. Liver fibrosis
leads to liver dysfunction and eventually liver failure. Liver fibrosis can be
reversible until it has progressed to cirrhosis. (Aydin MM 2018, Bataller R
2005, Friedman SL 2008 B)
2.4.1 HISTOLOGICAL EVALUATION OF LIVER FIBROSIS
Injured hepatocytes show the accumulation of fat and bilirubin in cholestatic
disorders. In more advanced injury, hepatocytes undergo necrosis and
apoptosis. Besides, hepatocytes' regeneration, as mitotic replication, can be
seen at the site of hepatocyte loss. (Kumar V 2018)
The ductular reaction, also called bile duct proliferation, is seen in many
hepatic diseases. In this process, multiple irregular ductular structures appear
at the edge of portal tracks. Hepatic progenitor cells or metaplastic
hepatocytes are believed to be the ductular reaction's origin. Ductular reaction
associates with liver fibrosis and increases with disease progression. (Bateman
AC 2010)
Scar formation often follows chronic injury but is also seen after acute injury.
Hepatocyte loss, which exceeds hepatic regeneration potential, progresses to
HSC activation and scar formation. ECM replaces areas of hepatocyte loss.
Activated HSCs are the main cell type responsible for excessive ECM
production and fibrosis. Cirrhosis is the end stage of liver fibrosis. In cirrhosis,
regenerative liver parenchyma islets are surrounded by extensive fibrous
bands. This distortion in liver architecture precludes liver functions causing
liver failure. Liver cirrhosis is a common end-stage in liver diseases, but not
all liver disorders lead to cirrhosis. (Kumar V 2018)
Simple scoring systems to assess the stage of liver fibrosis in chronic viral
hepatitis patients, such as Metavir and International Association for the Study
of Liver (IASL) scores, are also used to evaluate graft fibrosis (Table 2)
(Bedossa P 1996, Desment VJ 1994).
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Table 2. Metavir scoring system and corresponding IASL description for the stage of fibrosis in
chronic hepatitis (Bedossa P 1996, Desment VJ 1994).
Metavir
IASL description
F0: No fibrosis
No fibrosis
F1: Portal fibrosis without septa
Mild fibrosis
F2: Portal fibrosis with few septa
Moderate fibrosis
F3: Numerous septa without cirrhosis
Severe fibrosis
F4: Cirrhosis
Cirrhosis
IASL International Association for the Study of Liver

A specific scoring system, specially modified for staging liver allograft fibrosis
has also been introduced (Venturi C 2012). In this system portal, sinusoidal
and centrilobular areas are scored separately on a scale from 0-3. Figure 3
present the histology of normal, fibrotic, and cirrhotic liver.

CV

CV
PT

PT

B

A
FS

CV

PT

C
Figure 3 Histology of normal (A), fibrotic (B), and cirrhotic (C) liver, respectively. CV central vein,
PT portal triad, FS fibrotic septa

2.4.2 CELLULAR AND MOLECULAR MEDIATORS OF LIVER FIBROSIS
CELLS PARTICIPATING IN LIVER FIBROSIS
Multiple cells, such as HSCs, Kupffer cells, liver sinusoidal endothelial cells,
hepatocytes, and inflammatory cells, participate in liver fibrosis. Table 3
summarizes the essential cells and their actions in this process. Activated
myofibroblasts, mostly derived from HSCs (Friedmann SL 1985, Mederacke I
2013), produce excessive ECM in liver fibrosis (Parola M 2019). Macrophages,
resident Kupffer cells, and monocyte-derived macrophages have a crucial role
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in hepatic fibrosis, participating in its initiation, maintenance, and even
resolution (Tacke F 2017). In a healthy liver, LSECs prevent HSC activation
(DeLeve LD 2008). In liver injury, LSECs fenestrae's largen; this phenom is
called capillarization. It disturbs the ability of LSECs to prevent HSC
activation and thus promotes fibrogenesis (Xie G 2012). LSECs have both
fibrogenic and antifibrotic actions (Deleve LD 2008, Poisson J 2017). Injured
hepatocytes are thought to be initiators of chronic liver inflammation and
fibrosis. They release mediators, such as reactive oxygen species (ROS), that
promote the inflammatory reaction and HSCs activation (Aydin MM 2018,
Mack M 2017, Novo E 2014). In addition to macrophages, other inflammatory
cells, such as B lymphocytes, Natural Killer cells, and killer T lymphocytes,
participate in both fibrogenesis and fibrinolysis through their cytokine and
chemokine expressions. (Aydin MM 2018, Mack M 2017). Liver progenitor
cells and cholangiocytes are suggested to originate from Hering's canals
because the ductular reaction is first seen in these areas. Activated
cholangiocytes and liver progenitor cells of ductular reaction are believed to
interact with portal myofibroblasts and HSCs, contributing to liver
regeneration and fibrosis (Köhn-Gaone J 2016). Also, platelets participate in
liver fibrosis as a source of profibrotic growth factors and, in addition, mediate
liver regeneration (Ramadori P 2019).
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HSCs

Cell type

Resident Kupffer
cells in the space
of
Disse
recruited
monocytes

Space of Disse

Location

Defenestration,
capillarization

Activation, production of
inflammatory
and
fibrogenic
mediators,
also resolution

Activation
quiescent cells
myofibroblast

Changes
fibrosis
from
into

liver

Activation of HSCs, impaired endothelium
function possibly promoting liver damage

Activation of HSCs, promotion of ECM
production in HSCs, destruction of
hepatocytes, promotion of inflammatory
cells infiltration, production of MMPs and
TIMPs, but also reduction of liver injury and
resolution of liver fibrosis

Essential cells in the overproduction of
ECM

Actions

Aydin MM 2018, Novo
E
2014,
Ramachandran
P
2015, Tacke F 2017,
Visse R 2003

Friedmann SL 1985,
Mederacke I 2013
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Table 3. Brief summary of the key cellular mediators of liver fibrosis (Zhou WC 2014).

Macrophage
s

Liver sinusoids

in

LSECs

Necrosis, apoptosis

Aydin MM 2018, Chan
AWH 2014,
Mack M 2017

Liver
parenchyma

Tissue damage, source of many
inflammatory cytokines, induction of cell
death of activated HSCs

Hepatocytes

Recruited at the site of
injury

Deleve LD 2008,
Narita
M
2012,
Natarajan V 2017,
Poisson J 2017, Xie G
2012
Aydin
MM
2018,
Canbay A 2003 Mack
M 2017, Novo E 2014,
Zhan SS 2006

Mainly
portal,
interface,
and
lobular areas

Release
of
ROS,
promotion
of
inflammation, activation of HSCs, altered
production of MMPs and TIMPs

Inflammatory
cells

HSC Hepatic stellate cells, LSEC Liver sinusoidal endothelial cell, MMP matrix metalloproteinases, ROS reactive oxygen species,
TIMPS tissue inhibitor of matrix metalloproteinases,
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The major source of activated myofibroblasts, the key cells in liver fibrosis, are
resident HSCs (Friedmann SL 1985, Mederacke I 2013). Several other sources
of myofibroblasts have also been suggested, Figure 4.

Figure 4 Sources of activated myofibroblasts in liver fibrosis (Forbes SJ 2007, Karin D 2016,
Ramadori G 2004, Xu J 2015, Ziesberg M 2007).EMT epithelial-mesenchymal transformation, HSC
Hepatic stellate cells, TGF-beta Transforming growth factor-E

Multiple cells and molecular mediators participate in the activation and
proliferation of HSCs (Tsuchida D 2017). The simplified activation process of
HSCs is presented in Figure 5. The key growth factors that activate and
promote the proliferation of HSCs are TGF-E1 and PDGF (Tsuchida D 2017,
Ying HZ 2017). ECM is composed of collagens, glycoproteins, and
proteoglycans. Many ECM components, but especially collagen I and III, are
upregulated in hepatic fibrosis (Basturk O 2019, Thompson KJ 2011).
Activated HSC also participates in the activation of quiescent HSC by
expressing growth factors and cytokines (Aydin MM 2018, Bataller R 2005,
Novo E 2014, Tsuchida D 2017).
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Figure 5. Simplified flowchart of the activation of HSCs into myofibroblasts (Tsuchida D 2017).
CTGF Connective tissue growth factor, EMT Epithelial to mesenchymal transformation, HSC
Hepatic stellate cells, LESC Liver endothelial cell, PDGF Platelet-derived growth factor, ROS
Reactive oxygen species, TGFB Transforming growth factor E, VEGF Vascular endothelial growth
factor

MOLECULAR MEDIATORS OF LIVER FIBROSIS
Multiple molecular mediators are involved in liver
fibrogenesis and summarized in Table 4. The most important of them is
transforming growth factor-b (TGF-E), which in addition to its many
fibrogenic actions, activates HSCs into ECM producing myofibroblasts
(Tsuchida T 2017). Connective tissue growth factor (CTGF) is shown to
enhance TGF-E target gene expression (Gressner OA 2008). Platelet-derived
growth factor (PDGF) participates in HSC activation, promoting collagen
synthesis and chemotaxis via its own receptors (Ying HZ 2017). PDGF-D and
PDGF- PDGF are two of its subunits. Epidermal growth factor (EGF) is one of
the ligands for EGF receptor. EGF receptor expression is increased in HSCs
after their activation, and its inhibition reduces fibrosis in animal models
(Funchs BC 2014). Hepatocyte growth factor (HGF) is an anti-fibrogenic and
regenerative growth factor, which suppresses hepatocyte apoptosis, facilitates
myofibroblasts apoptosis, and induces expression of urokinase-type
plasminogen activator (uPA) and MMPs, thus enabling ECM degradation
(Nakamura T 2011). Vascular endothelial growth factor A (VEGFA) promotes
angiogenesis, the formation of new vessels. It participates in the activation of
HSCs, and on the other hand, has antifibrotic actions (Hoeben A 2004).
Angiogenesis is a common finding in chronic liver diseases (Elpek GO 2015).
Angiogenesis has been proposed to favor and contribute to fibrogenesis
(Paternostro C 2010).

GROWTH FACTORS
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CYTOKINES Liver damage leads to inflammatory cell recruitment managed by
inflammatory mediators. Inflammation usually, but not always, accompanies
fibrogenesis. Lymphocytes infiltrated to the injury site express cytokines.
Multiple inflammatory, anti-inflammatory, fibrogenic, and anti-fibrogenic
cytokines have been identified. They participate in the activation and
inhibition of the inflammatory reaction, activation and inhibition of HSCs, and
hepatocyte apoptosis. (Guicciardi ME 2010, Mack M 2018, Wynn TA 2010)
CHEMOKINES are expressed

in tissues in response to injury and inflammation.
They bind to their receptors on leukocytes, enabling leukocyte adhesion to the
vessel wall and extravasation into the affected site along chemokine gradient
(chemotaxis) (Stone MJ 2017). Monocyte chemoattractant protein-1 (also
known as CCL2) and its receptor CCR2 are recognized as essential players in
the infiltration of monocyte-derived macrophages into the liver, initiating and
maintaining inflammation and fibrogenesis (Bianconi V 2018).
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Table 4. Key molecular mediators of liver fibrosis (Zhangdi HJ 2019).
Group

Molecule

Main sources

Growth
factors

TGF-E

HSCs, Kupffer
cells, LESCs,
and
hepatocytes

PDGF

Kupffer cells,
Platelets

CTGF

HSCs,
hepatocytes
LESCs

VEGFA
Proinflammatory
cytokines

Antiinflammatory
cytokines

Chemokines

Actions
in
liver
fibrosis
Key activator of HSCs,
induction
of
ECM
production in HSCs,
reduction of MMPs and
induction of TIMPs
production, promotion
of
hepatocyte
apoptosis, induction of
fibrogenic growth factor
expression
Activation of HSCs,
promotion of HSCs
proliferation,
and
HSCs' ECM production
upregulates
the
expression of MMPs
and TIMPs
Enhance
TGF-E
actions
Activation, but also
inhibition of HSCs

References
Fabregat I 2018,
Gressner
AM
2002, Irendale JP
1997, Kanzler S
1999, Schrum L
2001, Tsuchida
T 2017,
Wynn TA 2010
Ying HZ 2017

Gressner
OA
2008
Hoeben A 2004
Deleve LD 2008

IL-1D,
IL1E, IL4, IL-5, IL6,
IL-8,
IL13, IL17, IL-33,
TNF-D
IL-10, IL2, IL-12,
IL-22,
INF-J

Kupffer cells,
HSCs,
leukocytes,
monocytes

Activation
of
the
inflammatory reaction,
activation of HSCs,
inhibition of HSCs
apoptosis, induction of
hepatocyte apoptosis

Guicciardi
ME
2010, Mack M
2018, Wynn TA
2010

Kupffer cells,
HSCs,
leukocytes,
monocytes

Inhibition
of
HSC
activation attenuation
of
inflammatory
reaction

Guicciardi
ME
2010, Mack M
2018, Wynn TA
2010

CCL-2,
CCL-3,
CCL-5,
CCL-11

Kupffer cells

Recruitment of immune
cells into the liver, HSC
activation

Bianconi V 2018,
Heinrichs
D
2013,
Rankin SM 2000,
Seki E 2009,
Stone MJ 2017

CCL Chemokine ligand, CTGF Connective tissue growth factor, ECM Extracellular matrix, IL
interleukine, INF-J interferon-J MMP Matrix metalloproteinases, PDGF Platelet-derived growth
factor, TGF-E Transforming growth factor-E, TIMP tissue inhibitor of matrix metalloproteinases,
TNF-D Tumor necrosis factor-D, VEGF Vascular endothelial growth factor
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REGULATION OF TGF-B ACTIONS
TGF-E is secreted in a biologically inactive form bind to a latency-associated
peptide (LAP), and latent TGF-E binding protein (LTBP) (Robertson IB 2015).
LTBP also binds latent TGF-E to ECM structures, thus forming a TGF-E
reservoir.
Plasmin,
some
matrix
metalloproteinases
(MMPs),
thrombospondin-1 (TSP-1), and av-integrins can release and thus activate
latent TGF-E (Annes JP 2003). TGF-E superfamily members actions are
intracellularly conducted through Smad (Mothers against Decapentaplegic)
signaling pathway (Derynck R 2003). Endoglin is an accessory co-receptor for
the TGF-E superfamily, it inhibits TGF-Es normal responses by altering the
intracellular signaling pathway (Letamendia A 1998). BMP-7, a member of
TGF-E superfamily, is an antagonist of TGF-E actions and thus an antifibrogenic factor in liver fibrosis (Zhong L 2013). Integrins especially Dvsubunit, forming combinations with E1-, E3-, E5-, E6- and E8- subunits, is
recognized as a regulator of tissue fibrosis by activating latent TGF-E, stored
in ECM ( Van der Flier 2001, Conroy KP 2016, Reed NI 2015).
Thrombospondin 1, produced by hepatocytes, HSC, and endothelial cells (Li
Y 2016 B), promotes fibrosis, as it activates latent TGF-E ( Adams JC 2004, Li
Y 2016 B). Plasminogen is the inactive precursor of a serine protease plasmin
(Zorio E 2008). Plasmin participates in both fibrosis and fibrosis resolution,
as it can directly degrade ECM components like fibronectin, laminin, and
proteoglycans, but on the other hand, it can activate latent TGF-E (Schuliga M
2018).
An extracellular inhibitor of TGF-E1, decorin, inhibits ECM overproduction,
thus protecting from fibrosis (Bankhy K 2012, Border WA 1992). TGF-E1
upregulates decorin production in HSCs (Gressner AM 2002, Gubbiotti MA
2016). Decorin is present only in small quantities in the normal liver as
extracellular spot-like depositions at periportal tissue, around central veins,
and slightly along sinusoids (Dudas J 2001). Decorin expression increases
early and parallel to the inflammatory activity, along with TGF-E1
immunostaining in chronic liver disease. Increased decorin expression is seen
at the perisinusoidal and periportal areas. In a study of 32 chronic hepatitis C
virus patients who received interferon-a therapy, decorin was expressed as
spot-like extra- and intracellular granules, mostly at the perisinusoidal and
periportal areas (Jarmay K 2000). Its expression decreased after interferona therapy. In addition, thrombospondin -2 gene expression correlates to the
stage of fibrosis in patients with non-alcoholic fatty liver disease (Lou Y 2017).
MATRIX METALLOPROTEINASES (MMPs)
MMPs are ECM molecules capable of degradation of ECM components
(Nagase H 2006). Today, 23 MMPs have been identified in humans (Visse R
2003). Tissue inhibitors of MMPs (TIMPs) regulate the activity of MMPs. Four
TIMPs have been identified in humans (TIMP-1, TIMP-2, TIMP-3, and TIMP4) (Gomez DE 1997). MMPs are mostly secreted as inactive form and become
activated in ECM, but can also be activated intracellularly. The main activators
of MMPs are themselves, especially MMP-3 and plasmin (Nagase H 1997). In
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a healthy liver, ECM is under constant turnover due to the activity of MMPs
and TIMPS. In fibrosis, the overall balance of fibrinolysis and fibrogenesis
favors the latter. The studies on MMPs have highlighted the dynamic
mechanism of fibrogenesis, as the expression of both MMPs and TIMPs is
increased in fibrotic livers (Roderfeld M 2018). In liver injury, activated HSCs
are the primary source of MMPs, but MMPs are also produced by
macrophages, hepatocytes, cholangiocytes, and leukocytes (Knittel T 1999).
MMP-7 is especially overexpressed in liver fibrosis of biliary atresia (Huang
CC 2015, Kerola A 2016), and its serum levels are increased in biliary atresia
compared to other neonatal cholestasis (Jiang J 2019). Increased MMP-7
expression after portoenterostomy is associated with poorer outcomes (Kerola
A 2016, Wu JF 2019). MMP-8 degenerates collagens and reduces fibrosis in
experimental animal models (Gross J 1962, Harty MV 2005, Siller-López F
2004). Increased serum levels of MMP-2 and MMP-8 are seen in alcoholic
cirrhosis (Prystupa A 2015). MMP-2 and MMP-9 degrade multiple ECM
proteins, such as fibronectins, type IV collagens, and basement membrane
substrates. MMP-9 is an important regulator of leukocyte migration in
ischemia-reperfusion injury (Coito AJ 2011). MMP-13 is shown to be
overexpressed in acute liver injury (Yata Y 1999). The inhibition of MMP-13
has been linked to attenuation of liver fibrosis, but on the other hand, its
overexpression has been shown to prevent fibrosis (Hironaka K 2004,
Uchinami H 2006). TIMP-1 is a natural inhibitor of MMPs (Gomez DE 1997.)
The serum levels of TIMP-1 correlate with the severity of fibrosis in nonalcoholic fatty liver disease and hepatitis B and C infections (Yilmaz Y 2019,
Leroy V 2004, Zhu CL 2012). Increased serum levels are also seen in patients
with cirrhosis (Troels MB 2014).

2.5 SUBCLINICAL FIBROSIS AND INFLAMMATION
AFTER LIVER TRANSPLANTATION
Altered liver histology in asymptomatic pediatric LT recipients has been
reported by many centers (Briem-Richter A 2013, Ekong UD 2008, Evans HM
2006, Kosola S 2013, Scheenstra R 2009, Venturi C 2012). Protocol liver
biopsies from recipients with nearly normal liver biochemistry have revealed
graft inflammation and fibrosis (Kelly DA 2016). Other frequent findings
include ductular reaction, bile duct loss, and steatosis (Kosola S 2013). Altered
histology has been reported in 32-97%, inflammation in 22%-77%, and fibrosis
in 27-97% of the patients, depending on the study and follow-up time (1-15
years) (Briem-Richter A 2013, Ekong UD 2008, Evans HM 2006, Kelly DA
2016, Kosola S 2013, Scheenstra R 2009, Venturi C 2012).
Late appearing graft fibrosis is seen in periportal, perisinusoidal, and
pericentral areas. Subclinical graft inflammation does not meet the criteria of
rejection, and it affects mostly the portal areas, with absent or minimal
inflammation of the bile ducts or portal vessels. Also, interface, lobular, and
central inflammation have been reported. These inflammatory infiltrates
contain mostly mononuclear leukocytes. (Kelly DA 2016)

33

The pathophysiology of subclinical graft inflammation and fibrosis is not
known. The lesions are proposed to present a form of late AMR, at least in
some cases (Feng S et al. 2018, Kelly DA 2016, Neil DA 2010). Findings
supporting the AMR etiology include histological findings of chronic rejection,
such as bile duct loss (Herzog D 2008), presence of circulating DSAs, and graft
dysfunction reported in association with subclinical graft inflammation
(Egawa H 2012, Grabhorn E 2015, Hirata Y 2017, Kivelä JM 2016, MiyagawaǦ
Hayashino A 2009, Varma S 2016, Wozniak LJ 2015). Also, it seems that
increased immunosuppression might protect from subclinical inflammation,
thus supporting AMR etiology theory (Kosola S 2013, Miyagawa-Hayashino A
2009). In an earlier study of the same patient cohort as in this thesis, antiHLA DSAs were associated with portal inflammation, but not with other
histopathological findings (Kivelä M 2016).
Graft fibrosis is seen as a consequence of subclinical inflammation. In recent
pediatric LT studies, portal inflammation correlated (Ekong UD 2008, Kosola
S 2013) and preceded graft fibrosis development (Varma S 2016). Similarly,
early subclinical inflammation after kidney transplantation predisposes to
interstitial fibrosis/tubular atrophy (IF/TA) (Heilman RL 2010), which is a
risk factor for long-term graft failure and loss (Mannon RB 2010, Moreso F
2006). In KDs, early acute inflammation episodes constitute a known risk
factor for the development of de novo DSAs, which are associated with chronic
antibody-mediated rejection and graft failure (Zhang R 2018).
2.5.1 MOLECULAR AND CELLULAR MEDIATORS IN SUBCLINICAL
GRAFT FIBROSIS
Finding non-invasive biomarkers to identify liver inflammation and fibrosis
would reduce the need for invasive follow-up biopsies, which is important,
especially after pediatric LT. Also, immunohistochemical markers preceding
the histological changes in the liver biopsies would help recognize patients at
risk. The identification of seminal molecular mediators is also crucial for drug
development. The mediators can be searched for genetic (messenger RNA
expression) and protein (serum concentrations, immunohistochemistry)
levels.
GENE EXPRESSION STUDIES
Gene expression of pro-inflammatory and profibrotic cytokines has been wellstudied in allograft rejections (Halloran PF 2018, Spivey TL 2011). Less is
known about their role in chronic graft fibrosis. In a recent study, the whole
genome transcriptional analysis of the liver tissue was related to histology in
133 pediatric LT recipients (Feng S 2018). Recipients with a portal and
simultaneous interface inflammation, often associated with varying degrees of
fibrosis, had the highest prevalence of class II DSAs. Also, genes related to
rejection and immunoglobulins were overrepresented in this group.
Recipients with fibrosis, but no interface activity, had increased expression of
genes specific for fibrogenesis and HSCs (Feng S 2018).
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Several studies have investigated the association of gene expression and
fibrosis after kidney transplantation. Increased graft gene expression of TGFE and CTGF associated with IF/TA (Nogare AI 2013). In another study, gene
expression of TGF-E measured from blood samples, was increased in
recipients compared to controls during the first six mounts after kidney
transplantation but was not associated with graft function (Krajewska M
2019). The presence of IF/TA in kidney allografts was associated with an
upregulated gene expression of six E-integrins (1,2,3,5,6,8) and six D-integrins
(v, μ, 1,2,6,9) (Dosanjh A 2013). Especially MMP-9 has been linked to
ischemia-reperfusion injury after liver transplantation (Hamada T 2008).
Inhibition of MMPs could protect from ischemia-reperfusion injury (Defamie
V 2007). However, less is known about their gene expression and serum
concentrations in graft fibrosis.
P-SELECTIN GLYCOPROTEIN LIGAND-1 (PSGL-1)

is a cell adhesion receptor for
selectins (Tinoco R 2017). PSGL-1 binds predominantly to P-selectin (Tinoco
R 2017). PSGL-1 can be seen as a marker of inflammatory cells (Laszik Z 1996).
The protective effect of PSGL-1 blockade on ischemia-reperfusion injury has
been investigated in several rat liver models (Amersi F 2002, Tsuchihashi S
2006, Zhang C 2017). PSGL-1 blockade protected from hepatocellular
damage, reduced leukocyte infiltration, inhibited expression of proinflammatory cytokine genes, and improved survival. In a human phase II
drug study, the impact of PSGL-1 blockade was studied in 47 LT patients at the
6-month follow-up (Busuttil RW 2011). Peak AST, ALT, and bilirubin levels
were lower in the treatment group as compared to controls. Histopathology
did not differ between the groups, but some pro-inflammatory cytokine genes
were reduced in the treatment group. Expression and role of PSGL-1 in late
subclinical inflammation and fibrosis are less studied.
IMMUNOHISTOCHEMICAL STUDIES

THE D-SMOOTH-MUSCLE ACTIN (D-SMA) expression in liver

transplants has been
investigated in a few studies. D-SMA is a member of the cellular actin network
and a marker of myofibroblast (MF) activation (Enzan H 1994, Eyden B 2008).
In a healthy liver, D-SMA is only slightly expressed, as in chronic liver diseases,
D-SMA positive cells increase in number, size, and staining intensity (SchmittGraff A 1991). In a study of 13 adult LT recipients, liver biopsies for mRNA
analysis were obtained at 3, 6, and 12 months after LT (Smith MW 2006). Four
of the 13 patients developed fibrosis early, within 12-15 months, after LT. They
found that hepatic gene expression of proteins related to myofibroblast and
myofibroblast-like cells at 12-month biopsy were upregulated in recipients
with early progression to fibrosis, referring to HSCs activation.
Earlier studies on adult and pediatric recipients have demonstrated that
increased immunohistochemical D-SMA expression during the first year after
transplantation precedes the development of later graft fibrosis (Gawrieh S
2005, Levy MT 2002, Russo MW 2005, Varma S 2017, Venturi C 2016). These
findings have raised the hypothesis that these biomarkers' expressions might
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already be increased at the donor liver graft, presenting a form of donorrelated risk factor (Varma S 2017).
VIMENTIN is an intermediate filament found in the cytoskeleton of
mesenchymal cells, such as leukocytes, fibroblasts, and endothelial cells
(Evans MR 1998, Eriksson JE 2009). The primary function of vimentin is to
enhance the mechanical stability of cells. It may also participate in cell
signaling, cell movement, and proliferation (Challa AA 2011, Eriksson JE
2009, Evans MR 1998). Besides expressed in the cytosol of mesenchymal cells,
vimentin is expressed on cell surfaces and in a secreted form (Moisan E 2006,
Mor-Vaknin N 2003, Podor TJ 2002, Xu B 2004). Vimentin is seen as a
marker of sinusoidal endothelium and Kupffer cells (Prichard J 2011),
activated HSCs (Puche JE 2013), EMT (Guarino M). Vimentin expression has
been studied in one post-LT work, where its increased expression <1 year after
LT preceded graft fibrosis development (Meriden Z 2010). The association of
anti-vimentin antibodies with chronic graft dysfunction after renal and heart
transplantation has been investigated. (Divanyan T 2019)

is a surface protein expressed on early lymphohematopoietic stem cells,
small-vessel endothelial cells, and embryotic fibroblasts (Sidney LE 2014). In
normal liver, staining of CD34 in the endothelial cell is fairly weak or negative,
seen mostly in periportal sinusoidal endothelial cells (Prichard J 2011,
Pusztaszeri MP 2006). Chronic liver diseases strongly increase the sinusoidal
staining, especially around central veins (Matsukuma S 2017). Increased CD34
expression is seen as a capillarization marker and neovascularization
(Amarapurkar AD 2008, DeLeve LD 2015, Nalbantoglu I 2004, Natarajan V
2017, Park YN 1998, Suominen JS 2014). On endothelial cell surfaces, CD34
participates in leukocyte rolling and migration (Krause DS 1996). In addition
to sinusoidal endothelial cells, CD34 is expressed on cell surfaces of
hemopoietic stem/progenitor cells (Krause DS 1996, Sidney LE 2014). CD34
expression was investigated in a study of immunosuppression withdrawal in
pediatric LT patients (Feng S 2017). Significant histological changes were not
observed during the 5-year follow-up, and also CD34 expression remained
unaltered.

CD34

2.6. NON-INVASIVE ASSESSMENT OF LIVER FIBROSIS
AND VARICES
2.6.1 NON-INVASIVE ASSESSMENT OF LIVER FIBROSIS
Liver biopsy is the gold standard for the assessment of liver fibrosis. Its
disadvantages originate from invasiveness, sampling error, and subjectivity.
Sampling error is possible as a small tissue sample, approximately 0.0002%
of the whole liver (Coral GP 2016), is taken from a large organ, where hepatic
fibrosis is not evenly distributed (Regev A 2002). The visual scoring of
histological findings predisposes inter-and intra-observer variability (The
French METAVIR Cooperative Study Group 1994). Diagnosis of most
pediatric liver diseases and the accurate evaluation of disease progression
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requires histological examination, but in the patient follow-up, alternative
non-invasive methods could be used (Dezsofi A 2015).
Blood biochemistry values reflect liver function and fibrogenesis poorly. The
commonly used "liver function tests" include plasma albumin, bilirubin,
aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), g-glutamyl transpeptidase (GGT), prealbumin,
coagulation factors, and platelet count. Albumin, prealbumin, and coagulation
factors are closest to the true liver function test, as aminotransferases mostly
reflect the necroinflammatory activity (Martin P 2018). Serum markers of
ECM turnover have also been used to evaluate liver fibrosis. Elevated
hyaluronic acid serum levels are seen in hepatitis C virus cirrhosis, and serum
concentrations of TIMP-1 correlate with the stage of fibrosis in chronic
Hepatitis B and C virus infections (Leroy V 2004, McHutchison JG 2000, Zhu
CL 2012). N-terminal propeptide of type III collagen levels correlate with liver
fibrosis in patients with primary biliary cirrhosis, non-alcoholic fatty liver
disease, and viral hepatitis (Babbs C 1988, Mosca A 2019). In pediatric
patients with non-alcoholic fatty liver disease, plasma N-terminal propeptide
of type III collagen concentration of >8.89 ng/mL had 84% sensitivity and
94% specificity for moderate fibrosis (F≥2).
Combining the tests leads to somewhat increased sensitivity. AST to platelet
ratio index (APRI) has been extensively studied among hepatitis C patients.
APRI>2 had 94% specificity and 48% sensitivity for cirrhosis (AUROC of
0.84), and APRI >0.5 had 81% specificity and 55% sensitivity for any fibrosis
(Chou R 2013). Fibrotest includes two clinical parameters and five laboratory
measures and has been shown to correlate with the stage of fibrosis in liver
diseases due to multiple etiologies (Poynard T 2007). In hepatitis patients,
Fibrotest >0.66 had a specificity of 82% and sensitivity of 77% for cirrhosis
(AUROC of 0.89) (Castéra L 2005). Similarly, FIB-4 is constructed from four
variables, and a value >3.25 had AUROC of approximately 0.9 in hepatitis C
virus patients for cirrhosis (Chou R 2013, Vallet-Pichard A 2007). In a study
of pediatric non-alcoholic fatty liver disease patients, APRI and FIB-4 had low
accuracy for predicting moderate fibrosis (≥F2) (AUROC 0.666 and 0.686,
respectively) (Mansoor S 2015). On the other hand, in pediatric patients with
hepatitis C virus, APRI and FIB-4 performed good accuracy in predicting
moderate fibrosis (≥F2) (AUROC 0.816 and 0.828). As in adult patients, the
non-invasive combined test's accuracy seems to be associated with the
patient's underlying diagnosis also in children.
IMAGING STUDIES
The morphological changes of liver cirrhosis and signs of portal hypertension,
such as splenomegaly and ascites, can be assessed using conventional imaging
techniques, magnetic resonance imaging (MRI), ultrasound (US), and
computed tomography (CT) scan. They have a moderate accuracy for liver
cirrhosis diagnosis, AUROC varying from 0.72 to 0.91 in different studies
(Brancatelli G 2007, Hung CH 2003, Kudo M 2008). These imagine
modalities are simple and widely available. However, they are not accurate in
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staging milder liver fibrosis stages and have low repeatability due to
subjectivity in the morphological changes scoring (Petitclerc L 2017).
The mechanical change caused by liver fibrosis, increased stiffness can be
measured by elastography techniques. These techniques are based on creating
a mechanical wave in liver tissue and then measure and quantify its
propagation. Multiple elastography techniques exist, and they are classified
according to the type, source, and timing of deformation, the volume assessed,
and the imagine modality used. US and MRI imagine modalities implicated to
elastography. (Petitclerc L 2017)
Transient elastography (TE) is US-based elastography, where a US shear wave
is produced into the liver tissue, and the velocity of the wave in parenchyma is
calculated almost instantly (Wong VW 2010). It has been well studied in
hepatitis patients (Lee MH 2016). In a meta-analysis of hepatitis B virus
patients (n=4386), the summary AUROC for detecting moderate (≥F2) and
severe (≥F3) fibrosis, as well as cirrhosis (F4), were 0.88, 0.91, and 0.93,
respectively (Li Y 2016 A). In one review article, elastography was found to be
a useful tool for ruling out advanced (F3-F4) fibrosis and in the follow-up of
liver disease patients, thus reducing the need for liver biopsy (Bonder WA
2014). Cut-off values for different stages of fibrosis partly dependent on the
underlying diagnosis. They proposed cut-off values for moderate fibrosis
ranging from 6.0 kPa to 10.0 kPa and cirrhosis ranging from 13.0 kPA to 17.0
kPA.
TE probes have also been produced and validated for pediatric use (Wong VW
2010). The usability of elastography in pediatric patients with chronic liver
disease for the prediction of liver fibrosis stage was evaluated in two relatively
large studies (Behairy BES 2016, Fitzpatrick E 2013) In a study including 90
pediatric patients with HCV, autoimmune hepatitis, or Wilson disease, cut-off
value 8.25 kPA for significant fibrosis (F3 Ishak score) with a sensitivity of
89.5%, a specificity of 90.4% and AUROC 0.960. For cirrhosis (F6 Ishak
score), they reported a cut-off value of 29.5 kPa with a sensitivity of 85.7%, a
specificity of 91.6%, and AUROC 0.941. Also, patients with necroinflammatory
activity tented to have higher LS values. Ishak F3 corresponds to METAVIR,
F2 and Ishak score F6 corresponds to METAVIR F4. (Mohamadnejad M
2010). A study of 104 pediatric patients with various chronic liver diseases
reported a cut-off value of 6.9 kPa for moderate fibrosis (≥F2 METAVR) with
a sensitivity of 68%, a specificity of 78% and AUROC 0.78, and a cut-off value
of 14.1 kPa for cirrhosis (F4 METAVIR) with a sensitivity of 100%, specificity
of 92% and AUROC 0.96. TE is a widely used, simple, and relatively low-cost
technique for non-invasive liver fibrosis assessment in children, but the results
may be interfered with by multiple factors. Necroinflammation of the liver,
extrahepatic cholestasis, hepatic congestion, recent food intake, and possibly
also steatosis may lead to falsely increased LS measurements and the
experience of the operator and patients overweight associated with technical
failure. (Wong VW 2010).
MRI elastography has higher diagnostic accuracy than US elastography for
liver fibrosis in adults, with meta-analysis providing AUROC of 0.88-0.98 for
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moderate (≥F2) fibrosis and AUROC of 0.92.0.99 for cirrhosis (F4) (Wang QB
2012, Singh S 2015, Guo Y 2015). Still, MRI elastography, as a newer and more
costly technique, is not as widely used and less studied in children.
2.6.2 ASSESSMENT OF ESOPHAGEAL AND GASTRIC VARICES
Portal hypertension is diagnosed when the hepatic venous pressure gradient
(HVPG) exceeds 5 mmHg. Esophageal and gastric varices occur when HPVG
exceeds 10 mmHg. The gold standard for evaluating esophageal varices is
esophago-gastro-duodenoscopy (EGD). EGD is an invasive investigation and
requires general anesthesia in children (Chapin CA 2018). Different grading
systems based on the site, size, color, and continuity of the variceal veins are
used (Philips CA 2016). Table 5 presents a widely used grading system from
the Japanese Research Society for Portal Hypertension (Beppu K 1981), which
is also used in the pediatric population (Shneider BL 2012).
Table 5 Grading of varices according to Japanese Research Society for Portal Hypertension
(Beppu K 1981).
Grade
EGD findings
I
Varices are flattened by insufflation
II
Varices are not flattened by insufflation and are
separated by areas of healthy mucosa
III
Varices are confluent and not flattened by
insufflation
EGS esophagogastroduodenoscopy

Non-invasive methods to detect varices and the risk of bleeding have been
studied. In a 247 cirrhotic adult patients report, decreased platelet count and
splenomegaly tended to correlate with the presence of varices (Mathodra R
2002). Still, the accuracies remained relatively low (sensitivity 71% and 75%,
and specificity 73% and 58%, respectively) (Mathodra R 2002). In a Cochrane
review, platelet count to spleen size performed best with a sensitivity of 0.93
(95% CI 0.83 to 0.97) and specificity of 0.84 (95% CI 0.75 to 0.91) (n=2637)
for diagnosing varices of any size (Colli A 2017). TE's diagnostic accuracy in
detecting varices was reported in a review article by Shi KQ et al. (n=3644)
(Shi KQ 2013). TE had an overall sensitivity of 0.87 (95% CI, 0.80-0.92) and
specificity of 0.53 (95% CI, 0.36-0.69) for detecting any varices, with cut-off
values ranging from 15.1 kPa to 28.0 kPa among the studies. Thus, TE had only
moderate accuracy for the detection of varices.
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3 AIMS OF THE STUDY
1. To compare transient elastography (TE) and laboratory tests APRI,
P/SZC, and SZC assessing liver fibrosis and varices in pediatric patients
with chronic liver diseases. (I)
2. To investigate the hepatic gene expression and serum levels of MMPs
and TIMPs in respect to graft histology in pediatric LT patients. (II)
3. To study the gene expression of 40 fibrosis-related molecules in liver
transplants and correlate the mRNA levels with the graft histology and
subsequent liver status. (III)
4. To analyze the immunohistochemical expression of six fibrosis- and
inflammation-related factors (D-SMA, type I collagen, decorin,
vimentin, PSGL-1, and CD34) in liver transplants and associate the
findings with concurrent and subsequent graft histology and function.
(IV)
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4 PATIENTS AND METHODS
4.1 PATIENTS AND METHODS IN STUDY I
Study I included 99 pediatric patients with a chronic liver disease who
underwent simultaneous LS measurement and liver biopsy during the study
period (January 2012 to March 2015) (Figure 6).

Figure 6. Patient selection flowchart in study I. TE Transient elastography

Liver fibrosis was scored histologically according to METAVIR classification
(Bedossa P 1996). Esophagogastroscopy was performed on 64 patients for the
assessment of esophageal and gastric varices.
Experienced radiologists performed transient elastography (TE) using
FibroScan® (Echosens™, France) to measure liver stiffness (LS). Ten valid
measurements were required for each patient. Median LS and IQR were
calculated from the ten measurements in kilopascals (kPa). Only reliable TE
measurements were included in the study (success rate >60%, and the
IQR/median ratio <30%). Spleen size measurements for calculations of P/SZC
and SZC were performed with ultrasound in 97 patients. Blood samples for
liver biochemistry were analyzed in the clinical laboratory (HUSLAB) by
standard methods. Blood samples were available from all 99 patients. Figure
7 present the measurements in Study I.
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Figure 7. Assessments performed in Study I. ALP alkaline phosphatase, ALT alanine
aminotransaminase, APRI aspartate aminotransferase to platelets ratio index, AST aspartame
aminotransaminase, ESL expected spleen length according to age and gender-specific reference,
GT J-glutamyl transferase, LS liver stiffness, oAST observed aspartate aminotransferase level,
OSL observed spleen length, P/SZC platelet to spleen size z score ratio, SD standard deviation of
spleen length according to age and gender-specific reference, SZC Spleen size z score, TE
transient elastography, uAST upper limit of AST according to age-specific reference.

4.2 PATIENTS AND METHODS IN STUDIES II-IV
PATIENTS IN STUDIES II-IV
Pediatric patients who had undergone LT between 1987 and 2007 in Finland
were gathered into a cross-sectional evaluation in 2009-2011 (n=99). Thirtythree had deceased, ten did not consent to the study, and two underwent retransplantation at the time of the study. Initial patient selection is described
in Figure 8. Patients in studies II (n=52), III (n=29), and IV (n=51) come
from this final cohort of 54 patients. The number of patients varies between
Studies II-IV due to the availability of blood samples for MMP serum
concentration studies (2 missing) and due to the insufficiency of liver biopsy
samples after conventional stainings for immunohistochemical stainings (3
missing) and gene expression studies (23 missing). Median times from LT to
the cross-sectional analysis were 10.6 (IQR 4.0-17.8) years in Study II, 13.1
(IQR: 5.0-18.4) years in Study III, and 11.3 (IQR: 4.1-18.0) years in Study IV.
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Figure 8. Flowchart of initial patient selection in studies II-IV. LT Liver transplantation

Timeline and assessments In studies II-IV are presented in Figure 9. Twentynine (57%) of the patients in study IV had wedge liver biopsy taken
intraoperatively at LT (baseline biopsy). These were available in Helsinki
Biobank and were immunohistochemically stained for the six biomarkers DSMA, type I collagen, decorin, vimentin, PSGL-1, and CD34.
In study IV, before October 2017, all patient files were re-reviewed (n=51), and
data considering possible second biopsies were gathered. At that time, three
patients had deceased due to reasons unrelated to transplantation. Second
follow-up biopsies had been taken from 27 patients. Twenty-four biopsy
samples were available from the biobank for histological evaluation, with a
median of 4.5 (range: 1.1-7.3) years after the cross-sectional assessment and a
median of 18.9 (range 4.8-25.4) years after the LT. Most of the biopsies (n=16)
were taken as a protocol/follow-up biopsies from asymptomatic patients and
others (n=8) due to suspicion of acute rejection. Histology was evaluated by
two experienced pathologists blinded to clinical data. The grading was
performed using the same criteria as previously.
At the end of October 2019, all patient records (n=48, three patients had
deceased due to reasons unrelated to LT) were reviewed again at the final
assessment. The latest clinical data were collected for studies III-IV. At the
final assessment, the median time from the cross-sectional evaluation was 8.3
(range: 4.7-10.3) years and from the LT 19.6 (range 10.17-28.44) years (Study
IV). Liver status was classified as normal or suboptimal according to the
clinical findings. Liver status was considered suboptimal if the patient had one
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or more of the following findings: re-transplantation after the first biopsy,
diagnosis of chronic rejection, or one or more of the following laboratory
findings: total bilirubin level over 25 μmol/L, GGT over 50 U/L, ALT over 60
U/L or thromboplastin time (TT) under 70%.

Figure 9. Timeline and assessments in studies II-IV. Timepoint cross-section (II) is referred to as
the first follow-up in studies III-IV

CONTROLS IN STUDIES II AND III
A total of 94 day-surgery patients without evidence of metabolic,
gastrointestinal, or hepatobiliary disease, who consented to the study, gave
control blood samples for study II (MMP-8, MMP-9 TIMP-1 serum
concentrations). Patients and controls were matched for age (18.1 (11.2-21.8)
vs 14.3 (7.5-22.5) years; p=0.110], and sex (27/25 vs 50/44 male/female
distribution, p=0.884).
In studies II and III, control samples for hepatic gene expression analysis were
obtained from eight patients operated on for benign non-hepatic diseases and
consented to the study. They underwent liver biopsy under visual control
during laparoscopy. Their liver function and histology were normal, except for
mild steatosis (grade 1) in one and mild (F1) fibrosis in another sample.
BIOPSIES AND BLOOD BIOCHEMISTRY (II, III, IV)
Percutaneous core needle liver biopsies were taken with ultrasound guidance
by experienced radiologists. No major complications occurred . Standard
laboratory methods were used to assess total bilirubin, alanine
aminotransferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), J-glutamyl transferase (GGT), platelets, prealbumin,
creatine, and thrombin time (TT) at Helsinki University Hospital Laboratory
(HUSLAB).
EVALUATION OF LIVER HISTOPATHOLOGY (II-IV)
The evaluation of liver biopsies was performed by two experienced
pathologists to reach a consensus. They were unaware of the patients' clinical
status. Liver fibrosis was evaluated according to METAVIR classification on a

44

scale from 0 to 4 (F0= no fibrosis, F1= mild fibrosis restricted to portal areas,
F2= moderate fibrosis extending from portal areas F3= severe fibrosis with
bridging F4= extensive fibrosis or cirrhosis) (Bedossa P 1996). Central and
perisinusoidal fibrosis were evaluated as absent or present. Inflammation was
graded according to Banff criteria on a scale from 0 to 3 (0= none, 1= mild, 2=
moderate, 3= severe), from five different areas; portal, interface, endothelial,
lobular, and bile duct (Banff Working Group 1997). Steatosis was evaluated as
the percent of affected hepatocytes. Immunohistochemistry for cholangiocyte
marker cytokeratin-7 (CK-7) was performed using the SP52 monoclonal
antibody and the Ultra View Universal Detector Kit (Vienna, Tucson, Arizona).
Ductular proliferation was graded from 0 to 2 (0= none, 1= mild 2= marked),
and CK-7 expression of periportal hepatocytes was graded from 0 to 3 (0=
none, 1 = mild, 2 = moderate, 3= marked). Bile duct loss was graded as a
percent of portal tracks lacking bile ducts.
MEASUREMENT OF MMP AND TIMP SERUM CONCENTRATIONS (II)
Serum levels of MMP-8, MMP-9 and, TIMP-1 were measured as earlier
described (Rautelin HI 2009). Time-resolved immunofluorometric assay
(IFMA) was used in MMP-8 measurements, with the inter-assay coefficient
variation of 7.3% and a detection limit of 0.8 ng/L. Enzyme-linked
immunosorbent assay (ELISA) was used for MMP-9 and TIMP-1
measurements, with the inter-assay coefficient variations of 8.8% and 13.3%,
and detection limits of 0.6 ng/L and 1.25 ng/L, respectively.
HEPATIC GENE EXPRESSIONS ANALYSES (II, III)
The hepatic gene expression of MMP-1, MMP-2, MMP-3, MMP-8, MMP-9,
MMP-13, MMP-14, TIMP-1, TIMP-2, TIMP-3 and, TIMP-4 was measured in
study II. Forty fibrosis-related genes, analyzed in study III, are listed in Table
6.
The mRNA measurement method has been described earlier (Kerola 2017).
Briefly, the liver samples were immediately embedded in RNAlater-solution
(Ambion, Life Technologies, Thermo Fisher Scientific Inc., Waltham, MA,
USA) after biopsy and frozen for further use. RNA was extracted using the
RNeasy Mini Kit (QIAGEN, Frederick, Maryland, USA). Integrity was assessed
spectrophotometrically. Quantitative real-time polymerase chain reaction by
the Human Fibrosis RT2 ProfilerTM PCR Array (QIAGEN SABiosciences,
Frederick, Maryland, USA) was used for the analysis of mRNA levels in
triplicate on an ABI 7700 Sequence Detection System (Perkin-Elmer Life
Sciences, Boston, MA, USA) Target gene mRNA expression was quantified by
the ΔΔCt method, in which, after normalization with housekeeping genes, the
mRNA levels are presented as fold changes in relation to mean of control
subjects.
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Table 6. List of the 40 genes and the corresponding proteins whose mRNA expression in the liver
grafts was measured (II). The table is reproduced from the original article II, Table 3.
Gene name

Protein

Transforming growth factor-E
E
TGFB1-3

Transforming growth factor-E1-3

TGFBR1-2
ENG
SMAD2-4 and
6-7
DCN

Transforming growth factor-E receptor 1-2
Endoglin
SMAD family member 2-4 and 6-7
Decorin

BMP-7
Bone morphogenic protein 7
GREM1
Gremlin 1
LTBP1
Latent transforming growth factor-E binding protein 1
Other growth factors
CTGF
EGF

Connective tissue growth factor
Epidermal growth factor

HGF
Hepatocyte growth factor
PDGFA and B
Platelet-derived growth factor subunit-D and -E
VEGFA
Vascular endothelial growth factor-A
Integrins and thrombospondins
ILK

Integrin-linked kinase

ITGA1-3 and v Integrin subunit-D1-3 and -Dv
ITGB1 and 3 Integrin subunit-E1 and 3 and 5-6 and 8
and 5-6 and 8
THBS1
Thrombospondin 1 and 2
Plasminogen system
PLAT
PLAU
PLG

Tissue plasminogen activator
Urokinase plasminogen activator
Plasminogen

SERPINE1

Plasminogen activator inhibitor-1

Hepatic stellate cell and extracellular matrix
ACTA2

D-smooth muscle actin

COL1A2

Pro-D2(I) chain, a component for type I collagen

COL3A1

Pro-D1(III) chain, components for type III collagen

IMMUNOHISTOCHEMICAL STUDIES (IV)
Six different immunohistochemical stainings were performed (D-SMA, type I
collagen, decorin, vimentin, PSGL-1 and, CD34) using standard
immunoperoxidase methods as described earlier (Suominen JS 2014). The
antibodies included collagen type 1 monoclonal antibody clone 1-8AH5
(1:1000) (Abnova Corporation), D-SMA, CD34 and vimentin antibody clones
1A4 (1:200), QBEn10 (1:100) and 3B4 (1:100) (Dako Aligent technologies),
respectively. Decorin polyclonal rabbit antibody clone NBP1-84970(1:750)
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(Novus Biologicals), PSGL-1 monoclonal antibody clone sc-13535 (1:500)
(Santa Cruz Biotechnology).
Immunohistochemical stainings were scored using a modified system from
Chevallier et al. (Chevallier M 1994). Scoring was performed separately for
three different histological areas: portal, lobular and central on a scale from 0
to 2, for five stainings (D-SMA, type I collagen, decorin, vimentin, and PSGL1). Two histological areas: portal and central, were scored for CD34 on a scale
from 0 to 2. The three scores were summed up to gain an overall score from 0
to 6 (for CD34 from 0 to 4). The scoring is exemplified in Table 7 and Figure
10.
The number of patients varies due to liver biopsy samples' insufficiency for all
six immunohistochemical stainings and because the reliable evaluation of all
histological areas was not always possible.
Table 7. Scoring system for immunohistochemical stainings
Biomarkers
D-SMA

Area
Portal

Type-1
collagen

Lobular

Decorin
Central
Vimentin

Portal

PSGL-1

Lobular
Central

CD34

Portal

Grade 0
Mild
staining
restricted to the
portal area
Absent or slight
stain at sinusoidal
walls or ECM
An absent or slight
rim around the
central vein
Absent or slight
staining
Some
positive
cells at sinusoids
An absent or slight
stain of central
vein
The
normal
number of CD34
positive sinusoids
Absent

Grade 1
Extended periportal
staining
without
bridging
Continuous staining
at sinusoidal walls
or ECM
A continuous or
thick rim around the
central vein
Increased
portal
staining
Increased number
of positive cells at
sinusoids
An intense stain of
central vein

Grade 2
Periportal staining
with bridging
Intense staining at
sinusoidal walls or
ECM
Pericentral stain
Extended periportal
staining
Markedly increased
number of positive
cells at sinusoids
Extensive
pericentral staining

Increased number Marked number of
of CD34 positive CD34
positive
sinusoids
sinusoids
Central
Some cd34 positive Several
cd34
sinusoids
positive sinusoids
________________________________________________________________
D-SMA D-smooth muscle cell, ECM extra cellular matrix, PSGL-1 P-selectin glycoprotein ligand-1
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Figure 10. Biomarker expression score 1 at the portal, lobular and central areas: D-SMA portal (A)
lobular (B) central (C), type I collagen portal (D) lobular (E) central (F), Decorin portal (G) lobular
(H) central (I), Vimentin portal (J) lobular (K) central (L), PSGL-1 portal (M) lobular (N), CD34 portal
(O) central (P). Central PSGL-1 scored as 1 was observed in none.
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4.3 STATISTICAL ANALYZES
Statistical analyses were performed with SPSS. Continuous data are presented
as median and IQR if not otherwise stated. Continuous variables were
compared using the Mann-Whitney U test between two groups. KruskalWallis test was used for ordinal variables to compare between two groups and
for continuous and ordinal variables to compare between multiple groups.
Correlations for continuous and ordinal variables were calculated with
Spearman's test. The significance of dependency between two dichotomous
variables was calculated with Fisher's exact test. Wilcoxon signed-rank test
was used to calculate the difference between two dependent ordinal variables.
The area under receiver operator characteristics (AUROC) and Odds ratios
(OR) were calculated with a 95% confidence interval (95%CI). For the
calculations of OR, in a case of zero cases in a group, 0.5 was added to all
groups. Only two-sided p-values below 0.05 were considered significant.
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5 RESULTS
5.1 NON-INVASIVE ASSESSMENT OF FIBROSIS AND
VARICES (I)
The patients' median age (n=99) enrolled for the study I was 6.0 (IQR 1.812.9) years. The most frequent diagnoses were intestinal failure (31%) and
biliary atresia (24%) (Table 8).
Table 8. Patient characteristics (I) presented as median (IQR) or as the number of patients (%).
All patients (n=99)
Endoscopically
assessed
(n=64)
Age (years)
6.0 (1.8-12.9)
5.2 (2.1-10.9)
Gender (male/female)
50/49
34/30
Diagnose
IFALD
31 (31%)
27 (42%)
Biliary atresia (post- 24 (24 %)
22 (34%)
Kasai)
Other
cholestatic 17 (17%)
6 (9%)
disoders1
PKD/congenital fibrosis
3 (3%)
1 (2%)
Hepatitis
7 (7%)
0
Liver transplantation
2 (2%)
1 (2%)
Congestive heart failure
2 (2%)
1 (2%)
Miscellaneous2
13 (13%)
5 (8%)
______________________________________________________________
IFALD intestinal failure associated liver disease, PKD polycystic kidney disease
1
Other cholestatic disorders included; biliary tract stone disease (2), progressive familial
intrahepatic cholestasis (2), choledochal malformation (4), sclerosing cholangitis (3), α1-antitrypsin
deficiency (1), Alagille syndrome (1), biliary duct hypoplasia (2) and cholestasis of unclear etiology
(2). PKD polycystic kidney disease.
2
Miscellaneous diagnoses included; extrahepatic portal vein thrombosis (2), aplastic anemia (1),
cirrhosis of unknown etiology (1), colitis ulcerosa (1), cystic fibrosis (1), lyseinuric protein
intolerance (1), steatosis (1), and elevated serum transaminases (5).

Histological findings of the patients are presented in Table 9. Of the 64
patients evaluated endoscopically, 14 had varices, and 50 had no varices.
Table 9. The stage of fibrosis according to Metavir in the 99 patients. Data presented as the number
of patients (%).
Stage of fibrosis
F0
F1
F2
F3
F4

Patients (n=99)
29 (29%)
22 (22%)
28 (28%)
10 (10%)
10 (10%)

LS, APRI and SZC correlated positively and P/SZC negatively with the stage of
fibrosis (r=0.639 p<0.001, r=0.491 p=0.001, r=0.396 p=0.004 and r= -0.427
p=0.003). The values of LS, APRI, SZC, and P/SZC differed significantly
across fibrosis stages (Figure 11).
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Of the four non-invasive methods, LS performed best in predicting liver
fibrosis. For moderate fibrosis (METAVIR F≥2), the AUROC values were
highest for LS 0.831 (95%CI: 0.745-0.981, p<0.001), as compared with APRI
0.743 (95%CI: 0.634-0.853, p<0.001), P/SZC 0.722 (95%CI: 0.617-0.827),
and SZC 0.672 (95%CI 0.564-0.780, p=0.004). AUROC was highest for LS in
predicting cirrhosis (METAVIR F≥4) 0.919 (95%CI: 0.861-0.977, p<0.001),
and lowest predicting any fibrosis (METAVIR F>1) 0.789 (95%CI: 0.6980.870, p<0.001). For severe fibrosis LS had AUROC of 0.870 (95%CI: 0.7890.951) p<0.001).
The best cut-off value was determined as the value with the highest sum of
sensitivity and specificity. The best cut-off value for LS was 7.7 kPa in
predicting moderate/severe fibrosis (METAVIR F≥2). It correctly classified
80 and misclassified 19 patients out of the 99 patients with a sensitivity of 81%,
a specificity of 80%, a negative predictive value (NPV) of 0.77, and a positive
predictive value (PPV) of 0.73. In predicting cirrhosis (METAVIR F≥4), a cutoff value of 14.6 kPa correctly classified 93 and misclassified six patients, with
a sensitivity of 100 %, a specificity of 79%, NPV 1.00, and PPV 0.73. LS values
in different fibrosis stages did not significantly differ between patients from
different diagnostic groups (data not shown).

Figure 11. Values of LS (A), APRI (B), SZC (C), and P/SZC (D) in different stages of fibrosis.
Fibrosis stage according to Metavir on the x-axis. Data presented as median and IQR. LS Liver

stiffness, APRI Aspartate aminotransferase to platelet index, SZC spleen size z-score, and
P/SZC platelet to spleen size z-score
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APRI performed second best in predicting liver fibrosis, with the AUROC value
of 0.743 (95%CI: 0.634-0.853). The optimal cut-off value was 0.5 for moderate
fibrosis (METAVIR ≥F2). It correctly classified 74 patients and misclassified
25 patients out of the 99 patients with 79 % sensitivity, 71% specificity, NPV
0.77, and PVN 0.73.
Cut-off values in different fibrosis stages were not significantly different
between patients from different diagnostic groups (data not shown).
Patients with varices (n=14) had significantly higher LS, APRI, SZC, and
significantly lower P/SZC than patients without varices (n=50), Figure 12.

Figure 12. Values of LS (A), APRI (B), SZC (C), and P/SZC (D) in patients with or without varices.
Data presented as median and IQR. LS Liver stiffness, APRI Aspartate aminotransferase to platelet
index, SZC spleen size z-score, and P/SZC platelet to spleen size z-score

APRI and LS performed best in predicting varices with AUROC values of 0.832
[(95%CI: 0.730-0.934) p<0.001] for APRI and 0.818 [(95%CI: 0.706-0.930)
p<0.001] for LS, compared with 0.795 [(95%CI: 0.683-0.904) p=0.001] for
SZC and P/SZC 0.760 [(95%CI: 0.616-0.909) p=0.004] for P/SZC.
The cut-off value of 0.6 correctly classified 47 and misclassified 17 patients out
of the 64 with a sensitivity of 100 %, a specificity of 65%, NPV 1.00, and PPV
0.45 for APRI. The cut-off value of 8,8 kPa for LS correctly classified 46 and
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misclassified 18 patients out of the 64, with a sensitivity of 93 %, a specificity
of 66%, NPV 0.,97, and PPV 0.43.

5.2 PATIENT CHARACTERISTICS (II-IV)
Characteristics of the patients in studies II-IV are presented in Table 10 and
the main histological findings in Table 11. All patients had a normal liver
function.
Table 10. Characteristics of the patients in studies II-IV at the time of the cross-sectional study in
2009-2011. Data presented as median (IQR) or as a number of patients (%).
Patients (n=52)
Patients (n=29)
Patients (n=51)
(II)
(II, III)
(IV)
Age (years)
18.1 (11.2-21.8)
17.9 (10.8-22.8)
18.2 (10.9-23.2)
Age at LT
2.5 (1.3-12.2)
1.9 (1.1-7.4)
3.3 (1.3-13.6)
(years)
Gender n
27/25
18/11
23/28
(male/female)
Diagnosis of
liver disease
Biliary atresia
18 (35%)
13 (45%)
19 (34%)
Metabolic
1
11 (18%)
5 (17%)
8 (16%)
disease1
Hepatitis
5 (10%)
3 (10%)
7 (14%)
Hepatic
6 (12%)
4 (14%)
5 (10%)
malignancy
PKD/congenita
5 (8%)
1 (3%)
4 (8%)
l fibrosis
Other2
7 (18%)
3 (10%)
8 (14%)
Laboratory
data
Bilirubin total
10 (8-15)
11 (8-17)
10 (8-14)
(μmol/l)
AST (U/l)
30 (25-40)
32 (26-39)
29 (25-39)
ALT (U/l)
24 (14-35)
23 (14-33)
21 (14-32)
ALP (U/l)
Prealbumin
(mg/l) (n=48)
GT (U/l)
Creatine
(μmol/l)
Platelets (E9/l)

150 (97-208)

150 (97-202)

130 (85-199)

211 (169-241)

212 (168-254)

210 (170-238)

23 (13-35)

17 (14-55)

17 (13-34)

67 (45-85)

68 (46-92)

68 (46-85)

213 (159-278)

216 (156-272)

216 (171-282)

APRI
0.32 (0.24-0.58)
0.32 (0.24-0.55)
0.29 (0.21-0.56)
BMI body mass index, PKD polycystic kidney disease, AST aspartate aminotransaminase, ALT
alanine aminotransaminase, ALP Alkaline Phosphatase, GT J-glutamyl transferase,
1
Metabolic group included: Familial hypercholesterolemia (1), hyperoxaluria (1), OTC-deficiency
(1), tyrosinemia (6), Wilson's disease (2)
2
Diagnostic group other included: Budd-Chiari syndrome (1), HUS (1), extrahepatic portal vein
thrombosis (1), liver failure of unknown etiology (1), mitochondrial recessive ataxia syndrome (1),
iron poisoning (2), sclerosing cholangitis (1).
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Table 11. Main histological finding of the patients of studies II-IV at the time of the cross-sectional
study 2009-2011. Data presented as a number of patients (%).
Histological
Patients (n=52)
Patients (n=29)
Patients (n=51)
findings
(II)
(III)
(IV)
Fibrosis
F0
32 (62%)
11 (38%)
31 (61%)
F1
16 (31%)
14 (48%)
14 (27%)
F2
2 (4%)
2 (7%)
4 (8%)
F3
2 (4%)
2 (7%)
2 (4%)
F4
0 (0)
0 (0)
0 (0)
Portal
inflammation
0
39 (75%)
22 (75%)
38 (75%)
1
12 (23%)
6 (21%)
12 (24%)
2
1 (2%)
1 (4%)
1 (2%)
3
0 (0)
0 (0)
0 (0)
Fibrosis was graded according to the Metavir score on a scale of 0-4. Inflammation graded
according to the Banff criteria on a scale of 0-3

5.3 MATRIX METALLOPROTEINASES, TISSUE
INHIBITORS OF MATRIX METALLOPROTEINASES, AND
GRAFT HISTOLOGY (II)
HEPATIC GENE EXPRESSION OF MMPS AND TIMPS
The hepatic gene expression of MMPs and TIMPs was analyzed in 29 LT
patients and eight controls. The graft expression of MMP-1, MMP-3, MMP-8
TIMP-13, and TIMP-4 was very low or undetectable in patients and controls.
Gene expression of MMP-2, MMP-9, MMP-14, TIMP-1, and TIMP-2 were
significantly increased among patients with fibrosis (n=18) compared with
those without fibrosis (n=11) Figure 13.
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Figure 13. Hepatic gene expression of MMP-2 (A), MMP-9 (B), MMP-14 (C), TIMP-1 (D), TIMP-2
(E) in patients with and without fibrosis. Data presented as fold change in respect to controls, with
median and IQR. P-values were calculated with the Mann-Whitney U test. MMP Matrix
metalloproteinase, TIMP Tissue inhibitor of matrix metalloproteinases

A positive correlation with the stage of fibrosis was found with the gene
expression of MMP-2 MMP-9 MMP-14 TIMP-1 and TIMP-2 (Spearmann
correlation: MMP-2: r=0.650 p<0.001, MMP-9: r=0.510 p=0.006, MMP-14:
r=0.593 p=0.006, TIMP-1: r =0.494 p=0.006 and TIMP-2: r=0.684 p<0.001,
respectively). Grade of inflammation correlated positively with graft
expression of TIMP-1 (Spearman’s correlation r=0.421 p=0.023).
SERUM CONCENTRATIONS OF MMPS AND TIMP-1
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The serum levels of MMP-8 and TIMP-1 were significantly higher, and MMP9 lower, in patients than controls [median (IQR): 93 (50-159) vs 25 (12-59)
ng/ml p<0.000, 127 (111-153) vs 92 (75-113) ng/ml p<0.000, 268 (146-459)
vs 379 (277-563) ng/ml p=0.002) However, the serum concenrtations of
MMP-8, MMP-9 and TIMP-1 were unrelated to fibrosis, as they did not differ
between patients with or without fibrosis (p–values ranging from 0.076 to
0.907).

5.4 HEPATIC GENE EXPRESSION OF FIBROSISRELATED GENES AND GRAFT HISTOLOGY AND
OUTCOME (III)
Gene expression of tissue plasminogen activator (PLAT) and bone
morphogenic protein-7 (BMP7) were undetectable or very low in patients and
controls. The mRNA levels of TGF-E1 ( r=0.506; p=0.005) and -E3 (r=0.463;
p=0.011), decorin (r=0.613; p<0.000), PDGF-D (r=0.494; p=0.006),
integrin-D3 (r=0.478; p=0.009), thrombospondin 1 (r=0.429, p=0.020) and
2 (r=0.518, p=0.004), D-SMA (r=0.543; p=0.002), and type I (r=0.688;
p<0.000) and III (r=0.422, p<0.000) collagens correlated significantly with
fibrosis stage.
Patients with fibrosis and no inflammation had higher gene expression of
TGF-E3, PDGF-D, PDGF-E, integrin-E1, D-SMA, and type I collagen, and
lower gene expression of decorin and VEGF-A, as compared with patients
having normal histology, i.e., no fibrosis (Figure 14).
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Figure 14. Hepatic gene expression of TGF-E3 (A), CTGF (B), PDGF-D (C), PDGF-E (D), IGTB
(E), ACTA2 (F), COL1A2 (G) DCN (H), VEGFA (I) in patients with normal histology and patients
with fibrosis but no inflammation. Data presented as fold change in respect to controls, with median
and IQR. P-value calculated using Mann-Whitney U test. TGFB3 Transforming growth factor-E3
gene, CTGF connective tissue growth factor gene, DCN decorin gene, PDGFA platelet-derived
growth factor-D gene, PDGFB platelet-derived growth factor-E gene, IGTB1 integrin-subunit-E1
gene, ACTA2 D-smooth muscle actin gene, VEGF-A vascular endothelial growth factor-A gene.
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Patients with fibrosis and inflammation had significantly higher gene
expression of TGF-E1 [1.13 (0.95-1.30) vs 0.82 (0.67-1.03), p=0.006], decorin
[1.21 (0.99-1.32)vs 0.95 (0.65-1.04)p=0.021], type I collagen [0.87 (0.691.05) vs 0.53 (0.47-0.63), p=0.008] and lower gene expression of integrin-E3
[0.89 (0.76-1.44)vs 1.69 (0.99-2.46), p=0.039] than those with normal
histology.
Gene expression of the 40 fibrosis-related genes did not correlate with the
later liver status at the final assessment (data not shown).

5.5 BIOMARKERS, GRAFT HISTOLOGY AND OUTCOME
(IV)
Immunohistochemical expression of the six biomarkers at the baseline (LT
operation) and the first follow-up (this time point is referred to as crosssection in studies II and III), median 11 years after LT, was mostly modest
(Scores 0 and 1) (Table 12)
Baseline expression of the biomarkers showed no association with the
presence of fibrosis in the first follow-up biopsies (Fisher's exact test p-values
ranging from 0.053 to 1.00). While the presence of inflammation at the first
follow-up was associated with increased (t1) portal PSGL-1 expression at
baseline [Fisher's exact test p=0.018, OR 55.0 (95%CI: 1.72-1760)], other
biomarkers were not related to inflammation (Fisher's exact test p-values
ranging from 0.298-1.00). Biomarker stainings showed no significant changes
(increase or decrease) from baseline to the first follow-up (Wilcoxon Rank test
p-values ranging from 0.096 to 1.00).
At the first follow-up, the combined scores (of the three histological areas;
portal, lobular and central) of α-SMA, type I collagen, decorin and vimentin
correlated strongly and positively with the stage of fibrosis (α-SMA r=0.693,
p<0.001; type I collagen r=0.612, p<0.001; decorin r=0.464, p=0.003; and
vimentin r=0.562, p<0.001). On the other hand, the combined scores of all
biomarkers correlated weakly with the grade of inflammation (D-SMA r=
0.433, p=0.003; type I collagen r= 0.326, p=0.03; decorin r= 0.318, p=0.048;
vimentin r= 0.399, p=0.01; PSGL-1 r= 0.463, p=0.005 and CD34 r= 0.445,
p=0.002).
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Table 12. Biomarker scoring of biopsies obtained intraoperatively (n=29) and at the first follow-up
(n=51). Data presented as a number of patients in each group (percentage). The number of
patients varies due to liver biopsy samples' insufficiency for all six immunohistochemical stainings
and because the reliable evaluation of all histological areas was not always possible.
Baseline
(n=29)

First followup all
patients
(n=51)

Baseline
(n=29)

Vimentin
D-SMA
Portal
Portal
0
19 (68)
29 (63)
0
13 (68)
1
8 (17)
12 (26)
1
6 (32)
2
1 (4)
5 (11)
2
0 (0)
Lobular
Lobular
0
17 (61)
25 (54)
0
17 (90)
1
7 (25)
10 (22)
1
2 (11)
2
4 (14)
11 (24)
2
0 (0)
Central
Central
0
22 (85)
36 (78)
0
19 (100)
1
4 (8)
7 (15)
1
0 (0)
2
0 (0)
3 (7)
2
0 (0)
Type I
PSGL-1
collagen
Portal
Portal
0
25 (93)
31 (63)
0
17 (90)
1
2 (7)
13 (27)
1
2 (11)
2
0 (0)
5 (10)
2
0 (0)
Lobular
Lobular
0
21 (78)
41 (82)
0
11 (58)
1
6 (22)
7 (14)
1
6 (32)
2
0 (0)
2 (4)
2
2 (11)
Central
Central
0
24 (86)
38 (79)
0
19 (100)
1
4 (14)
7 (15)
1
0 (0)
2
0 (0)
3 (6)
2
0 (0)
Decorin
CD34
Portal
Portal
0
18 (86)
26 (63)
0
17 (68)
1
3 (14)
11 (27)
1
6 (24)
2
0 (0)
4 (10)
2
2 (8)
Lobular
Central
0
15 (83)
28 (68)
0
21 (84)
1
3 (17)
10 (24)
1
4 (16)
2
0 (0)
3 (7)
2
0 (0)
Central
0
17 (94)
33 (83)
1
1 (6)
5 (13)
2
0 (0)
2 (5)
2
0 (0)
2 (4)
D-SMA D-smooth muscle actin, PSGL-1 P-selectin glycoprotein ligand-1

First followup all
patients
(n=51)

17 (42)
18 (44)
6 (12)
23 (56)
14 (34)
4 (10)
38 (93)
0 (0)
3 (7)

21 (57)
11 (30)
5 (14)
32 (87)
3 (8)
2 (5)
36 (97)
0 (0)
1 (3)
38 (80)
9 (19)
1 (2)
33 (69)
13 (27)
2 (4)

In biopsies without fibrosis at the first follow-up, increased portal expression
of α -SMA, decorin, and vimentin was associated with the development of
fibrosis at the second follow-up biopsy [Fishers exact test p=0.014, p=0.024,
and p=0.024 with OR 44.3 (95%CI: 1.44-1365), OR 35.0 (95%CI: 1.12-1095)
and 35.0 (95%CI: 1.12-1095) respectively].

59

At the final assessment, liver status was normal in 36/48 (75%) patients.
Suboptimal liver status was observed in twelve patients (two had had re-LT,
one had a diagnosis of chronic rejection, and nine had altered liver
biochemistry). Patients who had at least moderate fibrosis (Ft2) or markedly
increased (t2) portal D-SMA, type I collagen, decorin and vimentin and
lobular expressions of decorin and vimentin at the first follow-up were more
likely to have suboptimal liver status at the final assessment [Fishers exact test
p=0.002, p=0.003, p=0.003, p=0.003, p=0.042, p=0.014 and p=0.004, with
OR 25.0 (95%CI:2.52-248 OR 39.0 (95%CI:1.89-805), OR 36.5 (95%CI: 1.79746), 39.5 (95%CI: 1.88-828), 7.43 (95%CI: 1.12-49.2), 26.6 (95%CI:1.23-573)
and 34.2 (95%CI: 1.65-708)], respectively).
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6 DISCUSSION
This thesis reports the usability of transient elastography, blood biochemistry,
and analysis of genetic and immunohistochemical biomarkers in detecting
fibrosis and inflammation in pediatric hepatobiliary diseases and after liver
transplantation. TE performed best in the prediction of liver fibrosis stage
compared to APRI, SZC, and P/SZC. Liver stiffness and APRI-score had
moderate accuracy for evaluating liver fibrosis and varices in pediatric liver
disease patients with heterogeneous underlying etiologies. Hepatic gene
expression of MMP and TIMPs was altered in fibrotic liver allografts, but the
serum concentrations of MMP-8, MMP-9 and, TIMP-1 were not associated
with the fibrosis stage. The mRNA levels of genes related to fibrosis were
upregulated, especially in grafts with fibrosis but without accompanying
inflammation, and less so in patients with both changes. The
immunohistochemical expression of D-SMA, type I collagen, decorin,
vimentin, PSGL-1 and, CD34 in the liver graft at the time of the operation was
not associated with later graft fibrosis. A decade after LT, the expression of DSMA, type I collagen, decorin and, vimentin was increased in liver grafts with
fibrosis. Portal expression of D-SMA, decorin and, vimentin were increased in
F0 biopsies of patients who later developed fibrosis. Our study implicates that
their increased expression precedes fibrosis development after LT, even at
long-term follow-ups.

6.1 NON-INVASIVE METHODS TO EVALUATE LIVER
FIBROSIS AND VARICES (I)
In this thesis, TE showed moderate accuracy in the detection of liver fibrosis.
It performed best in revealing cirrhosis. The usability of TE in the evaluation
of liver fibrosis in adult chronic liver diseases has been well described and
validated. Cut-off values for different stages of fibrosis have varied to some
extent between the studies, around 6-10 kPa for moderate fibrosis and 12-17
kPa for cirrhosis (Adebajo Co 2012, Bonder WA 2014, Jiang W 2018, Li Y 2016
A, Pavlov 2015, Tsochatzis EA 2011, Ziol M 2005). In adult patients, the cutoff values are dependent on the underlying liver diseases (Bonder A 2014). In
pediatric patients, the accuracy of LS has been less studied.
We found an LS value of 7.7 kPa as a relatively accurate cut-off for moderate
fibrosis (≥F2), with 81% sensitivity and 80% specificity (AUROC 0.831). A
value of 14.6 kPa served even better as a threshold for cirrhosis (F4), with
100% sensitivity and 79 % specificity (AUROC 0.919). These findings are
consistent with the previous results (Fitzpatrick E 2013), where a cut-off value
of 6.9 kPa for moderate fibrosis (≥F2 METAVR) had 68 % sensitivity, 78 %
specificity, and a cut-off value of 14.1 kPa for cirrhosis (F4) had 100%
sensitivity and 92% specificity in pediatric liver disease patients. Similar to our
study, in this previous work, pediatric patients also had various chronic liver
diseases (most frequent diagnoses: autoimmune liver disease, non-alcoholic
fatty liver disease, post-LT, hepatitis B/C, Wilson disease), and mostly normal
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liver biochemistry. Interestingly, somewhat higher cut-off values for moderate
fibrosis, 8.3 kPa, and cirrhosis, 29.5 kPa, were reported by another study of
pediatric liver disease patients (Benhairy BES 2016). In that study, the
cirrhotic pediatric patients' underlying diagnoses were autoimmune hepatitis
and Wilson disease, and the patients also presented with abnormal liver
biochemistry and necroinflammatory activity. In our study, the most common
diagnoses of the patients were intestinal failure and biliary atresia. The varying
diagnoses between the patients in our study and the previous studies may
explain the differences in cut-off values. Neither did we recorded other
histological finding that might interfere with the LS measurement, such as
necroinflammatory activity, cholestasis, and steatosis (Wong VW 2010)
Earlier it has been suggested that LS cut-off values are dependent on the
patients' underlying diagnoses also in pediatric patients (Benhairy BES 2016,
Fitzpatrick E 2013). Contrary to that, we did not find any significant
differences in LS values between patients from different diagnostic groups.
More investigations with higher patient numbers are needed to define
validated cut-off values for different diagnostic patient groups and should be
further studied in pediatric patient groups.
In our study, APRI was the best test in predicting varices. A cut-off value of
0.6 gave 100 % sensitivity and 65 % specificity. The superiority of APRI in
predicting varices seen in our study may arise from the fact that the APRI score
includes thrombocytes. Thrombocytopenia and varices both directly reflect
portal hypertension, as portal hypertension causes both varices and
thrombocytopenia through hypersplenism (Peck-Radosavljevic M 2001).
Also, there might be fewer interfering factors between the dependence of
thrombocyte count and varices than between LS measurements and varices.
LS performed only slightly worse with 93% sensitivity and 66% specificity
when a threshold of 8.8 kPa was used. In the meta-analysis, LS's accuracy in
predicting varices was similar to our study but with higher cut-off values (Shi
KQ 2013). These ranged from 15.1 to 28, with a summary sensitivity of 87%
and specificity of 53%. Also, here the underlying diagnoses and other
interfering factors might have affected LS and thus interfere with the optimal
cut-off value determination.
Although liver biopsy sampling is needed for the diagnosis of liver diseases
and in the follow-up of liver disease patients to evaluate the disease
progression accurately, the combined use of LS and APRI-score could be used
in the follow-up of pediatric liver disease patients to approximate fibrosis stage
or to rule out moderate fibrosis and varices (patients with low APRI and LS
measurements) with reasonable accuracy, and thus to avoid invasive liver
biopsy sampling and endoscopy.

6.2 MATRIX METALLOPROTEINASES AND LIVER
HISTOLOGY (II)
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The essential role of MMPs and TIMPs in liver injury and fibrosis is wellrecognized (Duarte S 2015). Their altered expression is reported after LT in
cholestasis, hepatic ischemia/reperfusion injury, and acute rejections
(Palladini G 2015, Kuyvenhoven JP 2004 B, Kirimilioglu H 2008). Fewer
studies have explored their expression in asymptomatic recipients with
subclinical histological findings. We found that the hepatic gene expression of
MMP-1, MMP-3, MMP-8, TIMP-3, and TIMP-4 were undetectable in controls
and patients, regardless of the histology. The hepatic gene expression of MMP2, MMP-9, MMP-14, TIMP-1, and TIMP-2 was increased in patients with
subclinical graft fibrosis as compared with those without fibrosis. Although, in
general, the actions of MMPs are thought to be anti-fibrogenic, i.e., ECM
degradation and the actions of TIMPs fibrogenic, i.e., inhibition of MMPs
actions, earlier studies shows, as in our research, that they are both increased
in the dynamic process of in liver fibrosis (Roderfeld M 2018). Interestingly,
TIMP-1 expression also correlated with the hepatocyte immunopositivity of
CK-7. CK-7 is a marker of chronic cholestasis and hepatocyte metaplasia
towards cholangiocyte phenotype. Thus, our study highlights the role of MMPs
and TIMPs, also in subclinical graft fibrosis.
Few reports have demonstrated the association between elevated serum
concentrations of MMP-2 and MMP-9 after LT during acute rejection and
ischemia-reperfusion injury (Kuyvenhoven JP 2004 A, Kuyvenhoven JP 2004
B). Previously, serum concentrations of MMP-1, MMP-2, MMP-9, and TIMP1 have been positively correlated with the stage of fibrosis in patients with
chronic hepatitis (Leroy V 2004, Trocme C 2006). In our study, serum levels
of MMP-8, MMP-9, and TIMP-1 did not associate with the stage of fibrosis or
the hepatic gene expression levels. In contrast to our findings, especially
TIMP-1 serum levels have shown a strong correlation with the stage of fibrosis
in hepatitis B virus patients (Zhu CL 2012). In our study, the lack of correlation
of MMPs and TIMP-1 serum concentrations with graft fibrosis could partly
explain the low frequency of advanced fibrosis in our patients.
Our study indicates that, although the hepatic mRNA levels of MMPs and
TIMPs are altered in pediatric LT recipients with subclinical graft fibrosis, the
serum concentrations of MMP-8, MMP-9, and TIMP-1 seem not to be
unsuitable for the evaluation of graft fibrosis stage, at least among patients
with less advanced stages of fibrosis.

6.3 HEPATIC GENE
HISTOLOGY (III)

EXPRESSION

AND

GRAFT

Earlier genetic studies of the pro-inflammatory and pro-fibrotic mediators
have mostly focused on the gene expression patterns in acute rejection
periods. (Halloran PF 2018, Spivey TL 2011). Only a few studies have
investigated the mRNA levels in asymptomatic LT patients in respect to graft
histology. Comprehensive research, including 133 pediatric LT recipients,
demonstrated that the gene expression pattern of patients with fibrosis and
inflammation resembled the gene expression seen in acute rejections (Feng S
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2018). Fibrogenic genes were overrepresented in fibrotic grafts without
inflammation. Our study supports the earlier findings, as we found that
fibrogenic genes were more upregulated in transplants with fibrosis but no
inflammation. We found increased hepatic gene expression of the main
fibrogenic growth factors, TFG-E3, CTGF, PDFG and VEGFA (Gressner OA
2008, Hoeben A 2004, Tsuchida T 2017, Ying HZ) among with increased gene
expression of D-SMA, a marker of HSCs activation (Enzan H 1994, Eyden B
2008), type I collagen, the main overexpressed component in liver fibrosis
(Thompson KJ 2011), decorin and integrin-E1, the regulators of TGF-Es
actions.
The etiology of subclinical liver fibrosis after LT seems to be associated with
some form of rejection in patients with concurrent graft inflammation. It could
be that after the inflammatory episode has been dismissed, the altered balance
of ECM turnover still exists and can be seen as a histological finding of fibrosis
without inflammation associated with the concurrent gene expression pattern
of fibrogenesis, as seen in our study. In the earlier analysis of the same patient
cohort as used in this thesis Studies II-IV, subclinical portal inflammation, not
fibrosis, was associated with circulating DSAs, further supporting the
association of subclinical inflammation with possible AMR (Kivelä JM 2016).

6.4 IMMUNOHISTOCHEMICAL STAININGS AND GRAFT
HISTOLOGY (IV)
The lack of association between histological fibrosis and liver biochemistry is
well-known (Martin P 2018). Immunohistochemical stainings might have a
better correlation with graft biochemistry, e.g., C4d and CK-7stainings are
routinely used for detecting pathological changes in liver grafts (Bateman AC
2010, Lee M 2017). In our study, the immunohistochemical expression of DSMA, type I collagen, decorin, vimentin, PSGL-1, and CD34, however, quite
poorly associated with the concurrent graft function, assessed by liver
biochemistry. Although the expression of D-SMA, type I collagen, decorin, and
vimentin associated with concurrent graft fibrosis and all the six biomarkers
associated weakly with concurrent graft inflammation, they had little
additional value in the evaluation of liver function or graft outcome.
In our study, the expression of D-SMA, type I collagen, decorin, and vimentin
was increased in liver grafts with fibrosis, which is in agreement with the
earlier observations of their association with fibrogenesis (Bankhy K 2012,
Friedmann SL 1985, Thompson KJ 2011, Wang L 2017). It is logical that the
increased expression of D-SMA, a marker of HSCs activation (Enzan H 1994,
Eyden B 2008), and type I collagen, the main overexpressed component in
liver fibrosis (Thompson KJ 2011), were increased in liver grafts with fibrosis.
Although decorin has anti-fibrotic actions (Bankhy K 2012, Border WA 1992),
it can also be seen as a reflector of TGF-E1 activity, as its expression, is
upregulated by activated TGF-E1 (Gressner AM 2002, Gubbiotti MA 2016),
explaining its increased expression in fibrosis. Increased vimentin seen in the
fibrotic liver grafts in our study, on the other hand, might reflect several things,
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such as Kupffer cells (Prichard J 2011), activated HSCs (Puche JE 2013), and
possibly EMT (Guarino M). In addition, recent kidney and heart
transplantations studies have associated anti-vimentin antibodies with graft
dysfunction; however, the mechanism of how vimentin expression leads to the
formation of anti-vimentin antibodies is unclear (Divanyan T 2019). We did
not correlate vimentin expression with the rejection episodes, but as said here
earlier, its expression was not related to concurrent or later graft function
better than the histological finding of advanced fibrosis (≥F2)
We found increased D-SMA and type I collagen expression in all three
histological areas (portal, lobular, and central). On the other hand, increased
decorin staining was observed in lobular areas and vimentin in the portal and
lobular areas. These observations are in accordance with the earlier knowledge
that excess ECM accumulation in liver fibrosis is mainly observed in
perisinusoidal areas (in our study referred to as lobular area) and portal tracts
(Marrone G 2016).
It is known that subclinical graft fibrosis develops slowly (Kelly DA 2016). In
that respect, the changes at the cellular and molecular level, highlighted by
immunohistochemical stainings, might precede the appearance of histological
changes. In a study of adult LT recipients with hepatitis C virus, early (4
months) immunohistochemical expression of D-SMA preceded the
development of ≥F2 fibrosis at 1-year after LT (Gawrieh S 2005). Similarly, in
another study of adult LT recipients with hepatitis C virus, early (4 months)
expression of D-SMA predicted advanced >F2 within 2 years after LT (Russo
MW 2005). Two earlier studies have evaluated D-SMA expression after
pediatric LT. An analysis of 54 pediatric LT recipients showed that increased
D-SMA expression at six months after LT predicted later fibrosis (Venturi C
2016). Later, also in a study of 18 pediatric LT recipients, early increased DSMA expression preceded later graft fibrosis (Varma S 2017). In one post-LT
work, vimentin expression has been studied in respect to graft fibrosis
(Meriden Z 2010). Those who developed fibrosis early (Metavir F3 or F4 at d2year biopsy) showed early increased vimentin expression compared to those
who did not develop significant fibrosis in two years (Metavir F0 or F1 at d2year biopsy).
Our results indicate that even a decade after LT, the increased expression of
the portal D-SMA, decorin, and vimentin in liver grafts without fibrosis, might
precede later development of fibrosis. Our study agrees with the earlier
findings that especially the portal expression of D-SMA precedes fibrosis
development (Gawrieh S 2005). Our results imply that the D-SMA, decorin,
and vimentin stainings could be used to evaluate the patient risk for
development of fibrosis after LT.
Because the early expression of D-SMA has been associated with later
development of graft fibrosis, it's been suggested that it could already be the
D-SMA expression of the donor liver that correlates to later graft fibrosis
(Varma S 2017). Our study showed no connection between the biomarker
levels analyzed in the perioperative biopsies and later graft fibrosis. Indirectly,

65

our research supports the hypothesis that the activation of hepatic stellate
cells, marked by D-SMA and vimentin expression and initiation of graft
fibrosis development occurs after LT.

6.5 MOLECULAR AND CELLULAR PREDICTORS OF
GRAFT OUTCOME (III, IV)
The hepatic expression of fibrosis-related genes was not predictive in respect
to later liver graft status. Markedly increased expression of D-SMA, type I
collagen, decorin, and vimentin associated with later suboptimal liver status,
but so did moderate fibrosis. Thus, in addition to conventional histological
evaluation, these immunohistochemical stainings do not provide additional
information for later liver graft status.
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Figure 14. Major findings of studies II-IV. Blue boxes present earlier knowledge and yellow boxes present the main findings of studies II-IV.
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6.6. STRENGTHS AND LIMITATIONS
These studies' major strength was the patients' overall follow-up time for more
than two decades, from LT to the final assessment. The patients presented a
national cohort with annual control visits in Children's Hospital. that allowed
a feasible collection of clinical data, blood samples, and liver biopsies. Also,
the familiar methodology and collaboration of different experts provided
reliable results. Moreover, the use of healthy controls in study I and control
biopsy samples in studies II-IV increased the results' credibility.
This thesis's major limitation was the relatively small cohort size in studies IIIV, which is common in pediatric LT studies due to the patients' rarity. In
study I, only a proportion of the patients underwent EGS, possibly creating a
selection bias. In studies II-IV, the frequency of more advanced fibrosis stages
among the study patients was low, perhaps concealing some possible results.
In study IV, the liver biopsies were not sufficient for all six stainings for all
patients. The baseline and second follow-up biopsies were available only from
approximately half of the patients, weakening the results' power. Our studies'
retrospective and cross-sectional nature are not optimal for proving the
association between observations at different time points. The
immunohistochemical stainings' visual scoring predisposes to subjectivity,
which could be avoided using computer-assisted area fraction measurements.
This technique, however, may not differentiate between the specific and
background stainings.
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7 CONCLUSION AND FUTURE
PERSPECTIVES
1. TE performed best in the prediction of liver fibrosis stage compared to APRI,
SZC, and P/SZC, and APRI performed best in the prediction of varices
compared to the other non-invasive parameters. Thus TE and APRI can be
used as a part of the follow-up of pediatric liver disease patients, and in some
cases, liver biopsy sampling could be avoided.
2. Altered MMP and TIMP gene expression were associated with subclinical
graft fibrosis, but their serum concentrations are not suitable for detecting
mild/moderate liver allograft fibrosis.
3. In liver graft biopsy, increased hepatic gene expression of fibrosis-related
genes is especially seen among patients with fibrosis and no inflammation. The
expression of fibrosis-related genes seems to be unrelated to later graft status.
4. Expression of D-SMA, type I collagen, decorin, and vimentin are increased
in liver grafts with subclinical fibrosis. Our study implicates that their
expression at the time of the LT is not related to later graft fibrosis. Still, the
increased portal expression of D-SMA, decorin, and vimentin in grafts without
fibrosis measured even a decade after LT might precede later fibrosis
development.
In the future, larger-sized, collaborative studies are needed to validate
accurate cut-off values for LS and APRI to differentiate between fibrosis stages
and the presence of varices in children. The true value of serum MMPs and
TIMP-1 in the diagnosis of fibrosis in pediatric patients needs to be evaluated
in studies with higher frequencies of advanced fibrosis stages. Future studies
are needed to investigate the AMR etiology theory behind subclinical
inflammation and graft fibrosis in liver grafts. Prospective studies are needed
to evaluate the true value of D-SMA, decorin, and vimentin) in predicting graft
fibrosis development. The possible association of vimentin expression and
anti-vimentin antibodies with graft dysfunction in liver transplants needs to
be investigated.
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