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SUMMARY

A liver biopsy is the current ‘golden’ standard to determine etiology, severity and progression
of chronic liver disease. However, this has diagnostic limitations because only a small
fraction of the liver is removed (1/50 000 of total mass) and due to its invasive nature, it is
difficult to use as a follow-up tool. Moreover, a liver biopsy is associated with several
complications of which internal hemorrhages are most frequent. In recent years, numerous
non-invasive alternatives were developed, but none could completely avoid liver biopsies in
the diagnosis of chronic liver disease. The general goal of this thesis was a continuation of
the research into the N-glycosylation of serum proteins as biomarker for liver diseases.
Previously, it was shown that by quantifying serum N-glycans, a distinction could be made
between cirrhotic and non-cirrhotic patients with high specificity (>95%) and sensitivity (60%-
80%).

The latter study was predominantly performed in hepatitis C patients. Therefore, other
important etiologies were investigated to determine if the same features applied. There are
three important N-glycosylation alterations present in fibrotic and cirrhotic liver disease. An
undergalactosylation on immunoglobulins and an increase of bisecting N-acetylglucosamine
modified glycans and decrease of multi-antennary glycans on liver-produced proteins (with
the exception of multi-antennary glycans carrying the sialyl Lewis x antigen). None of these
features were significantly different between the different etiologies of chronic liver disease.
Nevertheless, important sub-significant differences were apparent. Alcoholic patients
showed the highest score for the GlycoCirrhoTest and patients with non-alcoholic
steatohepatitis (NASH) presented the quantitatively most important undergalactosylation.
Liver patients with an elevated serum bilirubine concentration had a significantly increased
fucosylation-index. This is the summation of all a-1,6 fucosylated glycans and we were able
to extrapolate this finding to a mouse model for secondary biliary cirrhosis, the ‘common bile
duct ligation’ (CBDL) model. A second mouse model was induced by chronically injecting
mice with CCl,. This mouse model did not show an increased fucosylation-index, but had a
significant increase of all multi-antennary glycans. Importantly, these alterations already
occured early in the fibrotic development (F1-F2). In mice induced with a partial portal vein
ligation, fewer N-glycan alterations were observed and these were inconsistent in both time
points studied in contrast to the fibrotic models. Therefore, it can be concluded that portal
hypertension does not contribute to N-glycan alteration in chronic liver disease.

There are two sources of N-glycosylated serum protein: the liver and B cells. The liver
produces the vast majority, but B cells are responsible for the production of a quantitatively
important group in humans, the immunoglobulins. It was previously shown that N-
glycosylation alterations on immunoglobulins are the dominating factor in the alterations that
occur in total serum of human liver patients. However, in a study with B cell deficient mice,
we could determine that the N-glycan alterations on immunoglobulin G has no impact on the
total serum alterations in two fibrotic mouse models (CBDL and CCl;). An important
observation was that the B cell deficient state had a different effect on the fibrotic
development in these mouse models. A significant decrease of fibrosis could be determined
in the B cell deficient CCl, mouse in comparison to the wild type CCl, mouse, whereas a
significant increase of fibrosis was observed in the B cell deficient CBDL mouse in
comparison to its wild type counterpart.

In continuation of the N-glycosylation alterations that were observed in fibrotic mouse
models, an investigation was performed into the changes that occured in a mouse model for
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hepatocellular carcinoma (HCC). This mouse model was induced by chronic injections with
diethylnitrosamine (DEN). In analogy with the fibrotic models, maximum altered phenotype
on the N-glycosylation level was reached at an early stage when the first neoplastic nodules
started to appear (20w DEN). Most mice showed exophytically growing, well vascularized
tumors after 30 weeks of DEN-treatment. Subsequently, the latter mice were treated with
anti-PIGF, a monoclonal antibody directed against the placental growth factor. The majority
of the significantly altered peaks evolved back in the direction in which they were observed
in control mice. There was a prominent decrease of all multi-antennary glycans after anti-
PIGF treatment. On the histological level, anti-PIGF treatment resulted in a significant
decrease of tumor burden and a significantly increased survival of HCC-mice was observed.
Ets-1 is a transcription factor that is necessary for the transcription of genes of which the
corresponding enzymes are responsible for the production of multi-antennary glycans and it
also plays an important role in various stages of neo-angiogenesis. Importantly, we observed
a significant decrease of the number of Ets-1 positive cells in anti-PIGF treated mice.

In the second part of this thesis, we developed a biomarker based on the N-glycosylation of
serum proteins that could distinguish patients with simple steatosis from NASH patients. The
glycomarker was developed in a population of gastric bypass patients of which none had a
significant amount of fibrosis. Fibrosis is a confounding factor in the development of a
biomarker that is specific for NASH, because it is attended with its own glycomic alterations.
The glycomarker was determined by the undergalactosylation of IgG and showed a good
correlation with the amount of lobular inflammation. In an univariate analysis, six of the
thirteen investigated markers were significant, but our glycomarker displayed the lowest P-
value when these were evaluated in a multivariate analysis. The glycomarker was
subsequently validated in a large, independent population of 224 patients. The glycomarker
again had a good correlation with the amount of lobular inflammation and was not
significantly different across the fibrotic stages. The current best serological marker for
NASH is the apoptosis-related CK-18 marker. In the validation cohort, we were able to show
that CK-18 is strongly associated with the fibrotic stage in NASH patients.

A similar glyco-analysis was performed in pediatric NAFLD patients and the results
corresponded very well with the adult NAFLD population. A mechanism explaining this
undergalactosylation on immunoglobulins has not been determined. Several lines of
evidence indicate that endoplasmic reticulum (ER) stress could play an important role in this.
ER stress happens as misfolded proteins accumulate in the ER and an ‘unfolded protein
response’ (UPR) is initiated. In a small pilot study, we showed that obese patients with liver
inflammation have an increased expression of ER stress genes in their plasma cells in
comparison to obese patients without liver inflammation.
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SAMENVATTING

De huidige ‘gouden’ standaard om etiologie, ernst en progressie van chronisch leverlijden te
bepalen is een lever biopsie. Deze heeft echter diagnostische limitaties omdat maar een
klein gedeelte van de lever wordt afgenomen (1/50 000). Door zijn invasief karakter kan het
ook moeilijk als follow-tool gebruikt worden. Een lever biopsie gaat gepaard met
verschillende complicaties. Inwendige bloedingen zijn het vaakst voorkomend, maar ook
pneumothorax of het aanprikken van de galwegen kan occasioneel voorkomen. In de loop
der jaren zijn er verschillende niet-invasieve alternatieven ontwikkeld, maar geen enkele was
in staat om een lever biopsie volledig te vermijden. Het overkoepelende doel van deze thesis
was een voortzetting van het onderzoek naar N-glycosyatie van serum eiwitten als
biomerker voor leverlijden. Er werd eerder al aangetoond dat een onderscheid kan gemaakt
worden tussen cirrotische en niet-cirrotische patiénten met zeer hoge specificiteit (>95%) en
sensitiviteit (60-80%) door een kwantificatie van serum N-glycanen.

Aangezien deze studie grotendeels in hepatitis C patiénten werd uitgevoerd, werd eerst bij
andere belangrijke leveretiologieén onderzocht of we dezelfde glycomische veranderingen
konden vaststellen. Er zijn drie belangrijke N-glycosylatie veranderingen die optreden bij
fibrotisch en cirrotisch leverlijden: een ondergalactosylatie op immunoglobulines en een
toename van bisecting N-acetylglucosamine gemodificeerde glycanen en afname van multi-
antennaire glycanen op lever-geproduceerde eiwitten (met uizondering van multi-antennaire
glycanen die het sialyl Lewis x antigen bevatten). Geen enkele van deze veranderingen was
significant verschillend bij de verschillende etiologieén van leverlijden. Er konden echter
belangrijke sub-significante verschillen waargenomen worden. Alcoholische patiénten
vertoonden de hoogste score voor de GlycoCirrhoTest en bij patiénten met niet-alcoholisch
steatohepatitis (NASH) kon de kwantitatief belangrijkste ondergalactosylatie vastgesteld
worden. Leverpatiénten met een verhoogde serum bilirubine concentratie hadden een
significant toegenomen fucosylatie-index. Dit is de som van alle a-1,6 gefucosyleerde
glycanen en dit kon geéxtrapoleerd worden naar een muis model voor een secundaire
biliaire cirrose, het ‘common bile duct ligation’ (CBDL) model. Een tweede muismodel werd
geinduceerd door muizen chronisch te behandelen met CCl,. Dit muismodel vertoonde geen
verhoogde fucosylatie-index, maar had een significante toename van alle multi-antennaire
glycanen. Opvallend was dat deze veranderingen zich al vroeg in het proces van fibrotische
ontwikkeling manifesteerden (F1-F2). In muizen die geinduceerd werden met een partial
portal vein ligation, werden minder N-glycaan veranderingen vastgesteld en deze
veranderingen waren niet consistent in de onderzochte tijdspunten in tegenstelling tot de
fibrotische modellen. Hierdoor kan geconcludeerd worden dat portale hypertensie niet
bijdraagt tot N-glycaan veranderingen bij chronisch leverlijden.

Er zijn 2 bronnen van N-geglycosyleerde serum eiwitten: de lever en B cellen. De lever
produceert de overgrote meerderheid, maar B cellen zijn verantwoordelijk voor de productie
van een kwantitatief belangrijke groep bij de mens: de immunoglublines. Bij leverpatiénten
werd eerder aangetoond dat de N-glycosylatie veranderingen op immunoglobulines de
meest bepalende factor zijn in de veranderingen die optreden in totaal serum. In een studie
met B cel deficiénte muizen kon echter vastgesteld worden dat de N-glycosylatie
veranderingen op immunoglobuline G geen belangrijke invloed heeft op de totaal serum
veranderingen in twee fibrotische muismodellen (CBDL en CCl,). Een belangrijke observatie
was dat de B cel deficiénte status een verschillende uitwerking had op de fibrose
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ontwikkeling in de twee muismodellen. In de B cel deficiénte CCl, muis kon een significante
afname van de hoeveelheid fibrose vastgesteld worden in vergelijking met de wild type CCl,
muis, terwijl er een significante toename van fibrose werd geobserveerd in de B cel
deficiénte CBDL muis in vergelijking tot de wild type CBDL muis.

In aanvulling op de N-glycosylatie veranderingen die geobserveerd werden bij fibrotische
muismodellen, werd ook onderzoek gedaan naar de veranderingen die optreden bij een
muismodel voor hepatocellulaire carcinoma (HCC). Dit muismodel werd geinduceerd door
chronische injecties met diethylnitrosamine (DEN). In overeenstemming met de fibrotische
modellen werd het maximale fenotype op N-glycosylatie niveau reeds bereikt in een vroeg
stadium van carcinogenese. De meesten muizen vertoonden exofytisch groeiende,
gevasculeerde tumoren wanneer ze 30 weken werden geinjecteerd met DEN. Vervolgens
werden de muizen behandeld met anti-PIGF, een monoclonaal antilichaam gericht tegen de
placentale groei factor. De meerderheid van de significant gewijzigde pieken evolueerden
terug in de richting waarin ze geobserveerd werden in controlemuizen. Opvallend was de
significante afname van alle multi-antennaire glycanen na anti-PIGF behandeling. Op
histologisch viak zorgde de anti-PIGF behandeling voor een afname van het aantal en de
grootte van de tumoren en werd er een significant toegenomen overleving van de HCC-
muizen vastgesteld. Ets-1 is een transcriptiefactor die noodzakelijk is voor de transcriptie
van genen waarvan de corresponderende enzymes verantwoordelijk zijn voor de productie
van multi-antennaire glycanen, maar Ets-1 speelt ook een belangrijke rol in verschillende
stadia van neo-angiogenese. We observeerden een significante afname van het aantal Ets-1
positieve cellen in anti-PIGF behandelde muizen.

In een tweede luik van deze thesis werd een biomerker ontwikkeld op basis van de N-
glycosylatie van serum eiwitten die een onderscheid kon maken tussen patiénten met
steatose en NASH patiénten. De glycomerker werd ontwikkeld in een populatie van gastric
bypass patiénten waarvan geen enkele patiént een significante hoeveelheid fibrose
vertoonde. Fibrose is een confounding factor in de ontwikkeling van een biomerker die
specifiek is voor NASH, omdat het zijn eigen glycomische veranderingen vertoont. De
glycomerker werd bepaald door de ondergalactosylatie van IgG en vertoonde een goede
correlatie met de hoeveelheid lobulaire inflammatie. In een univariate analyse waren zes van
de dertien onderzochte merkers significant, maar onze glycomerker vertoonde de laagste P-
waarde wanneer deze geévalueerd werden in een multivariate analyse. De glycomerker
werd vervolgens gevalideerd in een grote, onafhankelijike NAFLD populatie van 224
patiénten. Wederom werd een goede correlatie gevonden met de hoeveelheid lobulaire
inflammatie en de glycomerker was niet significant verschillend in de verschillende fibrose
stadia. De beste serologische merker voor NASH is de apoptose-gerelateerde CK-18
merker. In de validatie-populatie konden we aantonen dat CK-18 sterk geassocieerd is met
het fibrose stadium in NASH patiénten.

Een gelijkaardige glyco-analyse werd uitgevoerd bij pediatrische NAFLD patiénten. De
resultaten goed overeenstemden met de volwassen NAFLD populatie. Het mechanisme die
deze ondergalactosylatie op immunoglobulines verklaart, is nog niet opgehelderd. Er zijn
sterke aanwijzingen dat endoplasmatisch reticulum (ER) stress hierin een belangrijk rol
speelt. ER stress is het gevolg van een accumulatie van misopgevouwde eiwitten in het ER
en doet een ‘unfolded protein response’ (UPR) ontstaan. In een kleine piloot studie konden
we aantonen dat obese patiénten met lever inflammatie een sterk toegenomen UPR hebben
in hun plasma cellen in vergelijking met obese patiénten zonder lever inflammatie.
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Chapter 1:

General
Introduction




1.1 Chronic liver disease

111 General introduction

1.1.1.1 The liver: structural and functional

The liver is the largest gland of the human body weighing approximately one and a half kilo.
It is secured by the thoracic cage and it is situated in the right upper quadrant of the
abdominal cavity inferior to the diaphragm which separates it from the pleura, lungs,
pericardium and heart.

The liver lobule which measures 1-2 mm in diameter, forms the structural unit of the liver. It
is composed of cords of liver cells (hepatocytes) radiating from a central vein. The boundary
of each lobule is formed by a portal tract made up of connective tissue containing a branch
of the hepatic artery, portal vein and bile duct. Between the cords of hepatocytes are
vascular spaces, called sinusoids, that are lined by endothelial cells and Kupffer cells. The
latter cells are phagocytic macrophages capable of ingesting bacteria or other foreign
material from the blood that flows through the sinusoids. Primary bile canaliculi are located
between the hepatocytes (Figure 1.1). Two third of the liver is composed of parenchymal
hepatocytes, whereas one third consists of non-parenchymal cells: macrophages (Kupffer
cells, endothelial cells, bile duct epithelial cells, natural killer (NK) cells and retinoid-storing
hepatic stellate cells (HSCs) [1, 2].

Alternatively, a hepatic acinus is the functional unit of the liver [3, 4]. The acinus is more
difficult to visualize than the lobule, but represents a unit that is of more relevance to hepatic
function because it is oriented around the afferent vascular system. It is smaller than a portal
lobule and can be defined as a diamond-shaped mass of liver parenchyma surrounding a
portal tract. The acinus is divided into three zones. The periportal zone | is nearest to
entering vascular supply and receives the most oxygenated blood. In contrast, the
centrilobular zone Il has the poorest oxygenation and is more sensitive to ischemic injury.
Functionally, zone | hepatocytes are specialized for oxidative liver functions such as
gluconeogenesis, B-oxidation of fatty acids and cholesterol synthesis, whereas zone Ill cells
are more important for glycolysis, lipogenesis and cytochrome P-450 based detoxification.
The functions of the liver are not limited to these, it is the most versatile organ of the human
body capable of performing over 500 functions. The most important functions are
summarized in Table 1.1.
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Table 1.1 Overview of the most important functions of the liver

Synthesis

Breakdown

Other functions

e Amino acid synthesis

¢ Carbohydrate metabolism:
-gluconeogenesis
-glucogenolysis
-glycogenesis

¢ Protein metabolism: synthesis

e Lipid metabolism
-cholesterol synthesis

-lipogenesis: production of
triglycerides

e Coagulation factors | (fibrinogen), Il
(prothrombin), V, VII, IX, X and XI, protein
C, protein S and antithrombin

¢ Production of bile for emulsifying fats
e |Insulin-like growth factor, important for
growth in children and anabolic effects in

adults

e Thrombopoietin: production of platelets by
bone marrow

e Insulin and other hormones

e Hemoglobin, creating
metabolites added to bile
(bilirubin and biliverdin)

e Toxic substances and
medicinal products. Mostly
conjugated.

e Protein metabolism:
degradation

e Conversion of ammonia to

urea.

¢ Storage:

-Glucose (in the form of
glycogen)

-vitamin A (1-2 years’
supply)

-vitamin D (1-4 months’
supply)

-vitamin B12 (1-3 years’
supply)

-iron and copper
e Immunological effects:

The reticulo-endothelial
system contains many
immunological active cells

e Production albumin:
osmolarity

eProduction of angiotensin:
blood pressure control
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Figure 1.1 Structural and functional unit of the liver. Adapted from Liver Lobule Anatomy © UT
Southwestern Medical Center.

1.1.1.2 Bilirubin metabolism

A specific function of the liver that necessitates special attention in the context of this thesis
is the metabolism of bilirubin. This metabolism is determined by the reticulo-endothelial
system (RES) (Figure 1.2) [5]. Eighty percent of bilirubin is formed from haeme each day.
Haeme is a prosthetic group that consists of an iron atom contained in the center of a large
heterocyclic organic ring called a porphyrin. The remaining twenty percent comes from red
blood cell precursors destroyed in the bone marrow (ineffective erythropoiesis) and from
other haeme proteins such as myoglobulin, cytochrome, catalase and peroxidase. Iron is
removed from the ring and the porphyrin ring is opened to form bilirubin. Bilirubin is soluble
in lipid solvents, but almost insoluble in water. These characteristics enable it to cross cell
membrane readily, but special mechanisms are needed to make it water-soluble for carriage
in plasma by protein-binding mainly to albumin forming indirect or unconjugated bilirubin. In
this form, it does not readily enter most tissues, nor it is filtered at the glomerulus.
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Bilirubin Metabolism

Free bilirubin is fat-soluble and toxic
Conjugated bilirubin is water-soluble and non-toxic
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Figure 1.2 Normal bilirubin metabolism. The free bilirubin is fat-soluble and toxic. The
conjugated bilirubin is water-soluble bilirubin-glucuronide and non-toxic. RES, reticulo-endothelial
system; Hb, hemoglobulin. Adapted from
http://www.1cro.com/medicalphysiology/chapter23/kap%2023.htm#1.%20Bile

The second phase of the bilirubin metabolism is the hepatic uptake. The bilirubin-albumin
complex appears to be associated by receptors on the plasma membrane of the
hepatocytes. Bilirubin is taken up by a specific carrier (facilitated diffusion), leaving albumin
in the plasma. Bilirubin is conjugated within the hepatocyte by the enzyme bilirubin-UDP-
glucuronyl transferase with the formation of bilirubin-diglucuronide (direct bilirubin) making it
water-soluble. Finally, bilirubin is secreted into bile against a high concentration gradient
through a carrier mediated energy dependent process (active secretion).

Bile is a complex fluid containing water, electrolytes and a battery of organic molecules
including bile acids, cholesterol, phospholipids and bilirubin that flows through the biliary
tract into the small intestine. The bile acids present in bile are critical for digestion and
absorption of fats and fat-soluble vitamins in the small intestine [6]. Bilirubin diglucuronide is
degraded by bacterial action, mainly in the colon, being deconjugated and then converted
into a mixture of compounds collectively termed urobilinogen (stercobilinogen). This is water-
soluble and mostly excreted in the feces, but a small percentage (20%) is reabsorbed and
then mostly re-excreted by the liver. After excretion, urobilinogen (colorless) is oxidized to
urobilin (stercobilin) which gives stool its brown color. Some of the reabsorbed urobilinogen
passes through the liver and into the systemic circulation and is then excreted in the urine
(urobilin) giving it its yellow color [7-9] .

21



The pathological accumulation of bilirubin (hyperbilirubinemia) is called jaundice which
causes yellowish discoloration of the skin and sclera [10-11]. Jaundice can be classified into
three forms. First, pre-hepatic jaundice occurs when the production rate of bilirubin is
increased, exceeding the excretory capacity of the liver. Overproduction of bilirubin occurs in
all forms of hemolytic anemia and, less commonly, in conditions where erythropoiesis is
ineffective (e.g. pernicious anemia). Hematomas can also cause pre-hepatic jaundice and
this results in an increase of unconjugated bilirubin in plasma. In this case, bilirubin is not
excreted in urine, but urinary urobilinogen is increased.

A second form is hepatocellular jaundice. Hepatocellular damage due to viral hepatitis or
toxins may interfere with the uptake of bilirubin, or with its conjugation or with secretion of
conjugated bilirubin in bile. Therefore, both indirect and direct hyperbilirubinemia may occur
in hepatocellular jaundice. Bilirubin and excess urobilinogen are found in urine. Finally,
obstructive (cholestatic) jaundice is due to impaction of gallstones in the common bile duct or
carcinoma of the head of pancreas or of the biliary tree. This jaundice is due to conjugated
(direct) bilirubin and bilirubin is detected in urine.

1.1.1.3 Liver fibrosis

Fibrosis represents the consequence of a sustained wound healing response to chronic liver
injury from a variety of causes including viral, autoimmune, drug induced, cholestatic and
metabolic diseases [12]. Cirrhosis can be defined as the end stage consequence of the
hepatic parenchyma resulting in nodule formation and altered hepatic function. Up to 40% of
patients with cirrhosis are asymptomatic and may remain so for more than a decade, but
progressive deterioration is inevitable once complications develop including ascites, variceal
hemorrhage or encephalopathy [13].

Hepatic stellate cells have been identified as the key cell type in the liver that is responsible
for liver fibrosis [1,14]. Following chronic injury, these quiescent cells are ‘activated’ into their
myofibroblastic counterparts. They are the source of an array of mediators, matrix
molecules, proteases and their inhibitors that orchestrate the wound healing response in the
liver. Myofibroblasts are proliferative, fibrogenic and contractile cells that loose their
characteristic retinoid (vitamin A) droplets. Stellate cells activation is a complex but tightly
programmed response that can be divided in three fases: initiation, perpetuation and
resolution (Figure 1.3).

Initiation encompasses rapid changes in gene expression and phenotype that render the
cells responsive to cytokines and other local stimuli. Cellular responses following initiation
have been termed perpetuation, which encompasses those cellular events that amplify the
activated phenotype through enhanced growth factor expression and responsiveness. This
component of activation results from autocrine and paracrine stimulation, as well as
accelerated extracellular matrix (ECM) remodeling. Finally, resolution of stellate cells
activation represents an essential step towards reversibility of fibrosis [12].
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Figure 1.3 Pathways of stellate cell activation and resolution during liver injury. PDGF,
Platelet-derived Growth Factor; ET-1, Endothelin-1; TGF-B1, Transforming Growth Factor-beta1;
MMP-2, Matrix Metalloproteinase 2; MCP-1, Monocyte Chemoattractant Protein 1. Adapted from
[12].

The earliest changes in stellate cells reflect paracrine stimulation by all neighboring cell
types, including sinusoidal endothelium, Kuppfer cells, hepatocytes, platelets and
leukocytes.

- Sinusoidal endothelium: injury to sinusoidal endothelial cells stimulate production of a
splice variant of cellular fibronectin, which has an activating effect on stellate cells.
endothelial cells are also likely to participate in HSC activation via conversion of TGF-
B1 from the latent to active, profibrogenic form [1].

- Kuppfer cells: the promotion of fibrogenesis by Kuppfer cells is associated with the
release of a range of pro-fibrogenic cytokines (e.g. IL-13, TGF-B1, TNFa) and reactive
oxygen species (ROS) as part of their inflammatory response to liver damage. Another
means by which Kuppfer cells can influence stellate cells is through secretion of matrix
metalloproteinase 9 (MMP-9). MMP-9 can activate latent TGF-B1 which in turn can
stimulate stellate cell collagen synthesis. Kuppfer cells also produce eicosanoids
including prostaglandins and thromboxanes. Eicosanoids modulate stellate cell
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contractility, with thromboxanes typically promoting contraction and prostaglandins
mediating relaxation [15].

Hepatocytes: hepatocytes are, next to Kuppfer cells, a potent source of ROS.
Moreover, HSC phagocytose apoptotic hepatocytes and up-regulate TGF-B1 and also
collagen-l mRNA [16]. Finally, activation of MMP-2 from HSCs requires interactions
with hepatocytes [17].

Platelets: these are the first cells recruited to the site of injury, playing an essential role
in wound healing, as they limit blood loss by forming aggregates at the end of
damaged blood vessels and act as a platform for the formation of fibrin to fibrinogen.
Furthermore, their alpha-granules are rich in growth factors such as platelet-derived
growth factor (PDGF), transforming growth factor 1 (TGF-B1) and vascular
endothelial growth factor (VEGF), which released upon activation are potent
stimulators of fibroblast and other mesenchymal cells relevant for tissue healing [18].

Leukocytes: in addition to Kupffer cells, many other leukocytes play an important role
in HSC activation. Mast cells, derived from circulating basophils, are a source of pro-
fibrogenic cytokines, including TGF-B1, PDGF and basic fibroblast growth factor
(bFBF) [19]. Recent studies also indicate that the cells of the adaptive immune system
also play an important role in fibrogenesis. In a carbon tetrachloride-induced mouse
model of liver fibrosis, T-cell deficient mice develop severe liver fibrosis; however, in B-
cell deficient mice, hepatic fibrosis was attenuated [20]. Finally, the anti-fibrotic effect
of NK cells has been demonstrated to be mediated by their capability to specifically Kill
early-activated but not quiescent HSCs [21, 22].

Once activated by neighboring cell types the HSC is sensitive to and releases a broad range
of cytokines that contributes to fibrogenesis:

Platelet derived Growth Factor (PDGF): PDGF is the most potent mitogen for HSCs
with effects in growth stimulation, chemotaxis and intracellular signaling [23]. NADPH
oxidase is expressed in HSCs and produce ROS via activation of NADPH oxidase in
response to PDGF. ROS further induce HSC proliferation through the phosphorylation
of p38 MAPK [24]. In addition, retinoid loss following activation of HSCs is PDGF-
dependent [25].

Endothelin-1 (ET-1): a number of vasoactive molecules can trigger contractile
response in HSCs with ET-1 being the most potent constrictor. Activated HSCs gain
contractile function, which contributes to the intrahepatic hemodynamic changes in
cirrhosis [26]. Activated stellate cells express a-smooth muscle actin, a marker of non-
muscle cell contractility.

Transforming Growth factor betal (TGF-1): in stellate cells TGF-B1 up-regulates the
expression of collagens |, Il and IV, fibronectin and laminin and accelerates
transformation of quiescent stellate cells to myofibroblasts. In fibroblasts it reduces
collagenase and stromelysin gene expression and up-regulates the expression of
protease inhibitors such as tissue inhibitor of matrix metalloproteinase 1 (TIMP-1) and
plasminogen activator inhibitor, which may protect the matrix from degradation [27].
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- Matrix metalloproteinase-2 (MMP-2): because MMP-2 can degrade type IV collagen,
these cells appear to be capable of localized pericellular degradation of normal liver
matrix (which contains collagen V), while also having a more global effect on inhibiting
degradation of the fibrillar collagens found in fibrotic liver. The disruption of the
interaction of HSCs with normal liver matrix could be an important aspect of promoting
further progression of liver fibrosis [28].

- Monocyte chemoattractant protein 1 (MCP-1): MCP-1 plays a role in the recruitment
and maintenance of the inflammatory infiltrate during liver injury [29]. It has been
recently shown that hepatitis C patients (HCV) that are genetically predisposed to
greater amounts of MCP-1 seem to be more prone to hepatic inflammation and
fibrogenesis [30].

1.1.2 Alcoholic liver disease

Alcohol liver disease (ALD) is damage to the liver and its function due to alcohol abuse and
usually occurs after years of excessive drinking. Changes in the liver include fatty liver,
inflammation and cirrhosis [31, 32]. Moreover, chronic alcohol abuse is an established risk
factor for the development of hepatocellular carcinoma (HCC) in patients with liver cirrhosis
[33, 34]. Evidence suggests that daily ethanol consumption exceeding 40-80g/d for men and
20-409/d for women for 10-12 years may lead to ALD.

The susceptibility of individuals to the toxic effects of alcohol consumption may involve
complex interactions between genes and the environment. To date, genes encoding the
principal alcohol-metabolizing enzymes, alcohol dehydrogenase (ADH) and aldehyde
dehydrogenase (ALDH), are the only genes that have been firmly linked to vulnerability to
alcoholism and possible risk for ALD [35, 36]. In addition, reports indicate that
polymorphisms in these genes observed among Asians, African Americans and Caucasians
are important biological factors contributing to differences in cell and tissue damage,
intolerance to alcohol or both [36].

Ethanol produces a wide spectrum of hepatic injuries. The most characteristic being
interference in lipid metabolism. Hepatic lipid homeostasis is maintained by balanced lipid
synthesis, catabolism (B-oxidation) and secretion. Alcohol metabolism changes the redox
state of the liver, which leads to alterations in hepatic lipid, carbohydrate, protein, lactate and
uric acid metabolism. Ethanol is metabolized predominantly in the liver via two well-
characterized pathways [37-39]. The first involves ADH, an NAD'-dependent enzyme
located in the hepatic cytosol, which catalyzes the conversion of ethanol to acetaldehyde, a
potent toxicant that accounts for the most toxic effects of ethanol. Acetaldehyde produced
from ethanol is further converted to the non-toxic acetate by a mitochondrial ALDH [40]. Both
steps are coupled with the reduction of NAD* to NADH. The increased NADH/NAD" ratio
affects the metabolism of carbohydrates and lipids in cytoplasm and mitochondria. This
leads to impaired gluconeogenesis and diminished substrate flow through the citric acid
cycle, with acetyl-CoA diverted to fatty acid synthesis. The NADH-induced inhibition of
mitochondrial fatty acid B-oxidation, combined with increased fatty acid synthesis,
contributes to the pathogenesis of fatty liver, the initial stage of ALD. Besides ADH, another
enzyme that affects ethanol action is CYP2E1, a microsomal enzyme that metabolizes
vitamin A, acetaminophen and protease inhibitors. CYP2E1 activity is induced 2-10 fold after
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chronic ethanol exposure and has been implicated as the source of oxidative stress [41]
(Figure 1.4).
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Figure 1.4 The current view of the pathogenesis of alcohol-induced liver inflammation and
the role of the innate immune system. ADH, alcohol dehydrogenase; ASH: alcoholic
steatohepatitis; CD14, monocyte differentiation antigen; CYP2E1, cytochrome P450 2E1; HSC,
hepatic stellate cells; IL, interleukin; ROS: reactive oxygen species; TLR, Toll-like receptor; TGF,
transforming growth factor, TNF, tumor necrosis factor. Adapted from [158]

Alternatively, chronic ethanol-mediated microbial proliferation enhance the passage or
release of endotoxins into the intestinal lumen, which are later transported to liver. However,
when excess amount of endotoxin are not cleared efficiently by the liver and accumulate in
blood circulation, Kuppfer cells, are activated, leading to the release of various pro-
inflammatory cytokines, chemokines, and other factors. Activated kupffer cells express
phagocytic NADPH oxidase, which generates large amounts of ROS (including H»>O,). It has
been shown that these NADPH oxidase-derived ROS play a major role in angiotensin-I|
induced activation of HSCs [42].
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The histological features of alcohol-induced hepatic injury vary, depending on the extent and
stage of injury. These may include steatosis, lobular inflammation, periportal fibrosis, Mallory
bodies, nuclear vacuolation, bile ductal proliferation and fibrosis or cirrhosis [43]. However,
these may co-exist in the same biopsy, and are not individually exclusive to ALD.

1.1.3 Viral liver disease

1.1.3.1 General aspects

Chronic viral hepatitis is a major global health problem. In particular hepatitis B and C have
high prevalences, especially in developmental countries. Of the approximately 2 billion
people who have been infected worldwide with the hepatitis B virus (HBV), more than 350
million are chronic carriers [44]. HBV infection accounts for 0.6 to 1.2 millions death each
year [45, 46]. In addition, the hepatitis C virus (HCV) is the cause that approximately 130-
170 million people are chronically infected [47]. An overview of all hepatic viruses is given in
Table 1.2 and a short description of each is given in the following paragraphs (information
World Health Organization, www.who.int). In addition to the hepatitis viruses, other viruses
that also can cause hepatitis include herpes simplex, cytomegalovirus, Epstein-Barr virus or
Yellow fever [48].

Table 1.2 Hepatitis viruses

Hepatitis A Hepatitis B Hepatitis C Hepatitis D  Hepatitis E
Transmission Enteric Parental Parental Parental Enteric
Classification Picornavirus Hepadnavirus Hepacivirus Deltavirus Hepevirus
Genome +ssRNA +dsDNA +ssRNA -ssRNA +ssRNA
Antigens HBsAg, HBeAg Core antigen Delta antigen
Incubation period | 15-45 days 45-160 days 15-150 days 30-60 days 15-60 days
Chronicity No Yes (uncommon)  Yes (common) Yes — with No
hepatitis B

Hepatitis A virus (HAV) is a self-limited disease which results in fulminant hepatitis and death
only in a small proportion of patients. However, it is a significant cause of morbidity and
socio-enconomic losses in many parts of the world. Transmission of HAV is typically by the
faecal-oral route. Infections occur early in life in areas where sanitation is poor and living
conditions are crowed. The course of hepatitis A may be extremely variable. Patients with
inapparent or subclinical hepatitis have neither symptoms nor jaundice. Children generally
belong to this group. These asymptomatic cases can only be recognized by detecting
biochemical or serologic alterations in the blood. The severity of the disease increases with
age at time of infection.
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Hepatitis B is a potentially life-threatening liver infection. It is a major global health problem
and the most serious type of viral hepatitis. It can cause chronic liver disease and puts
people at high risk of death from cirrhosis of the liver and liver cancer. A vaccine against
hepatitis B has been available since 1982. Hepatitis B vaccine is 95% effective in preventing
HBYV infection and its chronic consequences, and is the first vaccine against a major human
cancer. HBV can also cause a chronic liver infection that can later develop into cirrhosis of
the liver or liver cancer. Hepatitis B virus is transmitted between people by contact with
blood or other body fluids (i.e. semen and vaginal fluid) of an infected person. Modes of
transmission are the same for the human immunodeficiency virus (HIV), but HBV is 50 to
100 times more infectious. Unlike HIV, HBV can survive outside the body for at least 7 days.
During that time, the virus can still cause infection if it enters the body of a person who is not
infected or vaccinated.

Hepatitis C is spread primarily by direct contact with human blood and mainly transmitted
parenterally and vertically (from mother to child). The major causes of HCV infection
worldwide are use of unscreened blood transfusions and re-use of needles and syringes that
have not been adequately sterilized. At present, no vaccine against HCV is available.
Chronic hepatitis C can be successfully treated with combination therapy including pegylated
forms of interferon plus ribavirin

The hepatitis D virus (HDV) cannot replicate and infect someone unless the person is
already infected with the HBV. HDV requires the outer coating of the HBV, called the surface
antigen, in order to reproduce itself in a human host. The virus currently infects 15 million
children worldwide and is most common among injecting drug users and in countries
bordering the Mediterranean Sea. HDV infection symptoms are similar to those of hepatitis
B.

The hepatits E virus (HEV) is transmitted via the faecal-oral route. Hepatitis E is a
waterborne disease, and contaminated water or food supplies have been implicated in major
outbreaks. The risk factors for HEV infection are related to poor sanitation in large areas of
the world, and HEV shedding in faeces. In general, hepatitis E is a self-limiting viral infection
followed by recovery.

1.1.3.2 Host mechanisms

Host mechanisms in viral hepatitis depend on the function of the innate immune system [49].
Pathogens such as hepatitis viruses are recognized by ‘pattern recognition receptors’ which
bind double-stranded RNA [50, 51]. The most important receptors during virus infection are
the Toll-like receptors (TLR) 3, 7, 8 and 9 as well as the RNA-helicase RIG-I [52]. The
clinical course of hepatitis viral infection depends on the function of CD8 T cells [53, 54].
Those cells limit the spread of the virus and protect against persistent virus infection. If
however, the viral infection has become persistent, the activation of CD8 T cells contribute to
tissue injury [55, 56].

The priming and function of CD8 T cells critically depend on the activity of dendritic cells
[57]. Expression of Programmed Death 1 (PD-1) correlated with exhaustion of T cell function
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during chronic HCV infection, indicating that dysregulation of the receptor contributes to T-
cell dysfunction during persistent HCV infection. In addition, polymorphisms in the IL-10
gene have similarly been shown to influence the outcome of HCV infection, whereby
enhanced IL-10 activity fosters the development of the persistence of the virus [58, 59]. In
absence of IL-10, the expansion of CD8 T cells is enhanced [60, 61]. Accordingly, blockade
of IL-10 was followed by improved virus control [62]. CD8 T cells express perforins and
interferon-gamma (IFN-y). IFN-y exerts a direct antiviral action [63], whereas the role of
perforins in human hepatitis remains elusive at present.

The clinical course of an infection is not only a function of the immune system. Liver injury
triggers the production of nitric oxide (NO) [64, 65]. In some cell types, NO triggers apoptosis
and is therefore likely to be involved in virus control [65-67]. During inflammation, NO is in
large part produced by inducible NO synthase (iINOS) [64, 65]. Finally, NO influences the
microcirculation, which in turn might affect the control of the virus [68-70].

1.1.3.3 Mechanisms of fibrosis in hepatitis C

The immune activation and modulation outlined in previous section is a key mechanism in
the pathogenic process that leads to tissue injury, scarring and ultimately cirrhosis. TLRs will
induce pro-inflammatory cytokines such as interleukins and TNFa and cytotoxic CD8 T cells
will cause tissue damage through perforins, Fas/FasL and TNF pathways in the context of
inefficient viral clearance [71].

Despite the key role of the immune system, a great deal of work has now demonstrated that
HCV can directly mediate apoptosis, stellate activation and liver damage. It is well know that
engulfment of apoptotic bodies by phagocytes, including stellate cells, is profibrogenic [72].
Levels of caspases are consistently up-regulated in HCV-patients and correlate with both
inflammatory and fibrotic liver injury [73, 74]. Apoptosis up-regulates collagen and TGF-31
genes in stellate cells and a key mechanism behind HCV-induced apoptosis occurs by way
of external Fas/FasL mediated pathways [75, 76].

HCV can also directly stimulate fibrogenesis by ways of interactions between infected
hepatocytes, viral proteins and HSCs. Battaller and colleagues [77] showed in vitro that core
and NS3 viral proteins were able to increase intracellular calcium concentrations and ROS
production. As a consequence, infection of HSCs with HCV proteins (NS3-NS5) led to a
marked increase in pro-inflammatory chemokines and adhesion molecules (IL-8, MCP-1 and
ICAM-1) (Figure 1.5A). These molecules participate in the recruitment and activation of
lymphocytes [78]. Additionally, HCV-infected hepatocytes demonstrated a threefold increase
in TGF-B1 mRNA and a sixfold increase in TGF-B1 protein levels compared to non-infected
controls [79] (Figure 1.5B). In the activated HSCs, there was a shift to a more fibrogenic
state with increases in connective tissue growth factor (CTGF), procollagen a1 and TIMP-1.
There is also an increase in MMP-2 activity. As mentioned earlier, MMP-2 is profibrogenic
because of its involvement in the degradation of the basal lamina [1]. A substantial down-
regulation of MMP-3 and -13 also occurs. Both are involved in the degradation of fibril-
forming collagens, whereas MMP-3 is also an activator of other MMPs [80]. Finally, an
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additional HCV protein, E2, is of importance in HCV-related fibrogenesis by way of up-
regulation of the destructive metalloproteinase MMP-2 (Figure 1.5C) [81].
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Figure 1.5 Direct and indirect pro-fibrogenic interactions between the HCV and HSCs. HCV,
Hepatitis C virus; IL, interleukin; ICAM, intercellular adhesion molecule; MCP, monocyte
chemoattractant protein ; TGF, transforming growth factor; CTGF, connective tissue growth factor;
TIMP-1, Tissue Inhibitor of metalloproteinases-1; MMP, matrix metalloproteinase. Adapted from
[159]

The liver biopsy of hepatitis C patients is usually interpreted in the Metavir scoring system
[82]. The scoring consist of using a grading and staging system. The grade gives an
indication of the activity or amount of inflammation and the stage represents the amount of
inflammation and the stage the amount of fibrosis.

The grade is assigned a number based on the degree of inflammation, which is usually
scored from 0-3 with 0 being no activity and 3 considered severe activity. The amount
of inflammation is important because it is considered a precursor to fibrosis.

The fibrosis score is also assigned a number from 0-4:

e 0 =no scarring
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e 1 =minimal scarring

e 2 = scarring has occurred and extends outside the areas in the liver that contains
blood vessels

e 3 = bridging fibrosis is spreading and connecting to other areas that contain fibrosis

e 4 =cirrhosis or advanced scarring of the liver

The METAVIR Fibrosis Staging System
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Figure 1.6 illustration of the METAVIR Fibrosis Staging System. Adapted from
http://www.msgh.org.my/resources/managementhepatitisc2.htm

114 Cholestatic liver disease

In the normal liver, a finely balanced regulation of bile acid uptake, efflux and biosynthesis
exists. The farnesoid X receptor (FXR) regulates bile acid biosynthesis and expression of
bile salt export pump (BSEP), found on the canalicular membrane of the hepatocyte. In the
presence of cholestasis, regardless of etiology, there is a rise in serum bile acids [83].
Cholestatic liver disease include biliary atresia, hereditary forms of cholestasis, primary
biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC).

The pathogenesis of biliary atresia remains poorly understood. The condition manifests in
the first few weeks of life with jaundice. Pathologically, the condition is marked by a
progressive destruction of the extrahepatic biliary tree. It is not known what causes the
inflammation to the extrahepatic ducts, although IFN-y has been identified to play a central
role in the progression of biliary atresia and may be a target for treatment [84].

Progressive familial intrahepatic cholestasis, type 1 (PFIC1) is marked by elevated serum
bile salts. Patients with PFIC1 have a deficiency of familial intrahepatic cholestasis 1 (FIC-1),
a P-type adenosine triphosphatase whose exact function remains poorly defined. FIC-1
expression correlate with FXR activity, thus, patients with an absence of FIC-1 have
decreased FXR activity resulting in enhanced ileal resorption of bile salts through increased
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expression of ileal lipid binding protein and short heterodimer protein [85]. Rare hereditary
forms of cholestasis are Arthrogryposis-renal dysfunction-cholestasis syndrome [86] and
McCune-Albright syndrome [87], both associated with neonatal jaundice.

PBC is an auto-immune disease that develops in genetically susceptible individuals exposed
to an environmental trigger or infectious agent that results in loss of immune tolerance to the
disease antigen, the dihydrolipoamide acetyltransferase component of pyruvate
dehydrogenase complex (PDC-E2). Viral nucleic acids sequences have been cloned from
the lymph nodes of patients with PBC suggesting that infection with this virus may be
associated with the development of PBC [88, 89]. The identified virus was the human
betaretrovirus. Molecular mimicry is another possible mechanism for triggering
autoimmunity. There is a short sequence on PDC-E2 that is particularly antigenic because it
is exposed on to the molecule’s surface. Several groups have implicated exposure to E.coli
as the source for molecular mimicry and the production of anti-mitochondrial antibodies
(AMA) [90]. These AMA are found in 95% of patients with PBC and the pathogenic role of
these autoantibodies remains unknown. Additionally, an altered form of PDC-E2 gives rise to
breakdown of the B and T cell tolerance to self PDC-E2 and leads to the development of
cross-reactivity to native self [91].

In PSC, ICAM-1 plays a potential role in the pathogenesis. Patients with PSC have
increased serum levels of soluble ICAM-1 and ICAM-1 is expressed on proliferating bile
ducts in late stages of PSC [92]. Animal models suggest that the Mdr2 protein also play an
important role in PSC [93]. Mdr2” mice do not secrete phospholipids, leading to high
concentrations of free bile salts. This toxic environment weakens tight junctions allowing
leakage of bile salts into the portal area, inducing inflammation with neutrophils and CD4 and
CD8 positive lymphocytes. Myofibroblasts are activated producing concentric rings of
fibrosis. A link with mucoviscidose has been established, patients with PSC have a much
higher frequency of mutations in the cystic fibrosis gene product than disease controls [94].

115 Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is recognized as one of the commonest liver
disorders seen by hepatologists [95]. It is estimated that one in three adults has NAFLD. The
looming pandemic of obesity and type 2 diabetes coupled with the realization that NAFLD is
common in the pediatric population suggests that this prevalence is likely to increase further.
Closely associated with the metabolic syndrome, the pathophysiology of NAFLD is centrally
related to insulin resistance (IR). The NAFLD spectrum ranges from simple steatosis (fatty
liver) to non-alcoholic steatohepatitis (NASH) characterized by liver cell injury, inflammation
and fibrosis to cirrhosis, liver failure and hepatocellular carcinoma. Since these histological
features are identical to those seen in alcoholic liver disease, the exclusion of excessive
alcohol intake, typically less than 20 g per day for women and 30 g per day per men, is
required. Post-mortem and liver biopsy in obese cohorts undergoing bariatric surgery have
demonstrated that only around 10-20% of even morbidly obese patients develop more than
simple steatosis [96, 97].

In recent years, it has become clear that mechanisms of liver injury and fibrosis in NASH are
related to free fatty acid (FFA)-induced cytokine, oxidative and endoplasmic reticulum stress-
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mediated injury and non-inflammatory mediators of fibrosis [98-100]. TNFa was the first pro-
inflammatory cytokine detected in adipose tissue and is involved in the regulation of IR.
Increased TNFa is likely the result of metabolic disturbances and caused by lipid products
such as FFAs [101]. On the other hand, endotoxin and related products mainly derived from
the gut could also represent a trigger for inflammatory responses [102]. Besides TNFa, other
cytokines such as IL-6 and C-reactive protein (CRP) also correlate positively with obesity
and body mass index (BMI), further proving the concept that obesity and IR might reflect
inflammatory conditions [103]. Visceral fat has been demonstrated as an important site for
IL-6 secretion in humans. IL-6 production in abdominal adipose tissue as at least 3-times
higher compared with subcutaneous adipose tissue, thereby potentially contributing to
hepatic IR [104].

Another important cytokine in the context of NAFLD is adiponectin. It is secreted primarily
from adipose tissue, however weight loss causes an increase in circulating adiponectin
levels [105]. Pro-inflammatory cytokines such as TNFa and IL-6 suppress transcription of
adiponectin, but adiponectin itself has an inhibitory effect on TNFa and IL-6 synthesis
providing it anti-inflammatory properties [106, 107]. Conversely and adding to this property,
adiponectin induces the expression of IL-10, a key anti-inflammatory cytokine, and IL-1
receptor antagonist [108, 109]. By such a pathway, adiponectin could not affect macrophage
function which is the primary source of IL-10, but could furthermore limit overwhelming TNFa
synthesis in human adipose tissue.

Several years ago, the ‘two-hit hypothesis’ was put forward to explain the development of
NAFLD and the progression from simple steatosis to NASH [110]. It was proposed that the
accumulation of lipids in the hepatocytes due to insulin resistance represents the ‘first hit’
and is the key pathogenic factor for the development of hepatic steatosis. The ‘second hit’
leads to hepatocyte injury, inflammation and fibrosis, possibly related to expression of pro-
inflammatory cytokines as outlined above. Other important mechanisms of the ‘second hit’
not yet discussed are the appearance of oxidative stress and mitochondrial dysfunction.
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Figure 1.7 Overview of the pathogenesis of non-alcoholic steatohepatitis with indication of recent
findings and new fields of investigation. TNF, tumor necrosis factor; IL, interleukin; CRP, C-reactive
protein; FFA, Free Fatty Acids; FA, Fatty Acid; VLDL, very low density lipoproteins; ROS, reactive oxygen
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Adapted from [160].

Triglyceride accumulation might induces cytotoxicity either directly or through sensitization to
other agents, as steatosis increases the vulnerability of the liver to oxidative stress. Multiple
sources of oxidative stress have been identified and include mitochondrial dysfunction,
hepatic cytochrome CYP2E1, beta-oxidation by peroxisomes in mitochondria and
recruitment of inflammatory cells [111]. One of the consequences of oxidative stress is the
activation of HSCs, leading to fibrogenesis. Reactive aldehydes induce nuclear translocation
of JNK in HSCs and induce expression of TGF-B1 and MCP-1 [112].

The second hit hypothesis is currently being reconsidered (Figure 1.7). The accumulation of
fat in the form of triglycerides is viewed as a less harmful way to cope with the overflow of
fatty acids associated with the metabolic alterations underlying fatty liver. In predisposed
subjects, this process leads to accumulation of FFAs and to lipids that are more toxic to
cells, such as ceramids, leading to lipotoxicity and resulting in chronic liver damage [113]. In
conclusion, it is clear that HSC fibrogenesis and NASH have several partners in common. All
inflammatory mediators that influence hepatic lipid metabolism have been summarized in
Table 1.3.

The altered glucose metabolism also contributes to HSC proliferation because insulin targets
different signaling pathways involved in fibrogenesis. Insulin resistance will induce the
expression of insulin receptors and receptors for insulin-like growth factor-1, both are
mitogenic for HSCs via activation of phosphatidylinositol 3-kinase and ERK [114]. CTGF not
only mediates HSC activation and extracellular matrix production, but it also mediates the
profibrogenic activity of TGF-B1 [115]. Another group of possible profibrogenic factors
involved in the progress of NASH are the receptor for advanced glycation end products
(RAGE), exclusively expressed by HSCs [116].
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Table 1.3 Inflammatory mediators that influence hepatic lipid metabolism

Mediator Effect on inflammation Effect on hepatic Net effect on Effect on insulin
lipid metabolism hepatic lipids sensitivity
Via AMPK: opposes
lipogenesis Increase sensitivity
. . Blocks TNF hesi -
Adiponectin 0cKs a synthesis and Decrease (opposes insulin
release Via PPAR-a: resistance)
stimulates oxidation
pathways
Anti-inflammatory (blocks NF- Stimulates oxidation
PPAR-a kappaB activated gene athways Decreases Increased sensitivity
transcription) P y
Downstream effects Potentially
IL-1B Inflammatory mediator on cholesterol increases Not shown
turnover favoring cholesterol
accumulation
Activates macrophage Stimulates Possible increase
MCP-1 recruitment, TNFa synthesis lipogenesis (shown in vitro) Not shown
and release
) Stimulates
Mediates, propogates lipogenesis; impairs
TNF-a inflammation (via NF-kappaB, mitochondrial B- Not shown Suspected mediator
IL-6); suppresses adiponectin oxidation and MTTP- of insulin resistance
expression dependent formation
of VLDL
Pro-inflammatory, but Stimulates Impairs insulin
IL-6 hepatoprotective/proproliferative lipogenesis Increases receptor signaling
on hepatocytes
Activates redox-sensitive Impaired via JNK-
Oxidative stress pathways: JNK, NF-kappaB, fc?ricaﬁsizse::/}eltjilc;n E?(:;(:ae:eto serine/threonine

ER Stress

Endotoxin

PKC

ROS generation; JNK activation

TLR4-dependent activation of
NF-kappaB

Stimulates
lipogenesis

Possible downstream
effects via TNFa and
IL-6

Causal association
not shown

Possible worsening
of steatosis severity

phosphorylation of
insulin receptor

Impaired via JNK-
serine/threonine
phosphorylation of
insulin receptor

Not shown

AMPK, AMP protein kinase; ER, endoplasmic reticulum; IL: interleukin; JNK, c-Jun N-terminal protein kinase; MCP-1,
monocyte-chemoattractant protein-1; MTTP, microsomal triglyceride transport protein; PPAR-a, peroxisome proliferation
activated receptor-a; PKC, protein kinase C; ROS, reactive oxygen species; TLR, Toll-like receptor; TNFa, tumor necrosis
factor-a; VLDL, very low density lipoprotein. Adapted from [158]
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The histological scoring diagnosis system that is used for non-alcoholic fatty liver disease is
the Kleiner and Brunt classification [117]. In contrast to the METAVIR-score used in HCV-
patients, fibrosis staging is subdivided. Fibrosis scores for stage 1 were extended to include
a distinction between delicate (1A) and dense (1B) perisinusoidal fibrosis, and to detect
portal-only fibrosis, without perisinusoidal fibrosis (1C). Minimal steatosis (score 0) (under
5%) was separated from mild (5%-33%) steatosis (score 1), moderate (>33%-66%) steatosis
(score 2) and severe (>66%) steatosis (score 3). Evaluation of ballooning was limited to
three categories (none, few and many) and correspond to a respective score of 0, 1 and 2.
Lobular inflammation was assessed semi-quantitatively as the number of inflammatory foci
at a magnification of 200x. Four categories can be distinguished, no foci (score), <2 foci per
200x field (score 1), 2-4 foci per 200x field (score 2) and >4 foci per 200x field (score 3). The
summed score of the three latter characteristics provide an NAFLD activity score (NAS)
[118-120]. Cases with NAS of 0 to 2 are largely considered as patients with simple steatosis;
on the other hand cases with scores of =5 are diagnosed as steatohepatitis. Cases with
activity scores of 3 and 4 are considered as being part of a intermediate stage and are called
borderline NASH patients.

Pediatric cases use the same classification, although inter-observer agreement in scoring
the features was lower. Pediatric cases include a significant proportion with only periportal
fibrosis [121-123]. This feature is considered unusual in adults, although it has been reported
[124]. Pediatric biopsy specimen also showed less lobular inflammation, less ballooning, and
only rare Mallory’s hyaline when compared to adult cases.

1.1.6 Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is a malignant tumor arising from hepatocytes. Worldwide,
it ranks fifth among the solid tumors and it is the third cause of cancer-related mortality in
males with ~500 000 deaths per year [125]. It is most prevalent in Asia and Africa. In Africa,
HCC is mostly related to chronic HBV infection, in Asia to hepatitis B or C. The incidence in
Europe and the USA is considerably lower with an annual incidence between 1-10 per 100
000, but it is rising mainly due to HCV infection [126]. More recently, NASH is emerging as
another important risk factor for HCC [127]. In more than 80% of the cases, HCC is
associated with cirrhosis or advanced fibrosis [128, 129]. In the absence of cirrhosis,
aflatoxins (mostly combined with HBV), genetic disorders (such as Tyrosinosis) and
particular drugs (e.g. anabolic steroids) are known risk factors associated with HCC [130].

Although cirrhosis is associated with the development of HCC, the molecular basis for the
cancer-promoting effect of cirrhosis remains far from clear. It is hypothesized that the
process of recurrent liver cell necrosis and regeneration with increased cell turn-over,
renders hepatocytes more sensitive to the adverse effects of other mutagenic agents. Both
genetic and epigenetic changes may occur, eventually leading to the subsequent formation
of dysplastic foci, nodules and finally hepatocellular carcinoma [131, 132]. From a
pathophysiological perspective, oxidative stress represents an important pathway by which
viruses or other risk factors exert their carcinogenic properties.

Oxidative stress is caused by an imbalance between the production of ROS and the ability to
detoxify these reactive intermediates or to easily repair the resulting damage. ROS are
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involved in the transcription of a large series of cytokines and growth factors, which in turn,
can contribute to further production of ROS. Hepatocyte mitochondria and cytochrome P450
enzymes, endotoxin-activated Kupffer cells and neutrophiles represent the main sources of
free radicals. These free radicals will alter the redox state, and the cellular tissue damage
may be potentiated by an associated decrease of antioxidant and energetic reserves [133].
To counteract the effect of oxidative stress, cells have developed two important defense
mechanisms: redox active sulhydryl systems including glutathione and thioredoxine and
enzymatic systems including superoxide dismutase, catalase and glutathione peroxidase
[134]. There is considerable evidence that redox signaling mechanisms function in cell
regulation and growth control [135].

Hepatocarcinogenesis is a multistep process in which a number of mutational genetic
alterations accumulate in a cell. It involves the transition of a normal cell via the so called
initiated cell to a pre-neoplastic lesion that develops into malignant tumor [136] (see figure
1.8)
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Figure 1.8. Schematic representation of the multistep process of hepatocarcinogenesis.
HBV, Hepatitis B virus; HCV, Hepatitis C virus; CMAR, cellular adhesion regulatory molecule; IGF,
insulin-like growth factor; TGF, transforming growth factor; APC, adenomatous polyposis coli.
Adapted from [162].

Over recent years, it has become clear that the tumor environment plays an important role in
tumorigenesis and tumor progression [137]. Cancer cells are not as autonomous as once
thought, they depend on angiogenesis, inflammatory cells and fibroblasts [138, 139]. In the
cirrhotic liver, there is an abundancy of fibroblasts and there is emerging evidence that some
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are cancer associated fibroblasts [140]. In HCC, the progression of malignant hepatocytes
frequently depends on TGF-B1 provided by fibroblasts and macrophages. This TGF-1 is
one of the factors that can induce an Epithelial-to-Mesenchymal Transition (EMT) [141]. In
EMT, there is a destabilization of adherent junctions [142] and the cells develop more
invasive properties [143]. The tumor microenvironment is also influenced by hypoxia and
angiogenesis as will be outlined in the next paragraphs.

As indicated, angiogenesis is a key mechanism in HCC. The hypervasculature found in all
chonic liver disease facilitates the progression from small dysplastic nodules, through
neoplastic lesions to large HCC-tumors [144]. HCC display rapid growth and are
consequently in need of a high oxygen a nutrient supply; hypoxia of cancer cells is therefore
the main eliciting factor of angiogenesis. It has been shown that chronic exposure to hypoxia
leads to an adaptive gene expression profile which influences the aggressive behavior of
tumor cells and ensures that cancer cells meet the high demands of oxygen and nutrients.
To this end, tumors secrete a number of angiogenic growth factors, such as Vascular
Endothelial Growth Factor (VEGF), Platelet Derived Growth Factor (PDGF), Placental
Growth Factor (PIGF) and TGF-B1 Different types of angiogenesis occur in HCC ranging
from sprouting and intussusceptive angiogenesis to vasculogenesis, vasculogenic mimicry,
vessel co-option and lymphangiogenesis. The family of VEGF ligands and their receptors
play an important part in almost all of these mechanisms as illustrated in Figure 1.9

In sprouting angiogenesis, the mechanisms of hypoxia that induce angiogenesis are similar
to those found in regeneration after partial hepatectomy. The X protein of HBV has been
show to increase the transcriptional activity and protein level of Hypoxia-Inducible Factor-1
(HIF-1) [145]. Hypoxia stimulates angiogenesis through up-regulation of VEGF gene
expression by at least two distinct molecular mechanisms: activation of VEGF gene
transcription and stabilization of VEGF mRNA [146]. Angiotensin/Tie-2 is also an important
pathway in regulating angiogenesis of HCC, although it is not up-regulated by hypoxia [147].
VEGF/Ang-driven sprouting angiogenesis is considered to be the main mechanism of
neovascularization in HCC. Intussusceptive angiogenesis is an alternative mode of
angiogenesis that consists of microvascular remodeling by transcapillary pillar formation; it
relies much less on endothelial cell proliferation. Growth of these endothelial cells leads to
sinusoidal multiplication by successive fusion and partitioning of the existing vascular lumens
[148]. As stated above, most of HCCs originate from cirrhosis, which undergoes chronic
hypoxia and VEGFR-2 levels were down-regulated in both tumor and adjacent tissue [147],
preferring intussusceptive angiogenesis, although direct evidence is absent.
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Figure 1.9 The role of the VEGF family of ligands and receptors in different forms of tumor
angiogenesis. VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth
factor receptor; EPC, endothelial progenitor cells. Adapted from [163].

Vasculogenesis in HCC has been shown to involve vessel changes in which the formation of
blood vessels is due to the arrival and differentiation of endothelial progenitor cells (EPCs)
generated from bone marrow [150]. However, the exact mechanisms for recruitment and
homing of EPCs to liver cirrhosis or liver cancer are currently unclear. In vasculogenic
mimicry, tumor cells de-differentiate to an endothelial phenotype and form tube-like
structures. This provides tumor cells with a secondary circulation system of vasculogenic
structures lined by tumor cells, independent of angiogenesis [151]. The presence of
vasculogenic mimicry is associated with a high tumor grade, invasion and metastasis. Yet
again, the exact mechanisms underlying mimicry still need to be clarified. A fifth mechanism
through which tumor cells try to supply themselves of oxygen and nutrients is vessel co-
option. This occurs when tumor cells can grow along existing vessels without evoking an
angiogenic response. It has been reported that a subset of tumors rapidly co-opt existing
host vessels to form an initially well-vascularized tumor mass in which the co-opted vessels
will undergo a widespread regression, leading to a secondary avascular tumor and massive
tumor cell apoptosis, but the remaining tumor is ultimately rescued by robust angiogenesis at
the tumor margin [152]. The co-opted vessels display striking and specific up-regulation of
Ang-2 [152, 153]. In the early stage, there is minimal up-regulation of VEGF, and elevated
Ang-2 expression at tumor periphery is associated with robust angiogenesis. Finally, tumor-
associated lymphangiogenesis is also involved in the neovascularization of HCC. The
lymphatic microvessel density showed a trend towards association with reduced survival and
represents a prognostic factor for disease-free survival, indicating that the role of
lymphangiogenesis for tumor progression in HCC is related to the risk of recurrence rather
than to local tumor growth [154]. Lymphangiogenesis is mainly regulated by the VEGFR-3
system [155, 156].

The importance of angiogenesis in HCC is also demonstrated by the fact that sorafenib is
the only drug that has shown to prolong overall survival of patients with advanced HCC.
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Sorafenib is a multi-targeted tyrosine kinase inhibitor with both anti-angiogenic and anti-
proliferative effects. However, still this drug has a lot of side-effects and seriously affects
quality of life of patients. Other anti-angiogenic multi-targeted tyrosine kinase inhibitors, in
particular sunitinib and pazopanib, show promising activity in various stages of clinical trials.
Finally, there is an urgent need to identify biomarkers that may guide the rational use of
sorafenib and other targeted agents in the treatment of patients with advanced HCC [157].
Our research into N-glycosylated based biomarker might potentially comply with this request.
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1.2 Protein N-glycosylation and Glycomics

1.2.1 General introduction and biosynthesis

In eukaryotic cells, secreted and membrane proteins are frequently modified with complex
glycan structures. These arise as a consequence of three distinct types of modifications: N-
linked glycosylation of asparagines [1], O-linked glycosylation of serine and threonine [2] and
glycosylphosphatidyl inositol derivatization of the carboxyl-terminal carboxyl groups [3].
However, it is now firmly established that both Bacteria and Archaea are also capable of
protein glycosylation [4, 5]. In this thesis, we will focus on the N-glycosylation of serum
proteins in higher eukaryotes, in specific of mice and humans. The modification of proteins
with N-linked glycans is of particular interest because N-glycosylation is essential for cell
viability, it involves a multitude of enzymes, and at least half of the genes functioning in this
biosynthetic pathway have been conserved through evolution. Important is that N-
glycosylation is the principal posttranslational modification of serum proteins making it
suitable for biomarker discovery, mainly because alterations in the abundance of particular
N-glycans reflect an altered physiological state. N-linked carbohydrates play roles in diverse
biological processes such as protein folding and conformation, stability, and targeting to
subcellular and extracellular sites, as well as cell-matrix and cell-cell interactions [6].

The physiological significance of N-glycosylation has long been recognized. As a
consequence of these basic properties, protein N-glycosylation is implicated in functions
related to development and homeostasis. N-glycoproteins are highly regulated during growth
and differentiation [7], and alterations in protein N-glycosylation patterns correlate with
developmental programs [8, 9]. The developmental importance of N-glycosylation is
reflected in such functions as morphogenesis, proliferation and apoptosis.

The reactions of the protein N-glycosylation pathway occur along the secretory pathway and
entail many enzymes localized in the endoplasmic reticulum (ER) and the Golgi apparatus.
Biosynthesis of N-glycoproteins is initiated with the dolichol (Dol) pathway in the
endoplasmic reticulum [1]. The precursor oligosaccharide GIcNAc,ManyGlcs is assembled on
the polyisoprenol carrier lipid, Dol-PP, through a stepwise addition of monosaccharides in a
series of reactions catalyzed by glycosyltransferases. All ER glycosyltransferases are
transmembrane proteins. The first seven sugars are transferred from the sugar nucleotides
UDP-GIcNAc and GDP-Man at the cytosolic side of the ER. The heptasaccharide is then
translocated to the lumen of the ER, the subsequent reactions encompass the transfer of
four mannoses residues from Dol-P-Man and three glucoses moieties from Dol-P-Glc. The
mature oligosaccharide is transferred as a unit from the dolichol carrier to the asparagines
residues of polypeptides, within an Asn-X,,-Ser/Thr consensus sequence, X, being any
amino acid except proline [10] in a reaction catalyzed by the enzyme
oligosaccharyltransferase (OST) [11] (Figure 2.1, Figure 2.3).
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Figure 2.1 Synthesis of dolichol-P-P-GIcNAc,ManyGlc; in endoplasmic reticulum (dolichol pathway).
Adapted from [21].

Not all potential glycosylation sites in proteins that enter the ER are modified. For instance,
10% of proline-free consensus sites in glycoproteins are not modified in vivo, whereas other
sites are frequently modified incompletely, with the Asn-X,,-Thr sites being preferential
acceptors to Asn-Xa.-Ser [12]. Moreover, secondary structure also influences the in vivo
efficiency of N-glycosylation, and sites located less than 12-14 residues from a
transmembrane segment of a protein are typically not modified. Also, sites close to the C-
terminus of a protein are not derivatized as effectively.

The transfer of the precursor oligosaccharide to protein is followed by a series of trimming
reactions involving the removal of the three glucoses and one mannose via the action of a-
glucosidases | and Il and a-1,2-mannosidase. In yeast, the removal of mannose is restricted
to a single a-1,2-mannose from the central arm of the oligosaccharide, but it can include the
action of several mannosidases in higher eukaryotes. A monitoring system has been
identified that assists in glycoprotein folding in the ER. Typically, unfolded and misfolded
proteins are retained in the ER until they attain their native conformation [13]. An enzyme,
UDP-Gilc:glycoprotein transferase, catalyzes re-glucosylation of the deglucosylated
oligosaccharide on denaturated proteins. Therefore, there is a balance between the
opposing activities of glucosidases | and Il and UDP-Gilc:glycoprotein. The re-glucosylated
proteins are bound and retained in the ER chaperone calnexin until they attain appropriate
conformations. In addition to calnexin, molecular chaperones that function in the proper
folding of ER N-glycoproteins include calreticullin and the binding protein, Bip or Grp78.
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These proteins are all essential effectors of ER stress, a collective term for conditions
interfering with the function of ER [14]. These conditions can include heat shock, inhibition of
N-glycosylation, and all situations leading to protein misfolding in the ER. In response to this,
an unfolded protein response (UPR) is initiated [15] (Figure 2.2). UPR uses an evolutionarily
conserved signaling pathway during which the signal of unfolded proteins activates a set of
ER-located sensors:

1. The PERK kinase (or elF2 kinase): it phosphorylates a subunit of the elF2 that leads
to attenuation of general protein synthesis.

2. A special kinase family, carrying an endonuclease activity (involving Ire1a and b) is
also activated and in mammals, it initiates gene expressional changes by processing
the mRNA of the transcription factor XBP1. XBP1 then translocates to the nucleus
and induces a wide range of ER located chaperones, involving members of the
glucose regulated protein (Grp) family (Grp78, Grp94). These chaperones play a role
in protecting the cell by preventing protein aggregation (keeping the unfolded
proteins in a folding-competent state) and by binding and keeping Ca** in the ER
lumen.

3. Beside PERK and lIret, there is a third ER-stress sensor molecule, called ATF®6.
ATF6 is a transcription factor and it is essential for XBP mRNA expression and
chaperone induction upon ER stress.
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Figure 2.2 The unfolded protein response. ER, endoplasmic reticulum; PERK, protein kinase RNA-
like endoplasmic reticulum kinase; elF2A: eukaryotic initiation factor 2A; ATF: activating transcription
factor; CHOP, CCAAT/enhancer binding protein (C/EBP) homologous protein; Grp: glucose regulated
protein; (s)XBP-1: spliced X-box protein-1; mRNA, messenger RNA; IRE-1, inositol requiring enzyme-
1. Adapted from [22].
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In summary, stress conditions lead to decreased rate of protein translation to prevent further
accumulation of unfolded proteins. Simultaneously, transcription factors are activated in
order to induce the expression of the ER-resident chaperones to deal with accumulated
protein aggregates. Furthermore, the ER-specific protein-degrading apparatus becomes
activated and eliminates denaturated proteins. This co-ordinated response halts the build up
of proteins, allows time for the elimination of unfolded proteins, and re-establishes cellular
homeostasis. However, if the stress cannot be resolved, the cell dies by apoptosis [16].

The processing steps in the Golgi cisternae generate mature N-linked oligosaccharide
structures. In contrast to reactions of the dolichol pathway, which are highly conserved in
eukaryotes, the mature oligosaccharides differ quite significantly across the species. The
oligosaccharide chain of mature yeast N-linked glycoproteins either consist of a high-
mannose “mature core” of 9-13 mannose residues, or they may contain extended branched
mannan outer chains consisting of up to 200 residues [17, 18]. The types of mature N-linked
oligosaccharides synthesized in higher eukaryotes predominantly involve high-mannose,
complex and mixed types of structures [1]. In human serum, complex-type N-linked glycans
are the most abundant glycans accounting for ~96% of total glycans identified, while hybrid
and high mannose type glycans comprise the remaining ~4%. [19].

In addition to the trimming reactions in the ER, further removal of three a-1,2-mannoses in
the Golgi generates a structure GIcNAc,Mans. This structure serves a precursor to hybrid
and complex N-glycans in higher eukaryotes. In the medial Golgi compartment, N-
acetylglucosaminyltransferase | (GnT-l) transfers GIcNAc from UDP-GIcNAc to Man residue.
GnT-l is the key enzyme in the biosynthesis of complex-type chains. Subsequently, Golgi a-
mannosidase |l removes one a-1,3- and one ao-1,6-inked mannose to Yyield
GlcNAc.Manz;GIcNAc. The fucosyltransferase that attaches fucose in the a-1,6-linkage to the
asparagines-bound GIcNAc in the core has strict requirement for the prior action of the GnT-I
enzyme. After the removal of two a-mannose residues, the second GIcNAc is transferred
from UDP-GIcNAc to the Man 1>6 arm by GnT-Il to create a biantennary structure. Another
GnT-Il transfers a GIcNAc to the central, core-bound mannose residue to yield a bisecting
GIcNAc. The presence of the bisecting GIcNAc residue at the early stages of processing
interferes with the removal of the a-mannose residues and the action of GnT-Il and a-1,6-
fucosyltransferase, and leads to the formation of hybrid-type structures. The latter product
can then be extended by the branching N-acetylglucosaminyltransfeases to generate bi-, tri-,
and tetra-antennary structures, which in turn can be terminated with different sugars
including galactose (Gal), N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc),
fucose and sialic acid residues, therefore forming mature complex oligosaccharides. In
general, a strict order of reactions in the synthesis of N-linked glycans is observed [20]. An
overview of the reactions occurring in the Golgi apparatus can be found in figure 2.3.
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Figure 2.3. Overview of the processing and maturation steps of an N-glycan in the
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1.2.2 Glycomic techniques

In comparison to genomics and proteomics — where automated synthesis, amplification,
expression and characterization have become routine, the tools available for study of
glycomics are few. This necessitated the development of unique tools that are currently
reaching a reasonable level of sophistication for use by non-specialists [23-25]. The
enormous diversity of structures that can be created using a limited number of
monosaccharides building blocks coupled with its non template-driven nature has made the
task of system-wide glycan profiling a challenging task (Figure 2.4) [26]. A major obstacle for
the advancement of glycomics has been the lack of sensitive and easy-to-use high-
throughput analytical tools. In this section, a short overview of the different glycomic
techniques will be given.
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Figure 2.4 Complexity and diversity of mammalian glycome. The glycome represents the largest
class of posttranslationally modified molecules. The information flow from genome to glycome
increases exponentially. Adapted from [65].

1.2.2.1 Glycomics and mass spectrometry

Mass spectrometry provides a rapid and sensitive tool for component analysis. Mass
spectrometry has therefore emerged as a central tool for glycomics analysis. It is also a
precise tool for structural elucidation resulting in significant progress towards understanding
the role of the glycome in many biological systems [27].

Mass spectrometers capable of glycan analysis typically employ either matrix-assisted laser
desorption/ionization (MALDI) or electrospray ionization (ESI) with or without
chromatographic separation. High mass accuracy instruments such as time-of-flight (TOF),
ion cyclotron resonance (ICR), and Orbitrap mass analyzers are useful for glycan detection
because low mass error are often required for exact mass annotation. Lower performance
instruments can make glycan analysis challenging by causing false assignments due to high
uncertaincies associated with their measurements [28]. Tandem MS can be used to remedy
false assignments by providing structural information and glycan compositions. Structural
elucidation can be obtained using glycan fragments, exact mass and exoglycosidase
digestion.
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Although there are many groups studying glycans with mass spectrometry, there are some
common features to their chemical processes. Glycans are generally isolated from
glycoprotein containing samples by first cleaving off the N-glycans with peptide N-
glycosidase F (PNGase F) and then purifying them with solid phase extraction or high
performance liquid chromatography (HPLC). Samples are often concentrated with vacuum
centrifuges or lyophilizers before mass spectrometry analysis. The glycans may be
derivatized (e.g. methylation, permethylation) to improve ionization and stability of ions in the
mass spectrometer. The latter is particularly important with fucosylated and sialylated
glycans. Even with the ‘soft’ ionization sources of electrospray and less ‘soft’ MALDI, there is
still urge to modify sialic acids for stability. As sialylated glycans make up the most abundant
species in human serum, they can suppress other less abundant components such as the
high mannose glycans. These methods have the additional benefit of positive ion detection
of sialylated glycans concurrently with the neutral glycans [29].

Many of the biological sources of glycoproteins, including serum, contain levels of salts that
are too high for mass spectrometric analysis because the excess decreases the ionization of
the desired analytre. Desalting is often accomplished by filtration [30], dialysis [31], cation
exchange resin [32] or carbon-based column adsorption [28, 33].

It has been suggested that a disadvantage of MS glycomic analysis is that it can not
distinguish between isomeric structures. However, the ability of ion trap instrumentation to
facilitate MS" experiments especially on glycans which have been derivatised by
permethylation, is allowing unambiguous structural information of isomeric glycans [34].
Additionally, informatic tools are well developed for MS glycomic analysis. Especially in
glycomics, the large amount of data places a great burden upon the researcher and
annotation of MS data is extremely important [35]. There are several databases of complex
glycan structural data, a few prominent publically available examples are:

- the Consortium for Functional Glycomics’ (CFG) relational database
(http://www.functionalglycomics.org/glycomics/common/jsp/firstpage.ijsp)

- the Japan Consortium for Glycobiology and Glycotechnology DataBases (JCGGDB)
(http://icaadb.jp/index_en.html),

- Glycoscience.de (http://www.dkfz.de/spec/glycosciences.de/sweetdb/index.php)

- EuroCarbDB (http://www.ebi.ac.uk/eurocarb/home.action)

An example of an MALDI-TOF mass spectrum is given in figure 2.4
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Figure 2.4 MALDI-TOF MS profiles of the permethylated N-glycans derived from wild type
CHO cells grown in suspension (A) and wild type CHO cells grown in monolayer (B).
Adapted from [66].

1.2.2.2 Glycomics and high performance liquid chromatography

A major problem in glycomic investigation is the structural heterogeneity of glycans
representing often complex mixtures of closely related isomeric compounds. For this reason,
HPLC has proved to be of great value in profiling and separation of glycans because of the
wide range of adsorbents and solvent systems available as well as the speed and
reproducibility of separation [36].

In normal phase (NP) HPLC, glycans are retained due to hydrophilic interaction with the
stationary phase and the elution times generally increase with size [37]. By comparison with
elution positions of glucose isomers (dextran ladder) and distinct oligosaccharide standards,
the elution times of individual glycans can be used to predict possible structures. NP-HPLC
has been used for underivatized as well as 2-aminopyridine (PA) and 2-aminobenzamide (2-
AB) labeled glycans, including also acidic sugar chain species [38, 39]. Reverse phase (RP)-
HPLC separates sugars on the basis of their hydrophobicity, i.e., glycans are eluted in the
order of decreasing molecular weight, but derivatization with a hydrophobic label (such as
PA or 2-AB) is required [39, 40] (Figure 2.5). Likewise, permethylated oligosaccharides may
be also employed [41]. Sugar chains that co-elute in NP-HPLC can be often separated by
RP-HPLC which can be used, for example, to distinguish between bisected and non-
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bisected complex-type structures. Therefore, the two methods are complementary as they
allow two structures which co-elute on one system to be resolved on then other [40].
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Figure 2.5 Reverse phase HPLC with fluorescence detection of 2-AB labeled glycans released
from (a) 10 pg RNase B, (b) 30 pg ovalbumin and (c) 30 pg fetuin. The structures of the labeled
oligosaccharide peaks are shown in (d). Adapted from [67].

A HPLC method that deserves special attention in the context of glycosylation research is
high performance anion-exchange chromatography (HPAEC). Usually electro-chemical
detection (pulsed amperometric detection (PAD)) is applied for the analysis after HPAEC
separation. In contrast to classic anion-exchange chromatography, HPAEC is performed at a
pH of approximately 13. Under these conditions, hydroxyl groups on glycans are partially
deprotonated, resulting in a partial negative charge, which is then used for the separation of
the glycans. Glycans with a reduced end exhibit less retention than reducing-end glycans, as
they lack the anomeric hydroxyl group which is a major contributor to the partial negative
charge. Under these conditions, a charge based separation of native glycans as well as
glycans derivatized with a neutral label can be achieved. The introduction of labels providing
an additional charge leads to an increase in retention times, but a change or enhancement in
selectivity is not to be expected [36].

The advantage in comparison to MS is that it can separate and detect oligosaccharides
without any derivatization and yet offers excellent resolution and a high sensitivity with a
detection limit in the 300 fmol region [42]. In addition, it allows an easier automatization (with
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liquid chromatography autosampler) and there is a less cumbersome sample handling. On
the other hand, when using MALDI-TOF MS, there is no need for oligosaccharide standards
and the time spent on analysis is substantially shorter compared to HPAEC-PAD [43].

1.2.2.3 Glycomics and capillary electrophoresis

In capillary electrophoresis (CE), charged analytes are separated according to their
migration velocity in an electric field placed across the ends of a capillary column. Since the
separation mechanism in CE is different from that of HPLC, both techniques are
complementary [44]. The benefits of CE are high separation efficiency and speed of
analysis. Charged carbohydrates, such as sulfated or sialylated oligosaccharides, can be
separated directly based on their electric charge/molecular size ratio [45]. For neutral glycan
mixtures, CE separation requires the conversion into charged species via labeling with a
charged fluorophore like ANTS, APTS or 2-AA [46, 47]. A higher charge causes faster
analyses and better resolution, making ANTS and APTS the most effective agents for CE
analysis of glycans. Labeling of N-glycans with APTS under mild reductive amination
conditions was shown to preserve sialic acid and fucose residues and allowed a successful
profiling also in the case of heavily sialylated N-glycans [48].

The technique used in this thesis for the analysis of protein-linked N-glycans is DNA
sequencer-assisted fluorophore-assisted capillary electrophoresis (DSA-FACE) [49].
Advantages are robustness, high throughput, high sensitivity and reliable quantification of N-
linked glycans. Moreover, the protocol resolves isobaric glycan stereoisomers which is much
more difficult with mass spectrometry. The protocol starts with the denaturation of the
glycoproteins and dot-blotting them on a polyvinylidene fluoride (PVDF) membrane-lined 96-
well filtration plate. Renaturation is prevented by reductive amination with the advantage that
all reagents used are removed by extensive washing without any tube transfers.
Subsequently, the N-glycans are released with PNGase F in a minimum volume of low-
molarity buffer. After vacuum evaporation, the N-glycans are labeled with APTS. A problem
in using PVDF membranes is their low binding capacity of ~10 ug of glycoprotein. However,
the detection limit of laser-induced fluorescence of ATPS-labeled sugars is in the low
femtomolar range. Moreover, a cleanup step using size-exclusion chromatography over
Sephadex G10 packed in 96-well plates is introduced after the APTS labeling. As a
consequence, only 10-100 fmol of unlabeled glycans is sufficient for analysis. The clean-up
step removes >90% of the free APTS label and effectively desalts the sample, while
recovering >70% of the labeled glycans. Finally, the presence of sialic acids on the glycans
adds an extra negative charge on the structures, which is a disadvantage in many CE-based
methods. Moreover, sialic acids add to the enormous heterogeneity of the glycans and a
desialylation reaction is performed to add to the readability in complex mixtures (Figure 2.6).

58



[4] carboxymethylation

(iodoacetic acid)
[5] deglycosylation
(PNGaseF)

[3] reduction
(DTT)

LTS

[6] N-glycans

\

[7] Labeling
(APTS)

AN

[8] Sephadex G10

[1] 5ul serum

[2] non-protein clean-up
Sample prep
AnalySl.S [9] DNA-sequencer

First Generation: Slab-gel based
Second Generation: CE-basad

[10] GlycoProfile
-] 10

[11] Quantification :x:ﬁ LM_LA_M
BioMarker? wo] R

Figure 2.6 Overview of the DSA-FACE protocol. DDT, dithiothreitol; PNGase F, peptide
N-glycosidase F, APTS, 8-aminopyrene-1,3,6-trisulfonic acid. Adapted from [68].

1.2.2.4 Glycomics and lectin-based microarrays

Lectins are carbohydrate-binding proteins that are non-enzymatic and not products of an
immune response [50]. Lectins have been an invaluable tool in carbohydrate analysis and
their utilization in microarray-based technologies has created new opportunities to effectively
profile glycan variations on a global scale. A microarray consists of discrete probes
immobilized as high-density spots onto a solid support such as glass or nitrocellulose. When
challenged with a fluorescent analyte, multiple binding events are observed simultaneously
making it a high-throughput technique which provides rapid results [51].

In general, however, the glycan-lectin interaction is relatively weak in comparison to antigen-
antibody interactions. Therefore, once bound to a lectin on an array, some glycans may
dissociate during the washing process, and this often results in a significant reduction in
signal intensity. To circumvent this problem, a lectin microarray based on the principle of
evanescent-field fluorescence detection was developed [52]. Lectins that are frequently used
in lectin-based microarrays are Concanavalin A (Con A), Arachis hypogaea (PNA) and
Aleuria auantia (AAL). These lectins are potentially useful for the diagnosis of HCC patients.
An increase of multi-antennary and fucosylated glycans are well documented glycomic
alterations in HCC (see further). AAL will specifically bind fucosylated proteins and Con A is
specific for biantennary glycans. Therefore, supernatants from liver cancer cell lines, such as
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HuH7 (HCC) and HepG2 (hepatoblastoma), will show an increased binding to the AAL lectin,
whereas a reduced binding to the Con A lectin will be observed [53, 54].

1.2.2.5 Glycomics and nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectroscopy is one of the principal techniques used to
obtain physical, chemical, electronic and structural information about molecules. NMR is the
property that magnetic nuclei have in a magnetic field and applied electromagnetic (EM)
pulse will cause the nuclei to absorb energy from the EM pulse and radiated the energy back
out. The energy radiated back out is at a specific resonance frequency which primarily
depends on the strength of the magnetic field, but also other factors. The title of this section
is somewhat misleading, because this sophisticated method is not used for high-throughput
glycomic research, but rather for structural insights into carbohydrate-protein interactions
[55]. Protein-carbohydrate interactions play crucial roles in numerous biological
mechanisms, including intracellular and intercellular routing processes, endocytosis of
deleterious glycoconjugates and inflammation [56].

NMR spectrometry is able to detect the binding of ligands to receptors. Several NMR
parameters change upon the interaction between molecules. Recently, many NMR methods
have been developed to screen collections of compounds, including carbohydrate libraries,
for binding to protein receptors [57, 58]. In addition, NMR can also provide structural details
of these biologically significant carbohydrate-protein interactions. An important practically
application of this technology is found in the field of glycomimectics. This field has attracted
considerable attention as potential carbohydrate-based drugs with enhanced chemical and
biological stability. For example, a series of GM1 (ganglioside) analogues in which the sialic
acid moieties are replaced with the simpler a-hydroxyl acids have been prepared as part of a
strategy to design inhibitors for the cholera toxin [59].

NMR can identify new ligands for receptor, for example the binding of sucrose octasulphate
by the natural Killer cell receptor NKR-P1A [60], but it can also go a step further in which the
epitope of the ligand recognized by the receptors is revealed [61]. Detailed mapping of the
ligand helps in the understanding of the binding specificity of the receptor, as shown for the
inactive member of the trans-sialidase family from the protozoan Trypanosoma cruzi, which
is responsible for Chagas’ disease [62]. Finally, a topic that is of major interest is the
understanding of the structural features at the glycosidic linkages that regulate the three-
dimensional structure of glycoproteins. A few studies have been reported that aim to dissect
the effect of single and multiple glycosylation on the topology and presentation of the
polypeptide chain [63, 64]. An overview of the all the methods used for glycan analysis is
given in Table 2.1.
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Table 2.1 Compilation of methods commonly used for glycan analysis

Method Structural data obtained Amount of Labeling Advantages Disadvantages
sample required
Mass Composition (Hex, HexNAc,  fmole-pmole  No* High-throughput, sensitive  Quantification difficult

spectrometry  dHex), sequence, branching,
partial linkage information

HPAEC-PAD Structural identification by Fmole Yes Easy automatization and No direct structural
comparison with reference sample handling proof
compounds
DSA-FACE Structural identification by Fmole Yes High-throughput, No direct structural
exoglycosidase treatment sensitive, quantification proof
Lectin affinity Identification of structural fmole-pmole  Yes High-throughput Only partial
microarray epitopes characterization of
glycan structures
NMR Complete structure Nmole No non-destructive No high-throughput
method

*Labeling is not required, but may enhance ionization; HPAEC-PAD, high performance anio-exchange chromatography pulsed
amperometric detection; DSA-FACE, DNA sequencer-assisted fluorophore-assisted capillary electrophoresis, NMR, nuclear
magnetic resonance.
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1.23 N-glycosylation in disease

1.2.3.1 The role of N-glycosylation in receptor responses

In the study of disease, the levels of receptor ligands and their downstream signaling
pathways have received considerable attention, but less clear are the determinants of
receptor availability at the cell surface. In recent years, it became clear that N-glycosylation
plays a important role in this. The remodeling of N-glycans in the Golgi is sensitive to
metabolism and when combined with gene-encoded differences in N-glycan number per
protein, glycoprotein concentrations at the cell surface can be differentially regulated
according to their affinities for endogenous lectins [69].

In this context, a lot of research has been done on the epidermal growth factor receptor
(EGFR), a cell surface transmembrane glycoprotein. In normal conditions, the receptor is
restrained from self-association and activation and additional extrinsic mechanisms of
restraint are in place [70]. One of these is galectin binding to the N-glycans on EGFR.
Galectins are redox-sensitive proteins produced in the cytosol, they bind to the N-
acetyllactosamine of many glycoproteins at the cell surface [71]. In breast cancer, galectin
binding to EGFR slows lateral diffusion and loss to coated-pit endocytosis [72]. In human
glioblastomas, an activation mutation in EGFR deletes part of the extracellular domain,
removing four of 12 N-glycan sites and increasing ligand-independent dimerization [73].
Caveolin1 (Cav1) clusters in cholesterol-rich rafts and binds to EGFR and other signaling
proteins resulting in loss of responsiveness to growth factors [74]. Therefore, Cav 1 acts as a
tumor suppressor. However, up-regulation of N-glycan branching in mouse mammary tumor
cells acts dominantly to protect EGFR from Cav1 suppression [72].

The a and B subunits of the T cell receptor (TCR) are N-glycosylated on at least seven Asn-
X-Ser/Thr sites [75]. On naive cells, galectin-3 binds to the TCR and prevents spontaneous
TCR oligomerization in the absence of antigen, thereby blocking recruitment of CD4-Lck to
TCR and its transfer to lipid microdomains [76]. It will also prevent CD8 binding, thereby
insulating against complex formation and it will increase the threshold to TCR agonists [77].
Mice that are deficient in the branching enzyme GnT-V or (-1,3-N-
acetylglucosaminyltransferase (83GnT2), an enzyme that extends the 31,6 branches with
poly-N-acetyllactosamine, drops the barrier to TCR clustering and auto-immune disease in
vivo [78, 79]. Selective removal of specific N-glycosylation sites from TCR also enhances
receptor diffusion, multimerization and activation [80].

Remarkably, the number of glycosylation sites varies considerably between different
glycoproteins. Receptor kinases that stimulate growth and proliferation such as insulin
receptor, EGFR and platelet-derived growth factor receptor (PDGFR) have approximately
five times more glycosylation sites and more sites per 100 amino acids than receptors that
mediate organogenesis, differentiation and arrest (such as Tiel, Musk, Ltk) [69]. These
observations suggest that N-glycan numbers per peptide is a conserved and functionally
significant feature of receptor kinases. This also explains the importance of N-glycan
alterations in cancer.
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1.2.3.2 Congenital disorders of glycosylation

Congenital disorders of glycosylation (CDG) are caused by defects in N-glycan biosynthesis
and provide insight into the functions of N-glycans in humans. Type | CDGs are deficiencies
in various enzymes in the biosynthetic pathway for GlcsManyGIcNAc,-PP-dolichol, the donor
for N-glycan addition. As a result, in CDG, usage of N-glycosylation sites is reduced [81]
(Figure 2.7)

Normal
rﬁf N N N N N
CDG type |
Use of N-X-S/T
50-90%
[ N N N N N
CDG type Il
Inefficient
Golgi
remodeling
N N N
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Figure 2.7 Congenital disorders of glycosylation and glycoforms. Glycoprotein glycoforms
differ based on N-glycan structures present at each NXS/T site (not all sites are occupied). CDG
type | alters glycoform distribution and CDG type Il are deficiencies in Golgi remodeling or
glycoprotein trafficking. CDG, congenital disorder of glycosylation. Adapted from [110].

CDG-Ib is a deficiency in phosphomannose isomerase (PMI) that decreases the supply of
guanosine diphosphate mannose (GDP-Man) for dolichol-PP-oligosaccharide synthesis.
Unlike most CDGs, the symptoms of CDG-Ib including failure to thrive, coagulopathy,
protein-losing enteropathy and liver fibrosis, can be improved by supplementation of the diet
with  mannose [82]. Low glucose conditions impair GlcsMangGlcNAc,-PP-dolichol
biosynthesis, giving rise to smaller intermediates and incomplete N-glycosylation. The
resulting UPR activates PERK, which inhibits general translation by phosphorylating elF2a,
and this allows Glc;ManyGIcNAc,-PP-dolichol and N-glycosylation levels to recover [83].
Fibroblasts from patients with type | CDG displayed similar but moderate induction of PERK
kinase, suggesting that ER and metabolic stress may be a common feature of CDG-I [84].
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Patients with defects in the Golgi and secretory pathway are classified as having type Il
CDG, which is characterized by reduced branching or extension to the N-glycans. The
clinical phenotypes of type | and || CDG are often similar, but type Il patients can also suffer
from psychomotor retardation, ataxia, seizures and retinopathy. These deficiencies arise
from loss-of-function mutations in genes related to remodeling: GnT-Il (CDG-lla), a-
glucosidase | (CDG-llb), GDP-fucose Golgi transporter (CDG-lic) and f-1,4-
galactosyltransferase (CDG-1Id) [81]. Leukocyte adhesion deficiency type Il (LAD Il) is cause
by a mutation in the Golgi GDP-Fucose transporter that reduces cell surface fucosylated
glycans, and patients suffer recurrent infection due to a deficiency in selectin ligands. The
fucose salvage pathway has the capacity to generate very high concentrations of GDP-Fuc,
sufficient to overcome a partial defect in Golgi GDP-Fuc transport in patients [85].

Liver symptoms are involved in most patients with CDG. An overview of the subtypes in
which an impact on liver function is described in literature, although most liver symptoms
occur in CDG type | patients. Diminished liver function has been reported in two patients and
two siblings with CDG-Id [86, 87]. In one of these patients, hepatomegaly, bile lakes and
liver fibrosis were observed. Histologically, the liver showed bile duct malformation, which
were defined by the persistence of an excess of embryological bile duct structures in ductal
plate configuration [86]. Furthermore, in three CDG-Ic patients, liver biopsies revealed
abnormal lysosomal inclusions in hepatocytes [88], but no bile duct abnormalities. CDG-1h is
characterized by a severe hepato-intestinal phenotype with elevated liver enzymes and
hepatomegaly [89, 90]. Liver biopsy was performed in one patient, showing multiple, cystic,
dilated intra- and extrahepatic bile ducts. The patients also developed cholestasis and
diffuse renal microcysts [90]. In one neonate patient with CGD-Ilb, progressive
hepatomegaly was observed and the patients died after 74 days. Post mortem light
microscopy of the liver revealed dilatation and proliferation of the bile ducts. Furthermore,
the liver displayed progressive cholangiofibrosis, steatosis, cholestasis and the appearance
of bile thrombi in hepatocytes and bile ducts [91].

1.2.3.3 Glyco-biomarkers of cancer and chronic inflammation

In addition to its diagnostic properties in liver diseases, that will be discussed in section 1.4,
N-glycosylation has especially been useful for the diagnosis of cancer and chronic
inflammation. Obviously, both are associated with liver diseases and there will be some
overlapping features.

Two of the most well characterized glycosylation changes in the N-linked serum glycome of
cancer patients are the degree of branching (indicated by the number of GIcNAcs attached
to the chitobiose core) and the levels of sialyl Lewis x (SLe”) structures [92, 93]. The SLe*
epitope consists of a sialic acid residue a2,3-linked to galactose with fucose a1,3 fucose
linked to GIcNAc. These glyan biomarkers have also been identified as markers for chronic
inflammation [94, 95]. Tumors and tumor microenvironments are rich sources of cytokines
and in late stages of tumor progression, the serum of cancer patients can present markers of
chronic inflammation. These glycosylation changes correlate with the level of CRP in stage
four ovarian cancer patients [92]. In 90% of patients, resection of the tumor in non small-cell
lung cancer leads to postsurgical reduction in the level of SLe* in the serum glycome, with
60% reaching normal levels [96]. SLe* has long been established as being vital for the
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process of leukocyte extravasation from the blood stream. SLe* is a ligand for endothelial-
selectin (E-selectin) which expressed exclusively on endothelial cells in response to
inflammatory stimuli [97]. Leukocytes, which display SLe* epitopes, exploit this interaction to
adhere to the endothelium and initiate rolling. Following integrin interactions, the cells
extravasate from the blood stream. SLe* levels are significantly higher on metastatic cancer
cells [98] and can be exploited to aid metastasis [99].

Obviously, individual serum proteins, that are primarily produced by the liver, also contain
both glycan alterations in oncogenic and inflammatory conditions. Immunoglobulin G is an
abundant serum protein in humans that is not produced by the liver, but released by plasma
cells in response to antigens that activate B-cells. Most N-glycans on IgG are biantennary,
whereas multi-antennary glycans on IgG are rare [100]. Especially the galactose content of
the IgG glycoforms is known to vary in cancer and inflammation. The completely
agalactosylated glycoforms (IgG-GO0) are elevated in cancer patients and they have been
shown to increase with tumor progression [92, 101]. Hyperfucosylation has also been
identified, but this could be the result of the increase in agalactosylated glycoforms which are
also all fucosylated. Although present in cancer, increase of IgG-G0 were especially found in
chronic inflammatory conditions such as rheumatoid arthritis (RA), Crohn’s disease,
systemic lupus erythematosus and tuberculosis [102, 103]. In RA, the level of IgG-GO is
more than two SDs above those of aged matched healthy controls [102, 104], correlates with
disease activity and is directly associated with pathogenesis in a mouse model [105].
Interestingly, the elevation of IgG-GO is reversible and levels in RA patients who go into
remission during pregnancy generally fall into normal range in the third trimester [105].

The reduction in galactosylation of IgG glycans is not a consequence of elevated IgG
synthesis by B cells, as there is no correlation between the serum concentration of IgG and
lgG-GO in patients with RA, suggesting the glycosylation machinery is sufficient to deal with
the increased protein trafficking [103]. The increase of IgG-G0 has been associated with
lowered galactosyltransferase (GalT) activity [106, 107]. There is a linear correlation
between B and T cell GalT activity and 1gG-GO0 levels in RA serum [108]. However, other
studies have not identified a difference in the level of GalT within B cells from RA patients
and suggest that the reduced GalT activity may arise from a reduced activity of the enzyme
[109]. The factors that contribute to the reduced GalT activity in the plasma cell subset
remain to be established.
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1.3 Non-invasive alternatives for liver biopsy

1.3.1 Liver biopsy: limitations and complications

Liver biopsy is invasive and can cause significant complications. Nearly 30% of patients
report having substantial pain after liver biopsy, and some experience serious complications
such as pneumothorax, bleeding, or puncture of the biliary tree. In very rare cases, patients
die of intraperitoneal bleeding. The mortality is about 1 in 10 000 [1, 2]. Performing liver
biopsies generally has substantial socio-economic cost, since the patients must be observed
for bleeding complications. Moreover, due to its invasive nature, it can not be used
repeatedly in follow-up.

Furthermore, hepatic pathology, particularly fibrosis, is not always uniformly distributed.
Surgical wedge biopsy provides adequate tissue volume to overcome this problem. Needle
biopsy, on the other hand, provides a much smaller volume of tissue (1/50 000 of total mass)
[2]. As examples of the resulting sampling errors that can occur, consider the two most
common chronic liver diseases: hepatitis C and fatty liver disease. Regev et al performed
laparoscopically guided biopsy of the right and left hepatic lobes in a series of 124 patients
with chronic hepatitis C [3]. Biopsy samples from the right and left lobes differed in the
intensity of inflammation in 24.2% of the cases and in the intensity of fibrosis in 33.1%.
Differences of more than one grade of inflammation or stage of fibrosis were uncommon.
However, in 14.5%, cirrhosis was diagnosed in one lobe, but not in the other. In a study with
non-alcoholic fatty liver disease, Ratziu et al found that none of the features characteristic of
non-alcoholic steatohepatitis were highly concordant in paired liver biopsies [4]. Finally, in a
study of 10 000 liver biopsies, Bedossa demonstrated that only 65% of the biopsies with a
length of 15 mm and 75% of biopsies with a length of 25 mm the stage of fibrosis was
correctly diagnosed [5]. In our experience, the length of needle biopsies rarely exceed 15
mm. Clearly, needle liver biopsy is far from an ideal test.

Increasingly, liver diseases can be diagnosed precisely with imaging techniques, serum
markers, or both. It is foreseen that liver biopsy will play a lesser role in diagnosis in the near
future.

1.3.2 Imaging techniques

A central limitation of the imaging techniques is that they appear to perform better in the
detection of advanced stages of liver disease. Therefore, imaging techniques have great
value in the detection of cirrhosis and especially HCC, but the sensitivity of detection is
usually lower in fibrotic livers. In addition, much more imaging techniques can be used to
diagnose HCC and these techniques are therefore discussed separately.

72



1.3.2.1 Imaging of fibrosis/cirrhosis

The basic principle of transient elastography is that propagation velocity of a wave through a
homogeneous tissue is proportional to its elasticity (stiffness). The elasticity has been
demonstrated to correlate to the amount of fibrosis in the liver [6]. The transducer is placed
over the liver and transmits a low-frequency (50 Hz) wave that propagates through the liver
and the velocity of the wave is then measured by pulse-echo ultrasound. If the liver is
fibrotic, the elastic waves propagate more rapid than in a normal liver [7]. In 5-10% of
patients, valid measurements can not be obtained due to overweight (25% of patients with a
BMI>30 can not be scanned), narrow intercostal space and ascites [8]. Studies have shown
high intraobserver and interobserver agreement (interclass correlation coefficiency 0.96-
0.98% and 0.89-0.98) [9].

In 2003, a first study of transient elastography was published [7]. In total, 91 patients with
chronic hepatitis C were examined with liver biopsy as well as liver elasticity measurements.
The study demonstrated good correlation between histological grading and liver elasticity.
Transient elastography was 99% effective in detecting cirrhosis and 88% effective in
detecting fibrosis. Many studies have followed after this initial investigation with similar good
results, although the very high area under curve (AUC) could not be reproduced. Important
is that optimal cut-off values are not the same for cirrhosis of different etiology. The optimal
cut-off values in HBV patients was lower than for HCV patients. In contrast, the optimal cut-
off value for patients with cirrhosis because of alcohol abuse or NASH was higher [10]. The
correlation between liver stiffness values and liver biopsies does not seem to be affected by
steatosis [11]. Finally, transient elastography also correlates with the presence of portal
hypertension and related complications such as esophageal varices [12].

However, it has been demonstrated that liver stiffness measurement is unsuitable for
detecting fibrosis in patients with acute hepatitis [13, 14]. There are speculations that
measurement of liver stiffness may be misleading in patients with chronic liver diseases
during intermittent flares of liver inflammation. It is still unclear to which degree transient
elastography may replace liver biopsies. Castera et al suggested that 77% of all liver
biopsies (viral hepatitis) could be avoided by transient elastography combined with
biomarkers [15].

A technique that appears even more promising is magnetic resonance elastography [16].
The technique is similar to that used in ultrasound elastography in that it uses a vibration
device to induce a shear wave in the liver. However, in this case, the wave is detected by a
modified magnetic resonance imaging machine, and a color-coded image is generated that
depicts the wave velocity, and hence stiffness, throughout the organ. Studies have shown a
magnetic resonance scoring system that distinguishes Child-Pugh grade A cirrhosis from
other grades to be 93% sensitive and 82% specific [17]. The strength of this technique is that
the separation of values for varying stages of fibrosis is very good and considerable better in
comparison to ultrasound elastography [18].
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1.3.2.2 Imaging of hepatocellular carcinoma

Four imaging techniques are frequently used in the assessment of liver cancer. Contrast-
enhanced ultrasound (CEUS), computed tomography (CT), magnetic resonance imaging
(MRI) and positron emission tomography (PET). These four are discussed shortly in the
following two paragraphs. Imaging of the liver vasculature is an important part of HCC
imaging owing to the very strong neo-angiogenesis in hepatocarcinogenesis.

CEUS makes use of ultrasound contrast agents (UCAs). UCAs used in diagnostic ultrasound
are characterized by a microbubble structure, consisting of gas bubbles stabilized by a shell
[19]. Microbubbles sizes typically range from 3 to 5 um and on intravenous injection remain
in the vascular compartment for several minutes, being small enough to avoid filtration by
the lungs and too large to enter the interstitial fluid. These compounds demonstrate strong
non-linear harmonic responses when insonated with low acoustic pressure and generate
specific signals without being destroyed when insonated at low mechanical index, thus
allowing continuous real-time imaging [19]. For CT, a ‘dual-phase’ technique is commonly
employed with image acquisition in the hepatic arterial dominant phase and in the portal
venous-dominant phase. The ‘triple-phase’ technique includes an early arterial phase,
imaged 18-25s following bolus injection of contrast [20]. In contrast to CT, lesion/liver
contrast is higher for MRI than with CT and the flexibility and range of pulse sequences
available in MRI provide a significant advantage over CT. Hepatobiliary MRI uses several
magnetic resonance pulse sequences, each of which produces images that provide unique
information about the liver and the biliary tree [21]. Finally, PET has the advantage over
cross-sectional anatomical imaging of providing whole body imaging, allowing the detection
of multifocal and metastatic disease. There are many radiopharmaceuticals based on
labeled short-lived positron-emitters, of which, the most widely used is the fluorinated
glucose derivative '®F-fluorodeoxyglucose, but this does not work in all patients [22].

Despite technical improvements in all imaging techniques, difficulties remain in detecting
small (<2 cm) lesions in the cirrhotic liver. A recent prospective study comparing imaging
findings with pathological examination of the transplanted liver in a pre-transplant population,
found that ultrasound, MRI and CT had similar sensitivities for HCC detection on a lesion-by-
lesion basis, although ultrasound performed slightly better on a patient-by-patient basis [23].
PET failed to detect any of the pathologically proven HCC lesions. Currently, ultrasound is
recommended in the screening of patients at risk of HCC [24]. In experienced hands,
ultrasound can detect 80-90% of lesions 3-5 cm in diameter and has 60%-80% sensitivity in
the detection of lesions of 1 cm [25, 26]. In cases of elevated AFP with no nodule visible on
ultrasound, CT is recommended to investigate the possibility of infiltrative HCC. In a
prospective study comparing CT findings and pathological examination of the transplanted
liver in large pre-transplant population with cirrhosis, CT detected tumor in only 44% of
patients in whom HCC was found at pathological examination [27]. In contrast to other
imaging techniques, the sensitivity of MRI in the detection of HCC decreases in cases with
advanced cirrhosis [28], and the presence of ascites can generate significant artifacts.
Additional difficulties can arise in distinguishing well-differentiated HCC from regenerative
and dysplastic nodules [29].
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1.3.3 Serum markers

1.3.3.1 Serum markers for fibrosis/cirrhosis

Serum markers of liver fibrosis progression can be divided into Class | and Class Il
biomarkers of fibrosis. The markers of Class | directly represent the intensity of fibrogenesis
or fibrinolysis. Frequently, they involve costly laboratory tests and are the result of translation
of fibrogenic mechanisms into clinical application. Therefore, their selection is hypothesis-
driven. Class Il biomarkers are empirically derived indexes which include proteins, enzymes,
coagulation factors, and other various biochemical and cytological markers often combined
into mathematical formula. They usually represent the stage of fibrosis or the extent of
fibrotic transformation of liver parenchyma. These two groups of biomarkers are useful for
different purposes, Class | are generally (but not always) more sensitive in determining
intensity of fibrogenesis, or grade of the disease, Class Il markers could help us estimate the
extent of fibrosis or stage of the disease [30]. Due to the large number of these biomarkers,
they are summarized in two tables with the focus on the relatively few markers which gained
limited clinical importance. For the Class Il markers, only the liver fibrosis scoring systems
are given [31].

Table 3.1 Class | biomarkers of liver fibrogenesis

Specimen

Serum

Urine

Liver biopsy

Method

Extracellular matrix-related enzymes

Prolyl hydroxylase

RIA, radioenzymatic

Monoamine-oxidase + - (+) Enzymatic
Lysl oxidase + - + RIA
Lysyl hydroxylase + - - RIA
Galactosylhydroxylysyl-glucosyltransferase + - + RIA
Collagen peptidase + - + Enzymatic
N-acetyl-b-D-glucosaminidase + + + Enzymatic
Collagen fragments and split products
Type-l-procollagen
N-terminal propeptide (PINP) + - + ELISA
C-terminal propeptide (PICP) + - + RIA
Type-lll-procollagen
Intact procollagen + - - RIA
N-terminal propeptide (PIIINP)
Complete propeptide (Col 1-3) + - - RIA
Globular domain of propeptide (Col-1) + - - RIA
Type IV-collagen
NC1-fragment (C-terminal) crosslinking domain (PIVP) + + - RIA, ELISA
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7S domain (“7S collagen”) + + - RIA
Type Vl-collagen + + + RIA
Glycoproteins and matrix-metalloproteinase (inhibitors)
Laminin, P1-fragment + - - RIA, EIA
Undulin + - - EIA
Vitronectin + - - EIA
Tenascin + - - ELISA
YKL-40 + - + RIA/ELISA
(pro) MMP-2 + - - ELISA
Tissue inhibitor of metalloproteinases (TIMP-1, TIMP-2) + - - ELISA
sICAM-1 (soluble intercellular adhesion molecule, + - - ELISA
sCD54)
Glycosaminoglycans
Hyaluronic acid (hyaluronan) + - - Radioligand assay/ ELISA
Molecular mediators
Transforming growth factor beta (TGF-B) + - - ELISA
Connective tissue growth factor (CTGF, CCN2) + ? - ELISA

MMP, matrix metalloproteinase; RIA, radioimmunoassay; ELISA, enzyme linked immunosorbant assay; EIA, enzyme
immunoassay. Adapted from [30].

Table 3.2 Liver fibrosis scoring systems

Index Parameters Type of chronic  Sensitivity Specificity Reference
liver disease (%) (%)

Liver fibrosis scoring systems using standard laboratory tests

Sheth index (De  AST/ALT ratio HCV 53 100 [32]

Ritis)

Bonacini-index ALT/AST-ratio, INR, HCV 46 98 [33]
platelet count

Pohl-score AST/ALT-ratio, platelet HCV 41 99 [34]
count

Forns-index Age, platelet count, GMT, HCV 94 51 [35]
cholesterol

WAI-index AST, platelet count HCV 89 75 [36]

(APRI)

Testa-index Platelet count/spleen HCV 78 79 [37]
diameter-ratio

FIB-4 Platelet count, AST, ALT, HCV/HIV 70 74 [38]
age
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Liver fibrosis scoring systems using non-standard laboratory tests

PGA-index Prothrombin time, GMT, A1 mixed 91 81 [39]
apolipoprotein
PGAA-index Prothrombin time, GMT, Alcohol 79 89 [40]

apolipoprotein A1, a2-
macroglobulin

Fortunato-index  Fibronectin, prothrombin ~ HCV 94 [41]
time, PCHE, ALT, Mn-
SOD, B-NAG
FibroTest Haptoglobin, a2- HCV 75 85 [42]
(Fibro-score) macroglobulin,
apolipoprotein A1, GGT,
bilirubin
ActiTest FibroTest+ALT HCV [43]
Sud-index Age, AST, cholesterol, HCV 96 44 [44]
(fibrosis insulin resistance
probability (HOMA), past alcohol
index, FPI) intake

Liver fibrosis scoring systems using Class | fibrosis markers

Patel-index Hyaluronic acid, TIMP-1, HCV 77 73 [45]
a2-macroglobuin

Leroy-score PIIINP, MMP-1 HCV 60 92 [46]

Rosenberg- PIINP, hyaluronic acid, Mixed 90 41 [47]

score (ELF TIMP-1

score)

Fibrometer test  Platelet count, Mixed 81 84 [48]

prothrombin index, AST,
a2-macroglobulin,
hyluronic acid, urea, age
Hepascore Bilirubin, GMT, HCV 63 89 [49]
hyaluronic acid, a2-
macroglobulin, age,
gender

AST, aspartate aminotransferase; ALT, alanine aminotransferase; HCV, hepatitis C virus; INR, international normalized ratio;
GMT, gamma-glutamyl transferase; APRI, aminotransferase to platelet ratio; HIV, human immunodeficient virus; PCHE,
pseudocholinesterase; Mn-SOD, Mn superoxide dismutase; B-NAG, beta-N-acetylglucosaminidase; HOMA, Homeostatic Model
Assessment ; TIMP-1, Tissue inhibitor for matrix metalloproteinases. Adapted from [31].

1.3.3.2 Serum markers for hepatocellular carcinoma

In analogy with the markers for fibrosis/cirrhosis, the list of serum markers for hepatocellular
carcinoma is extensive. Therefore, a short discussion of the most important (clinically
relevant) markers is given.

a-fetoprotein is a unique marker that is used in clinical practice in combination with hepatic
echography in the screening of cirrhotic patients to discover HCC, but other markers have
been studied to reach an earlier diagnosis. Moreover, cirrhotic patients can show a transient
AFP elevation that is associated with hepatocyte regeneration as a consequence of liver
necroinflammation [50]. Persistent AFP elevations is found in some of these patiens. In this
case, Lens culinaris reactive AFP (AFP-L3%) measurement may be of help in the HCC
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diagnosis. AFP-L3% is the product of a-1,6-fucosyltransferase; this enzyme is higher in HCC
tissues than in peritumoral tissues [51]. Therefore, AFP-L3% is considered more specific
than AFP in HCC diagnosis.

Eighty percent of the patients with small HCC-lesions show no increased AFP concentration.
Sensitivity of AFP even decreases from 52% to 25% when tumour diameter is respectively
>3 cm and <3 cm, suggesting a correlation between serum AFP concentration and tumour
size [52]. So far, no universally accepted guidelines have been formulated. AFP also has a
role in monitoring the response to treatment in HCC. A decrease in serum AFP
concentration with a half-time of <5 days and a normalization to an AFP serum concentration
of <10 pg/l is one criterion to assess treatment effectiveness [53]. However, this criterion can
only be applied when serum AFP concentration is elevated prior to treatment. In HCC
patients where serum AFP is not increased before therapy, AFP has a limited value for
assessing treatment response [54]. Table 3.3 summarizes diagnostic values of serum AFP
levels using different cut-off values.

Table 3.3 Summary of diagnostic values of alpha-fetoprotein levels for detecting HCC

Cut-off value (ug/l) Sensitivity (%) Specificity (%) Reference
20 55-60 88-90 [55, 56, 57]
50 47 96 [58]
100 31.2 98.8 [55]
200 22.4 99.4 [55]
400 17.1 99.4 [55]

Adapted from [61]

The following markers act as a diagnostic aid for HCC. Des-gamma-carboxyprothrombin is
an abnormal prothrombin identified as a biomarker for HCC diagnosis. Squamous cell
carcinoma antigen (SCCA) expression is more increased in premalignant dysplastic nodules
than in HCC [58]. Smaller HCC show a higher SCCA expression than larger ones:
decreased SCCA expression is correlated with progression of tumor size while increased
SCCA expression in surrounding non-tumoral tissues of larger HCC is a marker for
neoplastic transformation. Serum proteomics is used for the serologic recognition of protein
profiles associated with cancer. Proteomic approach can accurately identify clinical HCC in
cirrhotic patients. Golgi Protein 73 is considered a possible marker for HCC; in fact it shows
a specificity of 75% and a sensitivity of 69% [59].

The following markers determine prognosis in HCC. Glypican-3 (GPC3) expression is less
frequently observed in well-differentiated HCC than in moderately and poorly differentiated
HCC. GPC3-positive patients show a lower survival than GPC3-negative patients. Vascular
endothelial growth factor (VEGF) positively regulates tumor neovascularization. HCC
patients with overexpresion of VEGF have a lower survival rate. The increase of P-aPKC-1
expression is correlated with more aggressive tumoral behavior, it is considered a prognostic
factor for the survival of HCC patients. Chromogranin A is used to evaluate neuroendocrine
differentiation of HCC and it may be of help in the therapeutic approach. The overexpression
of hepatic transforming growth factor B1 is found in HCC and is correlated with
carcinogenesis, progression, and prognosis of HCC [59].

Finally, particular markers can aid in monitoring therapy in advanced HCC. Hepatocyte
growth factor is considered a useful marker for evaluating the possible complications arising
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after curative hepatic resection. Serum anti-p53 correlated positively with a poor prognosis
and a shorter survival. It is used in the planning of HCC therapy [60]. E-cadherin and -
catenin are reduced in poorly differentiated cancer and their expression is correlated with
metastasis development.
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Chronic liver diseases are a serious health problem worldwide. The current gold standard to assess structural liver dam-
age is through a liver biopsy which has several disadvantages. A non-invasive, simple and non-expensive test to diagnose
liver pathology would be highly desirable. Protein glycosylation has drawn the attention of many researchers in the search
for an objective feature to achieve this goal. Glycosylation is a posttranslational modification of many secreted proteins
and it has been known for decades that structural changes in the glycan structures of serum proteins are an indication
for liver damage. The aim of this paper is to give an overview of this altered protein glycosylation in different etiologies
of liver fibrosis /cirrhosis and hepatocellular carcinoma. Although individual liver diseases have their own specific markers,
the same modifications seem to continuously reappear in all liver diseases: hyperfucosylation, increased branching and a
bisecting N-acetylglucosamine. Analysis at mRNA and protein level of the corresponding glycosyltransferases confirm
their altered status in liver pathology. The last part of this review deals with some recently developed glycomic techniques

that could potentially be used in the diagnosis of liver pathology.
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1. Introduction

Over the years it has become apparent that changes in
protein glycosylation play an important role in the path-
ogenesis and progression of various liver diseases. In
order to comprehend the relationship between glycosyl-
ation and liver diseases, some basic insight into this
complex phenomenon is necessary. Therefore, a short
introduction is provided, which covers basic biochemical
aspects of glycosylation (see Fig. 1).

In general, glycosylation consists of co- and post-
translational modification steps, in which individual gly-
cans are added to proteins translated into the
endoplasmic reticulum (ER), forming oligosaccharide
chains. This is an enzyme-directed and a site-specific
process. Two types of protein glycosylation exist: N-gly-
cosylation to the amide nitrogen of asparagine (Asn)
side chains and O-glycosylation to the hydroxyl groups
of serine (Ser) and threonine (Thr) side chains. Most
proteins in human serum contain one or more N-linked
glycans, with the exception of albumin and C-reactive

0168-8278/$34.00 © 2008 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Sialic acid
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N-acetylglucosamins g—e———— Fucose

Fig. 1. N-Glycan with indication of the individual monosaccharides and
the different binding types between the monosaccharides. a1-3: alpha 1-3
binding; al-6: alpha 1-6 binding; a2-6: alpha 2-6 binding; b1-2: beta 1-
2 binding; b1—4: beta 14 binding; b1-6: beta 1-6 binding.

protein. O-glycans are found in mucins, which are abun-
dantly present on mucosal surfaces and saliva. Most
modifications of glycosylation in liver diseases that have
been studied affect M-glycosylated proteins and these
will primarily be discussed. The N-oligosaccharide chain
is attached to asparagine occurring in the tripeptide
sequence Asn-X-Ser, in which X could be any amino
acid except proline [1-4].

The biosynthesis of N- and O-glycans take place in
the ER and the Golgi apparatus and it can be roughly
divided in three steps [5]. The first step in N-glycosyl-
ation is carried out in the ER and consists of the for-
mation of an oligosaccharide-lipid complex containing
three glucoses, nine mannoses and two N-acetylglu-
cosamines (GlcINAc). The lipid portion (dolichol} acts

Table 1

as a carrier molecule. The second step is the transfer
of the oligosaccharide portion to a growing nascent
polypeptide and the simultaneous removal of the three
glucose residues and 1 mannose residue. The prema-
ture glycoprotein is then mediated to the Golgi appa-
ratus where residual monosaccharides are removed
until a (mannose}s{GIcNAc), heptasaccharide chain
is formed. From here on, specific glycosyliransferases
(Table 1 and [9-11]} and glycosidases will further
modify the core-structure by adding or removing
monosaccharides, respectively [6]. Glycosyltransfer-
ases make use of nucleotides sugars (donors} in order
to incorporate monosaccharides into the N-glycan.
Glycosidases on the other hand, catalyze the hydroly-
sis of the glycosidic linkage. Tn addition, glycans can
have various branches {2-5} and are termed bi-, tri-,
tetra- and penta-antennary, respectively. The enzy-
matic addition and removal of monosaccharides allow
the formation of glycans with various length, compo-
sition and structure [7,8].

The functional role(s) of the N-linked carbohydrate
moieties of glycoproteins is/are often not well under-
stood. However, glycosylation is a necessity in the cor-
rect folding of certain proteins. Aberrant protein
folding affects various physiochemical and functional
properties of proteins: protein stability, protein solubil-
ity, protein inter-/intracellular transport and half-life in
blood. The opposite can also be true. Carbohydrate
moieties on glycoproteins also fulfill a role in intercellu-
lar contact and comnmnication, which is an important
aspect of host immunity as well as cancer [12-15].

The liver contains various receptors on sinusoidal
and hepatocyte surfaces. A lot of proteins that bind to
these receptors rely on their carbohydrate moieties.
Besides changes in glycosylation patterns, the changes
in receptor concentration and distribution also occur
in varions chronic liver diseases (cirrhosis, hepatocellu-
lar carcinoma (HCC)} and alcoholic liver diseases

Glycosyltransferases that are important in the modification of V-glycans on serum proteins.

Glycosyltransferase family

Mammalian glycosyltransferases

Substrate specificity

ol,2- Fucosyltransferase”

Fucosyltransferases [9]
al,6-Fucosyltransferase

ol,3/4-Fucosyltransferase”

@l,2 Linkage to the terminal Gal residue in N- or O-
glycans

a1,3 or al,4 Linkage to GlcNAc in GleNAc-Gal structures
al,6 Linkage to the innermost (core) GleNAc in N-glycans

N-Acetylglucosaminyltransferase IIT

N-Acetylglucosaminyltransferases [10]

N-Acetylglucosaminyltransferase V

N-Acetylglucosaminyltransferase IV

GnT-III catalyzes the addition of GleNAc via [}1-4 linkage
to the f-mannose core of N-glycans

GnT-IV catalyzes the formation of GleNac-f31-4 branches
at the Man a1-3 side of the trimannosyl core of N-glycans
GnT-V catalyzes the formation of GleNAgc-[1-6 branches
at the Man a1-6 side of the trimannosyl core of N-glycans

Sialyltransferases [11] o2,6-Sialyltransferase”

o2,3-Sialyltransferase”

ST6Gall mediates the transfer of sialic acid residue with an
a2,6-linkage to a terminal Gal residue

ST3Gall mediates the transfer of sialic acid to a Gal
residue of a terminal Galf1-3GalNAc oligosaccharide

" Different glycosyliransferases of this class are known.
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Application

Man/Gle (Man > Gle > GleNAg)

Man/Gle (Man > Gle > GleNAc)

Complex (Galf(1,4)GlcNAcp(1,2)Marn)

Con A has been extensively used in the isolation
and structural studies of glycoconjugates and it
has some clinical uses such as crossed affinity
immunoelectrophoresis

Lens lectin is used for the isolation and analysis of
glycoproteins. It is also a useful tool for the
determination of the degree of fucosylation of
alpha-fetoprotein and the histochemical staining
of glycoconjgates

The Lotus lectins have specifically been used for
the recognition of fucosylated glycans

Especially used for the identification of glycans
with a bisecting modification

Table 2

Commonly used lectins for the study of altered glyean structures in chronic liver diseases [20].
Lectin Common name  Specificity
Canavalia ensiformis Jack Bean

{Concanavalin A, Con A)

Lens culinaris (LCA) Lentil

Lotus tetragonolobus (LTA)  Asparagus pea  Fuc (a-L-Fuc)
Phaseolus vulgaris: Kidney bean
erythroagglutinating

(E-type, E-PHA)

Phaseolus vulgaris: leuco- Kidney bean

agglutinating (L-type, L-PHA)

Complex (Galf{1,4)GleNacpil,2)
[Galf(1,4)GleNAcp(1,6)Man)

As L-PHA is reactive with {3(1,6) branched
structures of trimannosyl core asparagine-linked
glycans which are highly selective markers of the
metastatic potential of tumor cells, this lectin is
used in cancer diagnosis

(ALD)). This leads to an accumulation of certain glyco-
proteins in the circulation [16,17].

In the following sections we will discuss the role of
glycosylation in liver fibrosis and its relation to various
liver pathologies (ALD, hepatitis B, bile-related diseases
and obesity) and its role in HCC. The last section will
deal with analytical advances in glycoresearch in recent
years which now allows the rapid and detailed mapping
of the complex mixtures present within biofluid samples.

2. Alteration of glycosylation in fibrosis — cirrhosis

The gold standard to assess liver fibrosis is through a
liver biopsy, which involves the removal of a small liver
sample. It is well known that this procedure is accompa-
nied by several complications. Changes in glycosylation
of serum proteins have been extensively used as a non-
invasive alternative and this has resulted in the develop-
ment of sensitive and discriminating clinical tests for
diagnostic purposes. The rationale for these tests is that
the majority of glycosylated serum proteins are synthe-
sized by the liver and in all major liver diseases, changes
in this glycosylation occur.

While early glycome studies were confined to the study
of sialylation patterns, glycomics has evolved ever since
[18]. In the past two decades, the main way of investigat-
ing glycosylation was by using lectins [19,20]. These
lectins bind with a particular glycan structure {core-
fucosylated glycans, complex glycans,...} (Table 2}.
Today, with the advent of high-throughput glycomic
techniques, we are progressing towards a system biology
approach comprising genomics and proteomics in order
to draw general conclusions about a particular pathology.

2.1. Alcoholic liver disease

Carbohydrate-deficient transferrin {CDT} is the most
used marker of chronic alcohol abuse. Human serum
transferrin is a glycoprotein synthesized by the liver
and involved in iron transport between sites of absorp-
tion and delivery [21]. Chronic ethanol intake alters
the normal microheterogeneity pattern of transferrin
as a consequence of changes in the sialic acid contents
[22,23] (See Table 3 for an overview of the assays that
were used to investigate the glycan status). A decreased
level of dolichel has been observed in rats fed ethanol
[24]. The abnormal terminal sialylation can be explained
by a decrease in [(-galactoside 2,6 sialyltransferase
(ST6Gall) mRNA and protein expression and/or an
increase in hepatocyte membrane associated sialidase
observed during chronic alcohol abuse [25-27]. Oxida-
tion products of ethanol such as acetaldehyde interfere
with the N-glycan biosynthesis and/or transfer by bind-
ing the involved enzymes. Therefore, CDT is likely the
result of changes in glycosylation during biosynthesis
and catabolism. Although CDT is recognized as a mar-
ker of chronic alcohol consumption, the reliability of
this marker is largely dependent on the analytical frac-
tionation method (capillary electrophoresis). Alterations
in glycosylation and lack of clinical analytical standard
methods might contribute to the discrepancy and sensi-
tivity of CDT in clinical settings [28,29].

Desialylation is the most important alteration
observed in ALD. Besides transferrin, many other pro-
teins are know to be desialylated in ALD including oro-
somucoid, aol-antitrypsin, ceruloplasmin [30]. Therefore,
the overall serum desialylation pattern was studied in
which serum total sialic acid (TSA} and serum free sialic
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Table 3

Overview of the main assays used to investigate the glycan status at protein or genetic level in different etiologies of chronic liver diseases.

Etiologies

Alcoholic liver diseases

Fatty liver diseases bile related diseases Viral liver diseases

Hepatocellular carcinoma

HPAEC-PAD [32]
CIAE with Con A [34]

MALDI-TOF MS [41]

HPLC [37] HPLC [38]
Enzyme Assays for GT Enzyme Assay for GnT-II1 [39]
[24,36,37], MT [37], ST [37] and a1 6FT [40]

Assays  Tucose-binding lectin
used coupled to Sepharose
beads [33]
RT-PCR [27]
Northern Blot [25]
Chromatofocusing [23]

Northern Blot [38,39]

Lectin Blotting with E-PTIA [38,39],
L-PHA [39], AAL [40,41], AOL [41],
Con A [41], SSA [41], MAM [41]

DSA-FACE [94] DSA -FACE [95]

CIAE with Con A [60,61,68,
71,77], LCA [52,53,60,63,64,68]
HPLC [60,64,67,69]

Enzyme Assay of »1-6 FT [59,62],
GnT-I [73], GnT-TII [62,71 73,
79,80,82], GnT-IV [62,80,82]
GnT-V [62,77,79,80,82.83], 8T [49]
Lectin Blotting with Con A [72]
LCA [59], B-PHA [72 74],
L-PHA [84] Allo A [66]

RT-PCR [44,45] RT-PCR [69,72,77]

Northern Blot [42.43,45] Northern Blot [59,72,74,79,82,84]
Affinity Column Chromatography
[54.66,70]

Lectin-Affinity Electrophoresis
Con A [55] LCA [55,59],

E-PHA [35] Allo A [55]

In situ hybridization [48]
Immunocytochemical determination
[82,84]

HPLC [100]

Enzyme Assay

of GnT-IIT [42 44],
GnT-IV [42,43],
GnT-V [4243], GT [42]
Lectin FLISA [100]

FACS analysis [42,43]

acid (FSA) were studied as potential markers of alcohol
abuse [31] Both TSA en FSA were significantly
increased during alcohol abuse, but as markers, they
have a low sensitivity (46%) and negative predictive
value (27%}). Consequently, the clinical utility for screen-
ing alcoholic patients is limited.

In terms of changes in glycosylation status, haptoglo-
bin (Hp} has also been proposed as a candidate marker
of ALD, especially alcoholic cirrhosis [32,33]. This
hemoglobin-scavenger showed two major changes in
glycosylation: ncreased branching and increased
fucosylation (hyperfucosylation i.e. the increased pres-
ence of fucose residues in the glycan structure). Hyperfu-
cosylation is predominantly present at the 1,3 position
linked to the subterminal GlcNAc instead of the core
fucose position. The activity of «1,3 fucosyltransferase
in blood is directly associated with elevated Hp concen-
trations. Changes in branching were less frequent but
still significant in ALD. This was determined by an
increased N-acetylglucosamine content of the Hp mole-
cule (mol/mol Hp). However, these alterations were not
specific for alcoholic cirrhosis and were also observed in
cases of primary billary cirrhosis and chronic alcohol
abusers, but were absent in chronic active hepatitis.
Besides haptoglobin, other glycoproteins are known to
exhibit an increased branching during alcoholic liver dis-
gase: oy acid glycoprotein, o2-HS-glycoprotein and
transferrin [34]. In the alcoholic groups, the proportion
of Con A-unreactive subpopulations of these glycopro-
teins increased.

The Golgi apparatus plays an important role in the
alteration of glycosylation patterns of all liver diseases.

This is especially well studied in ALD [35,36]. Charac-
teristic is the significant accumulation of hepatic protein
caused by impaired glycosylation and glycoprotein traf-
ficking. An example of impaired glycosylation is a
decrease in the activity of galactosyltransferase [36]. A
proposed explanation for this reduced Golgi functioning
is the deficient polymerization of microtubular protein
as a downstream consequence of hepatic acetaldehyde
accumulation due to ethanol oxidation [35].

A study by Ghosh et al. [37] summarized the previ-
ously mentioned alterations of N-glycosylation in an
experimental rat model of ATLD: decreased enzyme
activities of mannosyltransferase and galactosyltransfer-
ase, lowered intracellular dolichol concentration, strong
decreased synthesis and activity of ST6Gall. In addition
to these findings, an increase of 30% in liver weight was
observed compared to the body weight of this rat model.
This is due to a significant accumulation of hepatic lip-
ids and proteins, which leads to fatty liver and even ste-
atosis. The novelty of this study is that they also showed
an alteration in O-glycosylation. The protein apolipo-
protein E was used as a model to study this. As in N-gly-
cosylation, an impairment of mannosylation and
sialylation was shown. The relative ratio of labeled
sugar to leucine incorporation {glycosylation index)
showed a 50% decrease for relative mannosylation of
Apo E molecule at both the microsomal and Golgi level.
Glycan structures on apolipoprotein E were hypothe-
sized to play a role in the association between this apo-
lipoprotein and high density lipoproteins {HDL)} and
very low density lipoproteins. The observed impairment
(namely in mannosylation and sialylation of the protein
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molecule) might be responsible for the defective clear-
ance of HDL and therefore lead to a defective choles-
terol transport to the liver and subsequent hepatic
lipid accumulation. Apolipoproteins and their attached
glycans are also involved in the development of a fatty
liver, which is discussed in the next section.

2.2, Fatiy liver diseases

Transgenic mice that specifically express N-acetylglu-
cosaminyltransferase III (Gn'T-III) in the liver had hepa-
tocytes with a swollen oval-like morphology, with many
lipid droplets [38.39]. GnT-11I transfers a GlcNAc resi-
due to the trimannoside core of N-glycans. The aberrant
glycosylation of apolipoprotein-B (increased level of
bisecting GlcNAc) disturbs the function of this protein
and causes a decrease in the release of lipoproteins
and an accumulation of apolipoprotein-B in the liver.
These transgenic mice showed microvesicular fatty alter-
ations with abnormal lipid accumulation in the hepato-
cytes. Beside apolipoprotein-B, apolipoprotein A-1 was
also significantly increased in liver tissue in these mice.
These studies reveal that glycosylation is a factor in
the regulation of lipoprotein metabolism and that an
aberrant A-glycan structure can modify certain bio-
chemical parameters of lipid metabolism in the liver.

Not only GnT-III, but also ectopic expression of al,6
fucosyltransferase causes steatosis in the liver and kid-
ney [40]. Similarly, numerous small vacuoles filled with
lipid droplets were histologically observed. In contrast
to the studies with GnT-III, a significant increase in cho-
lesterol esters and triglycerides was observed. Crucial in
this model was the lowered activity of lysosomal acid
lipase (LAL}, caused by an increased fucosylation of this
enzyme. The accumulation of inactive LAL might con-
tribute to the lipid accumulation observed in the lyso-
sonies of the liver.

2.3. Bile-related liver diseases

Fucosylation of N-glycans on glycoproteins seems to
be the most important alteration in bile-related liver dis-
gases. An increase in fucosylation of biliary glycopro-
teins was reported by Nakawaga et al. [41] who
analyzed the oligosaccharide structure by used 2D map-
ping HPLC (high performance liquid chromatography)
and MALDI-TOF (matrix assisted laser desorption/ion-
ization time-of-flight} mass spectrometry in bile and
serum. The binding of biliary glycoproteins to a lectin
which recognizes fucose residues, was enhanced and spe-
cific glycoproteins (al-antitrypsin, «l-acid glycoprotein
and haptoglobin} were stronger fucosylated in bile
opposite serum of patients with gallbladder stones. It
was suggested that fucosylation of glycoproteins could
be a possible signal for secretion into bile ducts in the
liver. «1-6 fucosyltransferase (Fut8)-deficient mice

showed decreased levels of al-antitrypsin and al-acid
glycoprotem (AGP) i bile and were relocated to the
liver of Fut8-deficient mice [41]. To date, no other study
has confirmed these results in an experimental setting.

2.4 Viral liver diseases

Among the viral liver diseases, the hepatitis B virus
(HBV) infection has been most extensively investigated
in search of changes in glycosylation. Alteration in
glycosylation between HBV and HCC show many simi-
larities, because of the correlation of long-term HBV-
infection and the increased risk of HCC. GnT-11T is
likely to play a prominent role in the alteration of glyco-
sylation in these viral infected population.

An in viiro experiment using human hepatoblastoma
cell line (Huhé) transfected with the hepatitis B viral
genome (HB611) showed a specific decrease in Gn'T-
ITI activity opposite the untransfected Huho cell line
[42]. Glycosyltransferases other than GnT-111 were unal-
tered. Subsequent Northern blot analysis showed that
this difference was due to a decreased transcript of
GnT-1II. GnT-III and GnT-V are known to compete
for the same substrate and by suppressing GnT-111,
HBYV might therefore push the hepatoblastoma cells
towards a more malignant phenotype with branched
complex-type N-linked oligosaccharides proteins. On
the other hand the GnT-ITI gene was transfected into
the HB611 cell line, which resulted in decreased secre-
tion of HBV-related proteins and a marked suppression
of HBV-related mRNAs [43]. This suggests a possible
anti-viral role for this enzyme in in vive circumstances.
These results indicate that some glycoproteins whose oli-
gosaccharide structures are changed by overexpression
of GnT-IIT suppress HBV protein expression. This
might be a unique approach to prevent HBV replication.

However, contradictory results exist concerning
GnT-I1T expression observed in HBV-transfected hepa-
tocyte cell lines [44,45) For instance, in contrast to the
hepatoblastoma cell line, a HBV-transfected fetal hepa-
tocyte cell line showed an increased GnT-111 expression.
In addition, HBV x-protein (HBx)-transfected cell line
showed a much stronger Gn'T-1I1 expression in contrast
to hepatocarcinoma cells and the GnT-III-transfected
cell line [46]. This result suggests strong GnT-III pro-
moter enhancing activity for the HBx-gene. These
HBx-transfected cells also showed an accumulation of
aberrant glycosylated apolipoprotein B’s (increased lev-
els of bisecting GlcNAc), triglyceride and cholesterol.
These findings were supported by the previous men-
tioned transgenic mice in fatty liver diseases. The
observed discrepancy between these studies is caused
by the difference in experimental setting (used cell line,
transfected genes). It is therefore unclear whether
GnT-11T exhibits a positive or negative influence on
the HBV infection.
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One of the few reports where differences in glycosyla-
tion could serve as a discriminating factor between liver
diseases was performed by Anderson et al. [46]. They
used AGP as the model protein to test this. Hyperfu-
cosylation {predominantly «1-3) occurred in all liver dis-
eases, especially in hepatitis B and C virus infected
patients, but an additional N-acetylgalactosamine was
detected in the majority of hepatitis C patients as deter-
mined by high performance anion exchange chromatog-
raphy analysis. This is unexpected because this
monosaccharide is rarely present in N-glycans.

3. Alteration of glycosylation in hepatocellular carcinoma

Alterations to the normal function of the glycosyla-
tion machinery are increasingly recognized as an indica-
tion of malignant cellular transformation. In relation to
HCC, glycosyltransferases are most intensively studied.
Three glycosyltransferases are considered crucial: M-
acetylglucosaminyltransferase V (GnT-V), N-acetylglu-
cosaminyltransferase III (GnT-III} and «1-6 fucosyl-
transferase (al-6FT). These enzymes have been
suggested in the development of fibrosis, but the relation
with HCC is much clearer and well documented. The
activity of these three enzymes is significantly altered
in hepatoma tissues or serum of HCC patients and sug-
gest a subsequent change in glycan structures.

Some evidence can also be found that the expression
of ST6Gall is up-regulated in human HCC patients and
in a transgenic mouse model of HCC [47-49] We
already mentioned this enzyme in ALD where it was
down-regulated. 1t seems that ST6Gall is differently reg-
ulated in cirrhosis and HCC.

3.1 Fucosyliransferases

The best known marker in HCC is the elevated serum
concentration of fucosylated a-fetoprotein (AFP) and
this has become a standard in cancer diagnostics over
the years. The presence of molecular variants of AFP
with different carbohydrate chains has first been demon-
strated by reactions with lectins such as concanavalin A
and lentil lectin (Lens culinaris agglutinin) [50].

It is known that the serum AFP concentration levels
also increase in benign liver diseases such as acute hep-
atitis and cirrhosis. Therefore, the serum AFP concen-
tration alone is of little use in the differential diagnosis
of HCC and benign liver diseases [51]. Consequently,
it is important to develop a method that distinguishes
between HCC and non-neoplastic liver diseases [52,53].
The fucosylation index could be a possible aid to achieve
this goal. Fucosylated AFPs are specifically recognized
by the lentil lectin and were determined by crossed
immunoaffino-electrophoresis as the lentil lectin reactive
fraction in total AFP. The fucosylation index is then the

percentage of the lentil lectin reactive fraction in total
AFP. A highly significant increase in fucosylation index
was observed in cirrhotic patients after the development
of HCC. This index is useful in the early detection of
HCC, especially in patients with cirrhosis which are at
risk of developing HCC in the following years.

Similar results were obtained by other research
groups in patients with low serological levels of AFP
[54,55]. The latter study determined AFP using different
lectins: Con A, LCA-A, E-PHA and allo A. The AFP
bands separated with different lecting in this study
appear to have sugar-chain heterogeneity with little
overlap. The presence of this tumor heterogeneity forms
the basis for the combined evaluation of tumor markers.
A fraction of AFP obtained with the lectin Lens culinaris
agglutinin A (AFP-L3} and another fraction of AFP
obtained with lectin erythroagglutinating phytohemag-
glutinin (AFP-P4} were simultanecus analyzed and
resulted in a very high sensitivity (97%} and specificity
(99.7%) in monitoring the evolution of HCC in cirrhotic
patients. However, when AFP-13 is evaluated individu-
ally, it is known to have a high specificity but not
enough sensitivity to be considered a surveillance tool
for HCC [56] Because AFP-L3 has been related to
tumors with rapid growth, larger size, portal vein inva-
sion and metastasis [57,58), its utility may be more of
a prognostic marker for HCC rather than for a screen-
ing test. In addition to the increase in fucosylation pat-
terns, mRNA of the responsible enzyme «l-6FT was
shown to be enhanced in proportion to the enzymatic
activity in HCC patients [59].

Besides an increment in fucosylation, formation of
new antennae is also a characteristic feature of the car-
bohydrate chains of AFP from patients with neoplastic
liver diseases [60]. Fucosylated tri-antennary, tetra-
antennary and penta-antennary glycans attached to
transferrin synthesized by the human hepatocarcinoma
cell line Hep G2 have been reported by Campion et al.
[61], Ohno et al. provided additional results which con-
firmed these findings in vitro [62]. AFPs were purified
from 2 different hepatoma cell lines {Hep G2 and
HuH-7} and a hepatoblastoma cell line {HuH-6). Simul-
taneously, the activities of a1-6FT, GnT-111 and GnT-V
were assayed in these cell lines. Fucosylated biantennary
structure and «1-6FT were most frequently detected in
all three cell lines. In addition, Hep G2 cells contained
a high level of GnT-V, which catalyzes the formation
of a triantennary structure, while GnT-IIT was elevated
in HuH-6 cells. These data indicate that the sugar struc-
tures of AFP in these cell lines correlate well with the
activities of al-6FT, GnT-111 and GnT-V.

Besides AFP, al-antitrypsin (AAT) is known to
express fucosylated biantennary glycans distinctive for
HCC. Similar to AFP, the percentage of reactive species
with the lectin Lens culinaris agglutinin was shown to be
significantly higher in HCC than in benign liver diseases



398 B. Blomme et al. | Journal of Hepatology 50 (2009) 532 603

and normal controls [63] Further structural analysis on
the AAT-attached glycans was performed and it was
shown that the fucosylated biantennary glycans were
increased two-fold opposite non-fucosylated glycans
[64]. Under normal circumstances, non-fucosylated
biantennary glycans are the most abundant glycans on
AAT [65]. Therefore, an increment in fucosylation on
AAT is a characteristic of patients with HCC. Transfer-
rin (TF) also shows significant changes in glycosylation
patterns (fucosylation) but shows too many structural
variation in contrast to AFP and AAT [66-68] Both
glycoproteins are useful alternatives in case of low
AFP-levels in order to detect HCC. Although, in con-
trast to APF, LCA-reactive AAT and TF are not able
to discriminate between HCC and liver cirrhosis.

Very recently, a study appeared that links N-glycan
alterations to drug resistance in HCC. Especially a1-6
FT was overexpressed in drug-resistant cell lines and
the glycomics analysis showed high core-fucosylation
[69]. This further emphasizes the existence and impor-
tance of fucosylation anomalies occur in HCC.

3.2. N-acetylglicosaminyliransferases

3.2.1. N-acetylglucosaminyltransferase 1T

N-acetylglucosaminyltransferase 111 adds a “bisect-
ing” GlcNAc in p1,4 linkage to the p-linked mannose
Asn-linked core structure. This enzyme was determined
in hepatic nodules of humans and rats and the GnT-III
activity in these nodules were shown to be significantly
higher in contrast to its surrounding and the control liver
[70-72]. These studies suggest a possible correlation
between the Gn'T-I11 activity and the precancerous stage
of hepatocarcinogenesis. The activity of GnT-ITTin serum
samples of HCC patients was determined by HPLC and it
was significantly higher up-regulated in these patients in
contrast to patients showing liver cirrhosis, chronic hepa-
titis and healthy controls. The GnT-1IT activity could be
useful in HCC treatment follow-up because GnT-111
activity is significantly reduced in HCC following percu-
taneous ethanol infection therapy and/or transcatheter
arterial chemoembolization [71].

GnoT-11I exerts different (pathological) activity in an
experimental mouse and rat model [70,73]. Hepatic
tumor formation in the mouse model was not accompa-
nied by an increase in GnT-111 activity nor glycoproteins
expression showing a bisecting GIcNAc. They could also
show that in Mgati’*/ ~ mice (GnT-III coding gene) ini-
tiation of hepatic neoplasms was normal, but progres-
sion was severely retarded. A glycoprotein with the
bisected GIcNAc synthesized outside of the liver might
act as a necessary growth factor in tumor progression.
Moreover, diethylnitrosamine {DEN) induced HCC in
transgenic mice (Mgat3®'2, carrying a deletion in the
Mgai3 gene) remained unaltered by high levels of
GnT-III in the liver. Ectopic expression of the Mgai3

gene in the liver followed by DEN induced HCC and
subsequent phenobarbital (PB) treatment did not result
in significant changes in the number of tumors or liver
weight [74]. The retarded tumor progression in the
Mgatj’_/ ~ mice was showed a decrease in hepatocyte
proliferation rather than an increase in hepatocyte
apoptosis [75]. When the glycoprotein factor lacks the
bisecting GlcNAc, it can not exert its normal function.
The growth factor acting glycoprotein with the bisecting
GlcNAc has still to be identified.

3.2.2. N-acetylglucosaminyltransferase V'

B1-6-GlcNAc branching providing by GnT-V is
directly associated with metastasis [76] and might serve
as marker for twmor mvasiveness in HCC patients
[77) GnT-V is coded on the Mgat5 gene which is regu-
lated by the Ras signaling pathway. This pathway is
commonly up-regulated in various tumor cells [78]. In
analogy with «l-6 fucose, pl-6 branching is also a
molecular signal that exerts a particular biological func-
tion. Phosphorylation is another posttranslational mod-
ification and its importance in inter-/intracellular signal
transduction is well known. It seems that glycosylation
might have a similar signaling function.

Both GnT-IIT and GnT-V activity are increased in
HCC, but the activity of Gn'T-III is much more promi-
nent than GnT-V [79-81] As previously mentioned,
both glycosyltransferases compete for the same sub-
strate. An increase in GnT-III activity might suppress
GnT-V activity and subsequent GlcNAc pl1-6 branch-
ing. In several cancers it has been shown that GnT-111
counteracts tumor progression, while GnT-V promotes
it [44,76]. Moreover, it is known that GnT-III and
GnT-V activity undergo opposing changes during differ-
ent stages of the cell cycle in a hepatoma cell line [§2].
These changes might be the result of a change in regula-
tory mechanisms of the cell cycle. The peak activity of
GnT-IIT (during GO/G1) coincided with the lowest
activity of GnT-V during G0/Gl-stage while the oppo-
site is seen during G2/M-stage.

A progressive increase in GnT-V was observed during
HCC and was likely correlated with the TNM-classifica-
tion of HCC. GnT-V activity in advanced HCC was
clearly up-regulated opposite early HCC [§3]. However,
these findings were contradicted by the study of Ito et al.
which showed a reversed expression level in early and
advanced stages of HCC [84].

4. From glycoproteomics to glycomics

Glycosylation has evolved from simple surface gly-
cans for the discrimination of blood types to glycans
determining tumor progression. (Given the importance
of glycans in various biological activities (e.g. liver dis-
eases) and the restriction of genomics and proteomics,
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glycomics has emerged among other — omics domains.
The glycome can be defimed as the complete set of glycan
structures present in specific cells, tissues or organisms.
The dynamic nature of these post-translational modifi-
cations and their complex regulation indicate that direct
mapping of the total pathologic changes to glycans may
be more informative than characterizing the glycans on
individual proteins [85,86]. Glycomic analysis also over-
comes the problem of microheterogeneity of single pro-
teins. Individual proteins mostly do not have one
characteristic alteration in liver pathology (what would
be favorable in clinical testing}, but multiple transitions.

Many previous analyses have been performed with
the technology also commonly used in proteomics. For
instance, two-dimensional gel electrophoresis of serum
from alcoholic patients with or without liver cirrhosis
resulted in microheterogeneity among Hp, AAT and
TF proteins in these patients [87]. Further analysis using
lectin blotting showed common changes in glycosylation
as an early indication or result of excessive alcohol con-
sumption. A similar approach was used by Henry et al.
[88] in the study of carbohydrate deficiency syndrome.
In addition, mass spectrometry provides glycan struc-
ture information based on fragmentation patterns and
the mass of the different sugar components.

Nowadays, N-glycans are enriched by peptide-N-gly-
cosidase and are investigated in a protein-independent
way. The N-glycan fraction can either be analyzed by
mass spectrometry or by normal phase high performance
liquid chromatography (NP-HPLC) using lectin-affinity
column. NP-HPLC provides N-glycan profile, visualized
asanelectroferogram. Improvement has been made in the
N-glycan profiling using DINA sequencer-assisted fluoro-
phore-assisted carbohydrate electrophoresis {DSA-
FACE) [89]. An important advantage of this technology
is that the results can be combined and compared with
those obtained from MALDI-TOF of the same analytes
on at least the same level of sensitivity. For a clear over-
view of the used techniques in glycomics we refer to the
following reviews [90-93].

Based on recurring, unique glycan characteristics in
various liver diseases, N-glycan study (N-glycome} has
become an interesting research field in search of useful
carbohydrate biomarkers. Using the DSA-FACE
approach, Callewaert et al. were able to successfully dis-
criminate non-cirrhotic from cirrhotic patients based on
their serological N-glycome [94]. The electroferogram
particularly showed an increase in agalacto sugar and
decrease in tri-antennary sugar. The logarithmic ratio
of the peak heights of a biantennary, core-fucosylated
and bisecting GlcNAc modified sugar {increased in cir-
rhosis) and a triantennary sugar (decreased in cirrhosis)
showed to have a good diagnostic value for the recogni-
tion of cirrhosis (AUC = 0,87, specificity = 100% and
sensitivity = 75%) and was renamed the GlycoCirrho-
Test. The main disadvantage of this technique is that

it can not be used as a follow-up tool, a significant dif-
ference could only be observed between FO-F3 and
F4. In addition, Liu et al. were able to diagnose HCC
based on the log ratio of two identified peaks following
DSA-FACE on patient sera. A fucosylated tri-anten-
nary glycan was increased in contrast to a bisecting
biantennary glycan in HCC and this is consistent with
previous findings on GnT-V and GnT-IIT activity in
HCC. This test was named GlycoHCCTest in analogy
with GlycoCirrhoTest and showed an accuracy similar
to AFP (~80%}) [95]. However, the individual variation
in the blood serum profiles was still rather high. There-
fore, more extensive N-glycan profiling studies on indi-
viduals should be carried out, including longitudinal
samples over long periods.

In addition to this study, N-glycome profile studies
have emerged using MALDI-TOF mass spectrometry
(MS). Themain idea behind this approach isthe reduction
of analysis time and sample used for analysis [96,97].
Although mainly used in the structural analysis of gly-
cans, quantitative profiling is also possible [96-99]. In this
regard, Morelle et al. [97] studied total serum N-glycome
of cirrhotic patients applying mass spectrometry for both
purposes: MALDI-TOF MS for mass profiling and elec-
trospray ionization ion-trap MS for structural character-
ization. However, the results of this approach were
limited to 26 different identified glycans (normally over
a hundred) due to isobaric glycan compounds, which can-
not be distinguished. Besides similarity with the findings
of Callewaert et al. {increase in bisecting GleNAcand core
fucosylation), Morelle et al. discovered an interesting
group of neutral oligosaccharides. Mass spectrometry-
based are, however, less suitable for diagnostics, because
of the low reproducibility.

Serum is an obvious choice to study the N-glycome in
association with liver disease, because a large portion of
these N-glycans originate from serum proteins and are
produced in the liver. However, serum also consists lar-
gely of immunoglobulins (Ig), especially IgG. 1gG is
produced in B-cells and are also glycosylated; therefore
the whole serum N-glycome might be biased by these
IgG-related glycan structures [94] Metha et al. [100]
took this to the next level and clearly showed that the
major serum glycoprotein containing altered glycosyla-
tion as a function of cirrhosis is not a liver-derived pro-
tein at all. It was rather IgG (produced by B-cells) that
was specifically reactive to the alpha-Gal epitope. How-
ever, in healthy subjects, this only constitutes ~1% of
total serum lgG. Moreover, this epitope is absent in
humans, but is abundantly synthesized by bacteria.

5. General conclusions

We have clearly shown that glycosylation changes in
liver pathology. Although liver disecases of different
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etiology have their own markers (e.g. CDT in alcoholic
liver disease or AFP in HCC), the alterations of glyco-
sylation of these proteins are quite uniform. In other
words, the same type of alterations seems to continu-
ously reappear in the different types of chronic liver dis-
eases: increased fucosylation, increased branching and
increased bisecting GlcNAc modified glycans. The activ-
ities of the glycosyltransferases that are responsible for
these alterations {al1-6 FT, GnT-V and GnT-III, respec-
tively) are extensively studied and are known to be sig-
nificantly elevated in liver pathology.

Clinical tests based on these altered glycan structures
have been studied intensively, but only a few have made
it into clinical practice. An important reason is that
although the methods used for determining the altered
sugar chain moieties are reliable, they are also time con-
suming. With the advent of new technologies that enable
simple and rapid screening methods, we are getting a
step closer to finding the holy grail of hepatic clinical
testing, an non-invasive test that can replace a liver
biopsy. However, a combination of markers and tech-
niques will probably be necessary to achieve this goal.
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Chapter 2:

Aim and outline of
the thesis




Approximately 10% of the world population is affected by a liver disease. For diagnosis,
grading and treatment, an invasive technique is currently used (percutaneous liver biopsy).
As already outlined in the introduction, this technique has several disadvantages. The
procedure is involved with serious complications (low risk of intraperitoneal hemorrhage
and/or pneumothorax, high risk of pain). Furthermore, the sampling error with under or
overestimation of the fibrotic grade is an inherent problem of this technique. Finally, a liver
biopsy is expensive. In Europe, the total cost is estimated at 1250 euro for each intervention.

Research into non-invasive alternatives is therefore necessary. Our research group already
detected significant differences in serum protein N-glycosylation between patients with and
without cirrhosis and we developed a technology that can measure these alterations at
clinical relevant high-throughput. For this purpose, a multi-capillary DNA sequencer is used
as glycan analytical tool. With this technology, compensated cirrhosis can be distinguished
from pre-cirrhotic fibrosis with a specificity of more than 95% and a sensitivity that varies
between 60-80%.

This thesis is part of a GOA-project (“Gemeenschappelijk Onderzoek Actie”). The common
goal of the GOA-project was to translate the collected knowlegde and developed technology
to a clinical format. This was performed in different fields: clinical chemistry, endocrinology
and glycobiology. The work in this thesis represents the research performed in the field of
hepatology in which still a lot of questions were unanswered. In general, this research was
conducted according to two major questions in which the intial results were further explored
in depth.

1. The initial study (Callewaert et al. Nat Med 2004) was predominantly performed in
viral hepatitis C patients. Do these alterations also occur in the other major etiologies
of chronic liver disease (alcoholic, cholestatic, viral hepatitis B and non-alcoholic fatty
liver disease)? Furthermore, what is the influence of particular co-morbidities of
chronic liver disease (portal hypertension, jaundice) on the N-glycan alterations
(Chapter 3.1)?

a. ldentified differences seen in humans can be validated in mouse models with
the advantage that the influence of particular variables on N-glycan alteration
can be investigated independently of each other. Examples are the partial
portal vein ligation (PPVL) model (portal hypertension); common bile duct
ligation model (hyperbilirubinemia) and the CCl, model (alcoholic
micronodular cirrhosis) (Chapter 3.1).

b. Serum proteins are produced by the liver and B cells. The liver produces the
majority of the serum proteins, but B cells are responsible for the production
of an important group of serum glycoproteins, the immunoglobulins. The
impact of the liver on N-glycan alterations in mouse models of chronic liver
diseases can be studied independently of B cells by using B cell deficient
mice (Chapter 3.2).

c. In addition to the fibrotic/cirrhotic mouse models, we wanted to investigate the
N-glycan alterations in a mouse model of hepatocellular carcinoma (HCC).
This mouse model is induced by chronic injections with diethylnitrosamine
(DEN). QOur lab does a lot of research into anti-angiogenic compounds as
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treatment of HCC. A very promising compound is a murine monoclonal
antibody directed against the placental growth factor (anti-PIGF) which
significantly improved tumor burden and mortality in the DEN-induced HCC
mouse model. We examined if N-glycosylation patterns could be used as a
non-invasive follow-up tool to evaluate the efficacy of anti-PIGF (Chapter
3.3).

A second important objective was to develop a biomarker that can distinguish
between patients with steatosis and patients with non-alcoholic steatohepatitis
(NASH). We already observed a gradual increase of agalactosylated glycans,
glycans that lack the galactose in the glycan structure and are uniquely present on
lgG, in augmenting fibrotic stages of HCV-patients. As the distinction between
steatosis and NASH patients is mainly inflammation-dependent, we investigated
whether the agalacto-IgG component could distinguish both patient populations. The
biomarker was developed in a population of patients that were scheduled for bariatric
surgery. This population included no patients with advanced fibrosis. Fibrosis is
attended by its own specific glycomic alterations and could therefore interfere with
the development of a marker that is specific for NASH. This glycomarker was
subsequently validated in a large, independent population including patients that
were diagnosed with non-alcoholic fatty liver disease (NAFLD) through a
percutaneous liver biopsy without surgery (Chapter 3.4).

a. As a continuation of this research, we examined pediatric NAFLD patients to
investigate if similar features applied to this population and if therefore the
same biomarker can be used to distinguish steatotic from NASH patients in
children under 19 (Chapter 3.5).

b. Finally, an investigation was performed into the mechanism of
undergalactosylation in non-alcoholic steatohepatitis. There are strong
indications that endoplasmic stress (ER) stress (unfolded protein response)
plays an important part in this. This was examined by isolating plasma cells
from the leukocyte population in NAFLD patients. Plasma cells are the B cell
subset that produces the immunoglobulins. The RNA fraction was
subsequently extracted from the plasma cells and several important ER
stress genes were evaluated by gPCR analysis (Chapter 3.6).
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Blomme B, Van Steenkiste C, Vanhuysse J, Colle I, Calle-
waert N, Van Vlierberghe H. Impact of elevation of total bilirn-
bin level and etiology of the liver disease on serum N-
glycosylation patterns in mice and humans. Am J Physiol Gastroi-
niest Liver Physiol 298, (G615-(G624, 2010. First published
Janoary 7, 2010; doi:10.1152/ajpgi.00414.2009.—The Glyco-
FibroTest and GlycoCirthoTest are noninvasive alternatives for liver
biopsy that can be nsed as a follow-up tool for fibrosis patients and to
diagnose cirrhotic patients, respectively. These tests are based on the
altered N-glycosylation of total serum protein. Our aim was to
investigate the impact of etiology on the alteration of N-glycosylation
and whether other characteristics of liver patients could have an
influence on N-glycosylation. In human liver patients, no specific
alteration could be found to make a distinction according to etiolog-
ical factor, althongh alcoholic patients had a significant higher mean
value for the GlycoCirrhoTest. Undergalactosylation did not show a
significantly different quantitative alteration in the cirrhotic and non-
cirthotic population of all etiologies. Importantly, patients with an
elevation of total bilirubin level (=2 mg/dl) had a strong increase of
glycans modified with al-6 fucose. The fucosylation index was
therefore significantly higher in fibrosis/cirrhosis and hepatocellnlar
carcinoma patients with elevated total bilirubin levels irrespective of
etiology. Furthermore, in a multiple linear regression analysis, only
markers for cholestasis significantly correlated with the fucosylation
index. In mouse models of chronic liver disease, the fucosylation
index was uniquely significantly increased in mice that were induced
with a common bile duct ligation. Mice that were chronically injected
with CCl4 did not show this increase. Apart from this difference,
common changes characteristic to fibrosis development in mice were
observed. Finally, mice induced with a partial portal vein ligation did
not show biological relevant changes indicating that portal hyperten-
sion does not contribute to the alteration of N-glycosylation.

biomarker; glycomics; al-6 fucose; DSA-FACE,; hyperbilirubinemia

LIVER FIBROSIS 1S CHARACTERIZED by the replacement of liver
tissue by fibrous scar tissue and the development of regenera-
tive nodules, leading to progressive loss of liver function (22).
The “golden” standard to assess progression of liver fibrosis is
a liver biopsy (1, 10), but it is associated with several compli-
cations such as intraperitoneal hemorrhage (~1%), puncture of
the gallbladder, pneumothorax (both <<0.5%), and in very rare
cases even death (0.01-0.001%) (18, 20). Because of these
limitations, there is an increasing demand for noninvasive
serum tests and imaging techniques to assess the stage of liver
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Ghent, Belgium (e-mail: hans.vanvlierberghe @ugent.be).
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fibrosis. In this regard, interest is raised in serum AN-glycan
profiles as potential indicator of liver disease.

The majority of serum proteins are produced by the liver and
nearly all of these proteins are N-glycosylated, a noticeable
exception being albumin. Recently, a new technological plat-
form, DNA sequencer-assisted-fluorophore-assisted capillary
electrophoresis (DSA-FACE) (14), has been developed to
assess glycan structures. This has led to the discovery of a
noninvasive test characteristic for end-stage cirthosis, the Glyco-
CirrhoTest. This test is defined by the logarithmic proportion of the
peak heights of a biantermary, al-6 fucosylated, and bisecting
N-acetylglucosamine (GleNAc) modified sugar (NA2FB, increased
in cirrhosis) and a triantermary sugar (NA3, decreased in cirrhosis) in
the electropherogram (3).

NAZFB represents the increase of bisecting GleNAc-modi-
fied glycans in cirrhotic patients, and NA3 represents the
decrease of multiantennary glycans in the serum of cirrhotic
patients. This is associated with the upregulation of N-acetyl-
glucosaminyltransferase I11 (GnT-I11, responsible for bisecting
GleNAc-modified glycans) and the competitive decrease of
N-acetylglucosaminyltransferase V (GnT-V, responsible for
multiantennary glycans) in regenerative nodules, and these
occur per definition only in the cirrhotic stage.

Undergalactosylation (UGS), the increase of agalacto gly-
cans in seruimn, is also an important feature in the glycosylation
patterns of liver patients. These glycans, which lack one or
both galactoses, progressively increase with Metavir stage (2),
and they can be predominantly found on immunoglobulin G
{1gG) (21). UGS of TgG forms the basis of the GlycoFibroTest.
Finally, it was shown that the increased abundance of an «1-3
fucosylated glycan, NA3Fb, is associated with the develop-
ment of hepatocellular carcinoma (HCC) in hepatitis B (HBV)
patients (15).

Callewaert et al. (3) showed the potential of glycome re-
search in biomarker discovery. Complementary to this study,
we wanted to investigate the impact of etiology on N-glyco-
sylation patterns. Therefore, we examined five patient popula-
tions of different etiology: cholestatic, HBV, hepatitis C
(HCV), alcoholie, and nonaleoholic steatchepatitis (NASH)
patients and cne control population of healthy volunteers.
Importantly, it was observed that patients with an elevation in
serum total bilirubin level (>2 mg/dl) had a significant in-
crease of peak height of glycans modified with «l—6 fucose.
Therefore, the fucosylation index (FT), defined as the percent-
age of al-6 fucosylated glycans in the glycome of serum
proteins, was significantly elevated in fibrosis/cirthosis patients
with increased levels of total bilirubin. An increase of the FI
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Golo N-GLYCOSYLATION IN CHRONIC LIVER DISEASES

Table 1. Anthropomorphic data and liver fesis in the different efiologies of chronic liver disease and conlrol group

Fibrosis/Cirrhosis Patient Etiologies

Cholestatic HBV HCV Alcoholic NASH Control
Age, vr 452 £ 15.6 451+ 164 539 £ 16.1 502 02 462 £12.2 46.6 £ 12.8
Weight, kg 720+ 148 803+ 155 729 £ 136 80 + 185 804 +237 ND
Sex, men/women 10/5 137 21/11 2219 11/6 10/5
FO-F1 ND ND 5/32 (15.6%) ND ND NA
R ND ND 3432 (94%) ND ND NA
F3 ND ND 3/32(94%) ND ND NA
F4 415 (26.7%) 0/20 (45%) 21/32 (65.6%) 23/31 (74.2%) 417 (23.5%) NA
Bilirubin, mg/dl 13415 1.04 £ 003 1.2 x1 179 £ 14 53+ 144 02 £0.16
AST, UA 456 £ 39.6 312+159 683 £ 428 436 £ 263 348 £ 384 8657
ALT, Ul 3553521 331+ 312 768 £ 81.5 313+£192 36.1 £58.1 10.6 = 3.9
GGT, U 2023 + 439 248+ 137 803 =732 1175+ 1158 98 +127.1 202 +24

HBV, hepatitis B; HCV, hepatitis C; NASH, nonalcoholic steatohepatitis; AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, ~-glutamyl

transferase; ND, not determined; NA, not applicable.

has especially been linked with HCC patients (6, 17), and,
therefore, we also tested some HCC serum samples with
normal (0—1 mg/dl) and elevated (=2 mg/dl} total bilirubin
serutn level. Moreover, patients with a strong elevation of total
bilirubin level were excluded in the original studies (3, 21, 15).

To confirm the results of the human data, we investigated the
N-glycosylation patterns of two mouse models of chronic liver
disease, common bile duct ligation (CBDL) and subcutanecus
injections with carbon tetrachloride (CCly). In addition, a
mouse model for a pure portal hypertension (PHT) without
liver damage, partial portal vein ligation (PPVL), was also
evaluated.

MATERIALS AND METHODS

Human liver patients. Five patient populations of at least 15
patients each were assembled (Table 1). Each group had a specific
etiology: cholestasis (n = 15), HBY (n = 20), HCV (n = 32),
aleoholic (n = 31), and NASH (n = 17). The cholestatic group
consisted of 1 patient with progressive familial intrahepatic cholesta-
sis, 9 patients with primary sclerosing cholangitis, and 5 patients with
primary biliary cirthosis. Most of the alcoholic patients kept to a
regime of alcohol abstinence at the time of analysis; there was only
one active drinker (=21 alcoholic consnmptions/wk). The majority of
HBY patients (70%) were on treatment. We also included a control
group of 16 healthy volunteers and a HCC group of 16 patents (Table 2).
The volume of the tnmor in a HCC patient was calculated on the basis
of the diameter (>>1 cm) of the nodule(s) reported by the radiclogist
on CT scan. In the case of multiple nodules, the different diameters

were counted up. Subsequently, the formula to calculate the volume of
a sphere (4/37r) was used to assess tumer volume. Medical records
of these patients were reviewed. Liver tests, Metavir stage if deter-
mined by biopsy, other underlying diseases or conditions, and clinical
manifestations were assessed. All patients and volunteers signed an
informed consent, and the protocol was approved by the ethical
committee of the Ghent University Hospital. Serum samples of
patients and controls were taken fasted.

The concentration of hile acids in serum was spectrophotometri-
cally determined on a Hitachi 912 analyzer (Diagnostica; Boehringer
Mannheim, Ingelheim, Germany) by use of a commercial kit (Trinity
Biotech, Co. Wicklow, Ireland). The alanine aminotransferase activity
(ALT), aspartate aminotransferase activity (AST), v-glotamyl trans-
ferase (GGT), alkaline phosphatase (AP), C-reactive protein (CRP),
total bilirubin, and total protein were analyzed by routine photometric
test on a Hitachi 747 analyzer (Diagnostica, Boehringer Mannheim).

Animal models. Male C57Bl/6 mice (25-30 g) were purchased
from Harlan Laboratories (Horst, The Netherlands). The mice were
kept under constant temperature and humidity in a 12-h controlled
light-dark cycle. The Ethical Committee of experimental animals at
the faculty of Medicine and Health Sciences, Ghent University,
Belgium, approved the protocols.

The mouse model for a pure PHT without liver damage was
induced by PPVL (7). The surgical procedure was performed under
sterile conditions. Mice were anesthetized under iseflurane inha-
lation (Forene; Abbott, Brussels, Belginm). A midline abdominal
incision was performed and the portal vein was separated from the
surrounding tissue. A ligature (silk cut 5-0) was tied around both
portal vein and adjacent 27-gauge blunt-tipped needle. Subsequent

Table 2. Anthropomorphic dala and liver lests in the different eticlogies of HCC palients

Etiologies of HCC Patients

HBV HCV Alcoholic NASH
i 2 4 8 2
Age, yr 72+ 127 T63+76 647 + 16 655+ 78
Weight, kg 545+78 695+ 177 738 = 181 83+ 89
Sex, men/women 171 31 5/3 171
Bilirubin, mg/dl 34 +41 1816 531+69 06 +0
AST, UA 76+ 84.9 T35+ 304 70.1+593 31.5+177
ALT, U1 445 =403 64 =242 35 = 20.1 37+ 14.1
GGT, Ul 00 = 46,7 217.3 = 1934 164.4 = 834 136 £ 1612
AFP, ng/ml 1,000 + 1422 133.1 = 2089 10027 = 244164 140.1 +195.1
MELD score 136 £58 11.7=34 142 =84 72x01
Milan criteria, within/outside 111 31 5/3 111

HCC, hepatocellular carcinoma; MELD, Model for End-Stage Liver Disease.

AJP-Gastrointest Liver Fhysiol + VOL 298 + MAY 2010 » www.ajpgi.org

0L0Z Q¢ legquaoa uo Bio ABojoisAyd 1Bdle wol) pepeojumoq




N-GLYCOSYLATION IN CHRONIC LIVER DISEASES

removal of the needle yielded a calibrated stenosis of the portal
vein. Mice were euthanized at 7 and 14 days after PPVL (n = 8 in
each group).

The portal venous pressure was measured in PPVL and Sham mice.
The portal vein was cannulated through an ileocolic vein with a
24-gauge catheter (Becton Dickinson, Erebodegem-Aalst, Belgium),
which was advanced into the portal vein and connected to a highly
sensitive pressure transducer (Powerlab, ADInstruments, Spechbach,
Germany). The external zero reference point was placed at the
midportion of the animal.

The mouse model for a secondary biliary cirrhosis is CBDL (13).
The surgical procedure was performed under sterile conditions. Under
isoflurane inhalation anesthesia, a midline abdominal incision was
made and the common bile duct was isolated. The common bile duct
was occluded with a double ligature of a nonresorbable suture (silk cut
5-0). The first ligature was made below the junction of the hepatic
ducts and the second was made above the entrance of the pancreatic
duct. The common bile duct was sectioned between the two ligatures.
Mice were euthanized 1, 3, 4, 5, and 6 wk after CBDL (n = 8 in each
group). Sham-operated mice were used as control group for the CBDL
and PPVL model (r = 8 in each group).

Finally, the third mouse model was induced by chronic subcutane-
ous administration of CCly (Merck, Darmstadt, Germany) twice
weekly (1:1 dissolved in olive oil; 1 ml/kg) (11), and 5% alcohol was
added to drinking water. Mice were euthanized after 1, 3, 6, 10, and
16 wk (n = 8 per group). Control mice for CCly received a saline
solution (1 ml/kg) subcutaneously (n = 8 in each group). No alcohol
was added to the drinking water. The time points at which the mice in
the different mouse models were euthanized roughly correspond with the
semiquantitative Metavir stage (2) as validated in a previous study (8).

Blood samples were taken by puncture of the aorta abdominalis.
These samples were centrifuged at 2,000 rpm for 10 min. At least 200
pl of serum was taken off the clot and the ALT, AST, and total
bilirubin were analyzed as described for the human samples. The
remaining serum volume was used for the analysis of the N-glycan
profiles and to perform two ELISAs for the determination of the
serum [gG and serum amyloid A concentration (Immunology Con-
sultants Laboratory, Newburg, OR). The ELISAs were run according
to manufacturer’s instructions and all analyses were done in duplicate.

Histopathology of the mouse liver was performed by staining with
0.1% picrosirius red. Microscopic evaluation was carried out blinded
by two independent investigators (J. Vanhuysse and B. Blomme).
Scoring of the liver tissues was done to determine the stage of fibrosis,
and this was expressed according to the Metavir score (2) with the
emphasis on the fibrosis and not on activity.

Serum protein N-glycome sample processing. The 96-well on-
membrane deglycosylation method (14) was used to prepare 8-amino-
pyrene-1,3,6-trisulfonate (APTS)-labeled N-glycans from 5 .l serum.
Samples were finally reconstituted in 5 pl Milli-Q water and analyzed
by DSA-FACE.

To get an idea about the structures of the glycans present in the
mouse profiles, exoglycosidase array sequencing was applied. Batches
(0.5 pl) of APTS-labeled N-glycans were subjected to digestion with
different mixtures of exoglycosidases in 5 mM NHsAc (pH 5). The
enzymes used were Arthrobacter ureafaciens sialidase, Streptococcus
pneumoniae 3-1,4-galactosidase, jack bean [B-N-acetylhexosamini-
dase, and bovine kidney a-fucosidase. After complete digestion (over-
night at 37°C), the samples were evaporated to dryness, reconstituted
in 10 pl water, and analyzed by DSA-FACE.

Data processing. We quantified the heights of 11 peaks that were
detectable in all mouse and human samples (Fig. 1) to obtain a
numerical description of the profiles and analyzed these data with
SPSS 15.0 software (SPSS, Chicago, IL). First, the sum of the peak
heights of all the peaks were calculated (total intensity) and then the
peak heights were normalized to the total intensity of the measured
peaks (expressed as percentage of the total intensity).
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Fig. 1. Top: typical desialylated N-glycan profile from a control C57Bl/6
mouse total serum protein. Bottom: typical desialylated N-glycan profile from
a healthy human control total serum protein. The glycan structures of all the
peaks in the human profile are known: Peak 1 indicates an agalacto «1-6
fucosylated biantennary glycan (NGA2F), peak 2 indicates an agalacto ¢ 1-6
fucosylated bisecting biantennary glycan (NGA2FB), peaks 3 and 4 indicate a
single agalacto «1-6 fucosylated biantennary glycan (NG1A2F), peak 5
indicates a bigalacto biantennary glycan (NA2), peak 6 indicates a bigalacto
al-6 fucosylated biantennary glycan (NA2F), peak 7 indicates a bigalacto
«1-6 fucosylated bisecting biantennary glycan (NA2FB), peak § indicates a
triantennary glycan (NA3), peak 9 indicates a a1-3 fucosylated triantennary
glycan (NA3Fb), peak 10 indicates a a1-6 fucosylated triantennary glycan
(NA3Fc), and peak 11 indicates a tetra-antennary glycan (NA4). The symbols
used in the structural formulas are as follows: open circle, B-linked galactose;
square, B-linked N-acetylglucosamine; shaded circle, «/B-linked mannose;
triangle, «-1,3/6-linked fucose. The structures of the peaks in the mouse
profile were obtained after exoglycosidase digests. The 3 glycans indicated
in the murine profile were clearly deduced from the exoglycosidase digests
(data not shown).

All mouse data were analyzed with Mann-Whitney U-test (control
vs. treated). The human data were statistically processed as appropri-
ate for the study design (independent sample ¢-test, single-factor
ANOVA, Kruskal-Wallis test, and multiple linear regression). A P
value less than 0.05 was considered significant in all analyses.

RESULTS

Alcoholic patients have a significant higher mean value for
the GlycoCirrhoTest. The analysis was done on cirrhotic HCV
{(n = 21) and cirrhotic alcoholic patients (n = 23). The relative
percentage of NA2FB was significantly higher in the alcoholic
group compared with the HCV group (8.9 * 2.8 vs. 6.4 =
2.4%) (P = 0.004; two-tailed t-test). The relative percentage of
NA3 was not significantly different between the two groups
(P = 0.164; two-tailed t-test), although the mean value in the
alcoholic group was lower than in the HCV group (2.5 vs.
3.1%). As a consequence, the mean value of the GlycoCirrhoTest
was almost double as high in the alcoholic group compared
with the HCV group (0.59 = 0.33 vs. 0.31 = 0.26) (P = 0.005;
two-tailed r-test). The cirrhotic patients in the other etiologies
also had a mean value that was considerably lower than that of
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glycan profiles of different etiologies and a
typical N-glycan profile of a healthy control.
The peaks that represent undergalactosylated
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alcoholic patients: cholestatic 0.26 = 0.2, n = 4, and HBV 03 =
039, n = 9. These latter observations were still substantially
higher compared with the control group {—0.03 = 0.15) (Fig. 2). The
value for NASH patients (0.5 £ 0.57, n = 4) was also quite
high. Our data set, in all eticlogies together, had an area under
the receiver operating characteristic curve (AUROC) of 0.81

for the discrimination between FO-F3 and F4, which was
similar to the original study (3). More informative was the
AUROC in the individual eticlogies: cholestatic (0.77), HBV
(0.72), HCV (0.68), alcoholic (0.96), and NASH (0.83). Fi-
nally, we found significant correlations between scores of the
GlycoCirrhoTest and various markers of chronic liver disease:
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Fig. 3. Scatter dots of the correlation between the logarithmically transformed
bilirubin and serum bile acid concentration with the fucosylation index.

GGT, AST, total bilirubin, AP, and bile acids (P < 0.001;
Spearman rank test) and ALT (P = (0.018; Spearman rank test).
This was expected because the GlycoCirrhoTest only displays an
increase in score in the cirrhotic stage as these parameters were
also seen (o be elevated at this stage. In contrast, there was no
correlation between scores of the GlycoCirrhoTest and viral
load in HBV and HCV patients (P = 0.347; Spearman rank
test).

Table 3. Laboratory tests: CBDL-sham and CCly-saline

G619

No significantly different quantitative alteration in under-
galactosylation score between all etiologies. UGS score was
defined as {{2X(peak1+2)] + peak 3 + peak 4 }/{[2X(peak]l +
peak2 + peak3 + peakd + peakS + peak6 + peak?)] +
[3X(peak8 + peak9 + peakl0)] + (@Xpeakll)} (expressed
in %) (20).

In the noncirrhotic group (F1-F3), there was no significant
difference in UGS score between the etiologies as determined
by pairwise comparisons using Scheffé’s tests (single-factor
ANOVA). The HCV and alcoholic liver disease group showed
the highest mean level of UGS score (0.24 and 0.23, respec-
tively), followed by HBV (0.2), cholestatic liver discase,
(0.18), and NASH (0.16) (P = 0.322).

The classification according to Metavir stage was possible
tor the HCV-population (Table 1). We were able to reproduce
the linear increase of UGS score in increasing Metavir stage:
F10.15, F2 0.25, F3 0.29, and F4 0.32,

In cirrhotic patients, again no significant difference in UGS
score between the etiologies was seen (P = 0.054, Kruskal-
Wallis H-test). Mean UGS score was highest in cirrhotic
NASH patients (0.35), followed by alcoholic (0.34) and HCV
(0.32) patients. Cholestatic (0.23) and HBV (0.17) patients had
a clearly lower, although not significant, mean level of UGS
score.

Fucosylation index is significantly increased in fibrosis/
cirrhosis and HCC patients with an elevation of total bilirubin
level. Tt was observed that the FI of liver patients with an
elevation in total bilirubin level (70%) was significantly higher
than the FI of liver patients with normal total bilirubin levels
(52.9%) (P < 0.001; two-tailed ¢-test). The increase in al-6
fucosylation was clearly not linked to etiology (single-factor
ANOVA, P = 0.254), only to an clevation in total bilirubin
level. The FI was comparable in the progression of F1 to F3 in
HCV patients (0.5, 0.58, and 0.52, respectively), but it was
clearly elevated in the cirrhotic stage (0.7). Patients with the
syndrome of Gilbert had a normal FI. The degree of «l-3
fucose did not differ significantly between patients with normal
and elevated bilirubin levels (P = 0.687; two-tailed -test).

We also tested other markers of liver damage (AST, ALT,
GGT, AP, CRP, and total protein) to investigate whether these
did not confound our results. Only AST and AP were also
significantly elevated in the group with increased FI (P =
0.001 and P = 0.034, respectively; two-tailed t-test).

CBDL Sham
1 wk 3wk 4 wk 5wk 6 wk 1 wk 3wk 4 wk 5wk 6 wk
AST, U/ 586 = 417% 377 £ 101% 326 = 755 477 £ 2393 422 = 201% 87 =16 102 £ 525 71 =12 82+ 34 136 + 52
ALT, U/ 694 * 662+ 246 = 38% 206 = 65% 296 = 118% 284 + 141% 66 = 39 46 = 18 41 =12 38+10 68 * 44

TBiln, mg/dl

131 +62F 248 *x49% 207=x57¢ 1762465 229x46f 011=x004 013004 012=x002 0.16=0.04 0.19 =0.03

CCly Saline
1wk 3 wk 6 wk 10 wk 16 wk 1wk 3 wk 6 wk 10 wk 16 wk
AST, UA 112 £ 42 215 = 159t 78 = 44 122 = 61 98 =26 89 =21 81 + 23 72 £21 87 £ 81 67 =29
ALT, U/l 87 52 68 * 24+ 51 =30 7T+ 28% 88 =341 81 =159 41 =16 38 6.9 47+ 15 28 =10
TBiln, mg/dl 0.2 £0.06 0.17 = 0.05% 022 *0.08« 021 £0.15+ 019002 02=x02 012=001 0.15x0.04 009 =004 021 *0.05

Values are means = SD; n = 8 subjects per group. CBDL, common bile duct ligation; CCls, carbon tetrachloride; TBiln, total bilirubin. *P < 0.03; £P <
0.01; P < 0.001 compared with sham and saline.

AJP-Gastrointest Liver Physiol » VOL 293 « MAY 2010 » www.ajpgi.org

0102 ‘gz Jlequieoaq uo Bio AbBojoisAyd16dle woly papeojumoq




G620 N-GLYCOSYLATION IN CHRONIC LIVER DISEASES

Subsequently, we tested eight HCC patients with an cleva-
tion in total bilirubin level and eight HCC patients with normal
total bilirubin level. Again, the FI in the HCC group with
elevated total bilirubin concentrations was significantly higher
(70.8 vs. 48.7%, P < 0.001; two-tailed t-test). Both popula-
tions did not differ in a-fetoprotein level (P = 0.35; two-tailed
t-test) but AST was significantly increased in the HCC group
with increased FI (P < 0.001; two-tailed 7-test) in agreement
with the results in the fibrosis/cirrhosis group. There was no
significant difference in the other markers (ALT, GGT, AP,
CRP, and total protein). Again, the level of a1,3-fucose did not
differ significantly between HCC patients with normal and
elevated bilirubin levels (P = 0.585; two-tailed -test).

We also analyzed the correlation between the scores of the
GlycoHCCTest and tumor volume in HCC patients. There was
a clear trend observed between the two variables, but signifi-
cance was not reached (P = 0.054; Spearman rank test). Only
one HCC patient showed metastasis and this did not influence
the score.

Serum bile acid concentration. Serum bile acid concentra-
tion was determined in every fibrosis/cirrhosis and HCC pa-
tient. Inconsistent data (low total bilirubin-high FI and vice versa)
showed consistency in the bile acid data. Cholestatic patients had
a mean serum bile acid concentration of 49.5 pmol/l (+ 83.4),
HBYV patients had a mean value of 16.2 umol/l (£ 26.1), HCV
patients had a mean value of 38.6 pmol/l (= 53.2), alcoholic
patients had a mean value of 50.2 pmol/l (= 56), NASH patients
had a mean value of 67.2 pmol/l (= 85.4) and HCC patients had
a mean value of 51.5 pwmol/l (= 73).

Only markers for cholestasis correlated significantly with
the FI in a multivariate analysis. The total bilirubin and bile
acid data were first logarithmically transformed. The correla-
tion between the FI and the discontinuous variables HCC,
cirrhosis (cirrhotic and noncirrhotic), and etiology was deter-
mined with a two-tailed Spearman test and a single-factor
ANOVA. The correlation with the continuous variables total
bilirubin, serum bile acid concentration, AST, and AP was
determined with a simple linear regression analysis. The vari-
ables AST, total bilirubin, serum bile acid concentration, and
cirrhosis correlated significantly with the FI (P < 0.001).
Scatter dots of the correlation between the (logarithmically
transformed) total bilirubin and serum bile acid concentration
are seen in Fig. 3.

Subsequently, a multiple linear regression analysis was per-
formed with FT as dependent factor and bilirubin level, serum
bile acid concentration, AST, AP, HCC, etiology, and cirrhosis
as covariants in the linear model. The (logarithmically trans-
formed) total bilirubin level, (logarithmically transformed) bile
acid concentration, and AP correlated significantly with the FI
(P < 0.001, P = 0.001, and P = 0.029, respectively) in the
linear model.

Fig. 4. Sirius red staining (objective magnification X10). A: control mice for
CCly and Sham-operated mice did not develop fibrosis at any time point (Stage
0 or FO). B: typical cirrhotic image of the liver 6 wk after common bile duct
ligation (CBDL; black arrows, fibrotic strands; white arrows, bile duct prolif-
eration). C: typical cirrhotic image of the liver chronically injected with CCl4
for 16 wk (black arrows, fibrotic strands).
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Laboratory fests and histological analysis of mouse models
of chronic liver disease. Test samples (4 in the PPVL and
Sham groups) confirmed earlier reports that there were no
changes in AST, ALT, and bilirubin after PPVL induction (6).
One week after PPVL induction, the portal venous pressure
(PVP) was at a mean of 83 mmHg (+ 1.9), and 2 wk after
PPVL induction mean PVP rose further to 10.7 mmHg (£ 4).
This was significantly higher than sham-operated mice that had
a mean PVP of 43 mmHg (= 0.8) (P < 0.001) 1 wk after
induction and at 2 wk a PVP of 5 mmHg (= 1.7) (P = 0.004),
Histological examination revealed no significant fibrosis de-
velopment in PPVL mice at 1 and 2 wk after induction. They
were predominantly scored FO.

After 3 wk of CCl, administration, the Sirius red stain
demonstrated fibrotic changes in the centrilobular area. After 6
wk the liver architecture demonstrated a reversed lobulation
due to development of centrocentral fibrotic linkages, and after
10 wk the reversed lobulation was accentuated with the devel-
opment of centroportal thin fibrotic septa apart from the cen-
trocentral fibrotic linkages. Finally, after 16 wk, all mice had
homogeneous characteristics of cirrhosis. For laboratory tests,
see Table 3.

Enlargement of the portal tracts accompanied by dilatation
of bile canaliculi and proliferation of the smaller bile ducts
appeared as soon as 1 wk after CBDL. After 3 wk, the
periportal alterations were accompanied by fibrotic changes to
be described as F2 and evolving into F3 after 5 wk of CBDL.
After 6 wk, the majority of mice (62.5%) developed cirrhosis
with nodular changes in the liver parenchyma. For laboratory
tests see Table 3. Typical cirrhotic images of CBDL and CCly
mice are seen in Fig. 4.

N-glycosvlation patterns in mouse models of chronic liver
disease. The overall picture of the glycosylation pattern of a
PPVL mouse was that of a control sample. One week after
PPVL induction, peak 5/NA2 was significantly decreased (P =
0.003) and peak 6 was significantly increased (P = 0.006)
compared with sham mice. Two weeks after induction, when
PVP is at its maximum (7), only one peak was significantly
altered: peak 9 was significantly increased (P = 0.004) com-
pared with Sham mice (Table 4). However, no systematic
changes were observed.

In CCLs mice, a significant increase in peaks 9 and 11 in the
glycosylation pattern was observed starting from the first week

G621

of CCl, treatment. Peak 10 also started to increase significantly
in abundance from 6 wk on. After 3 wk of CCly, peak 5/NA2
decreased significantly in abundance and at later time points,
its two adjacent peaks (peaks 3 and 4) also decreased signifi-
cantly in abundance (Fig. 5) (for P values, see Table 4).

CBDL mice were characterized by the significantly in-
creased abundance of peaks 1, 6, and 7 (Table 4, Fig. 5) in the
glycosylation pattern. Peak 1/NGAZF increased significantly
already in the first week after CBDL and peaks 6 and 7/NA2F
after 3 wk CBDL. Fucosidase digest revealed that these are all
fucosylated glycans. CBDL mice also exclusively had a sig-
nificant lowered abundance of peak § and, in common with
CCly, a decrease in abundance of peaks 4 and 5/NA2. CBDL mice
also showed a significantly elevated peak height of peaks 9, 10,
and 11 in agreement with CCl, mice. Peak 11 was significantly
increased in abundance from an early stage on, but peaks 9 and 10
only in the cirthotic stage (for P values, see Table 4).

As a consequence of the increase of fucosylated glycans in
CBDL mice, the FT was an excellent marker to distinguish
CCly and CBDL mice. This index barely rose above 20% in
CCl, and control mice, whereas it reaches 30 to 40% in CBDL
mice (P << 0.001 in F2, F3, and F4 stages) (Fig. 6). We also
analyzed one pure bile mouse sample, and the FI was compa-
rable to a serum sample of 2 CBDL mouse (42%).

IeG and SAA concentration in mouse models of chromic liver
diseqse. Six mice were evaluated at every time point in the CCl,
and CBDL group and two mice at every time peint in the control
mice. Both fibrotic mouse models showed a doubling of the TgG
concentration in the progression of fibrosis to cirthosis (from
~(.5 mg/ml to ~1.3 mg/ml). Apart from an early strong increase
in serum amyloid A (SAA) concentration (a mean of 700 pg/ml
after 3 wk, in the CCl, model and a mean of 320 p.g/ml after 1 wk
in the CBDL model) no significant difference in SAA concentra-
tion bhetween the CCl,, CBDL, and control mice could be ob-
served (baseline value was ~50 pg/ml).

DISCUSSION

Alteration of total serum N-glycans is indicative for chronic
necroinflammatory diseases, and especially in liver diseases it
shows great potential as biomarker (3, 15, 21). Our group has
made important contributions to this research with a follow-up

Table 4. Mean relative peak height (in %) of the different peaks in the mouse electropherogram-treated control

Group and Time point Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak & Peak 7 Peak 8 Peak 9 Peak 10 Peak 11
CCl4-Saline
Week 1 07-0.7 14-1.7 1.3-18 10-114 462-477 26-33 13.6-152 390-35 15.3-11.2% 327 1.6-1%
Week 3 0.7-0.8 1.1-1.3 3-2 129-126 454-493= 26-29 122-127 45-38 13.8-11.6% 24-22 1.3-1%
Week 6 1.4-1.4 1.3-1.2 0.7-2.3¢ 6.9-127f 492-483 2529 162-12.4 2.3-4 152-11.7% 3-2% 1.4-1%
Week 10 229 12-14 0816t 93-123% 459-488 32-34 14.6-132 3-32 159-107¢ 2.7-18% 1.5-08%
Week 16 2723 13-1.6x 08-11% 02-123% 44.6-509% 22-25 14.8-13.7 3-2.6 17.2-10.5% 2.5-1.8% 1.7-08%
CBDL-Sham
Week 1 0.9-0.6%¢ 09-1.1 4.6-37 16.3-152 40.9-40.5 34-33 14-12 4.5-59%  11.1-14x% 1.7-2.6 1.7-14%
Week 3 58-1.7¢ 1825 2.1-24 10.1-12.8¢ 40-46.67 3.6-2.8F 20.5-13% 2,544 9.8-11* 1.9-2.1 2-1%
Week 4 3323+« 13-12 2-13 10-105 43-512% 36-29% 202-143% 2.528= 0.0-112 1.9-2 1.7-0.7%
Week 5 6.52.6f 1.5-1.6 1.7-1.6 92-10.6 387-474% 32-3= 213-15.658 2532 11.1-112 24-2.5 1.7-0.9%
Week 6 3.7-1% 1.7-1.2 1.3-15 10.5-14.9% 41-48.9% 38-3.5% 209-132% 2.5-32% 11.1-99%  2.4-2f 2.1-08%
PPVL-Sham
Week 1 1.1-1.5 1.2-1.1 4.1-33 16-14.8 39-444%  46-33% 152-128 4744 10.5-11.3 2.6-2.1 1.1-1
Week 2 1.1-1.6 12-1.3 1.8-22 13.1-14 48.77-498 354 12.3-13.9 3.6-3.5 12-9.2% 1.7-1.9 1-0.8

¥ <2 0.05; 1P < 0.01; £ < 0.001.
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Fig. 5. Comparison of a typical N-glycan
profile of control, CCly (F2-F4), and CBDL
(F2-F4) mice. The peaks that significantly
decrease in abundance compared with control
mice are in red and those that significantly
increase in abundance compared with control
mice are in green.
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tool for fibrosis (21) and noninvasive tests for cirrhosis and
HCC (3, 15).

Alcoholic patients were shown to have a mean value for the
GlycoCirrhoTest that was considerably higher than in other
liver patients. This could be due to the micronodular fibrotic
nature of the liver of alcoholic patients. More nodules corre-
spond to more elevated GnT-IIT induction in the cirrhotic liver
(3). The mean value of NASH patients was also quite high, but
this was due to one outliner in a limited number of samples.
Nevertheless, the mean value of the cirrhotic patients in all
eliologies was significantly and considerably higher than the
mean value of the control group. Chen et al. (4) stated that
NASH patients had no change in expression of GnT-IIT and
GnT-V and these patients could therefore not be diagnosed with the
GlycoCirrhoTest. However, we found that three of our four cirrhotic
NASH patients had a high value for the GlycoCirrhoTest, well over
the cutoff value for cirrhosis, which implies strong upregula-
tion of GnT-IIT and concomitant downregulation of GnT-V

(Fig. 2).

UGS of TgG in the progression of fibrosis is the feature on
which the GlycoFibrotest is mainly based. This article shows
that there was no significantly different quantitative alteration
in undergalactosylation in the cirrhotic as well as in the
noncirrhotic population across all etiologies (Fig. 2). Remark-
able was the strong increase of UGS score in cirrhotic NASH
patients compared with the noncirrhotic group. The overall
higher mean value of UGS in the cirrhotic stage (with the
exception of HBV) can be attributed to the linear increase of
the mean UGS state of IgGG that reaches a maximum in
end-stage liver disease (21) as exampled in HCV patients.

An important finding was that an elevation of total bilirubin
is strongly associated with a consequent increase of the FI. In
a multiple regression model, a significant correlation was
found with the (logarithmically transformed) bile acid concen-
tration and AP. These bicchemical variables are markers for
liver damage, but specifically for cholestasis.

Increase in fucosylation has especially been linked with
HCC and an upregulation of fucosyltransferases in hepatoma
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Fig. 6. Error bars represent the evolution of the fucosylation index (FI) in the
progression toward cirrhosis. Starting from a F2 stage, the FI is clearly higher
in the CBDL mice (B) compared with the CCls mice (A).

tissue was suggested to be the driving force after this increased
fucosylation of serum proteins (5, 18). An alternative hypoth-
esis in non-HCC cholestatic patients reasons that a1-6 fuco-
sylation of N-linked glycans within polarized hepatocytes di-
rects glycoproteins to the basolateral surface and into bile. As
a consequence, a1-6 fucosylated glycoforms are normally rare
in the blood and are enriched in the bile. Thus, if liver cells
become depolarized, the a1-6 fucosylated glycoforms rise in
abundance in the blood (16). The data collected in this study
strongly favor the latter hypothesis. Moreover, the presence of
high concentrations of bile acids in the serum samples with
high FI is a strong confirmation of our data.

In the setting of cholestasis, the basolateral path to the bile
ducts is blocked. Therefore, we hypothesize that there is an
accumulation of a1-6 fucosylated glycoproteins in the hepa-
tocyte. The only exit for these glycoproteins is apically to the
space of Disse and eventually to the systemic circulation. In
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conclusion, a1-6 fucosylation seems to be not a HCC marker,
but a marker for hyperbilirubinemia.

Our group has previously shown that a1-3 fucose signifi-
cantly increases in HCC patients (15). However, we could not
reproduce this upregulation of a1-3 fucose, possibly because
we used a mixed HCC population of different etiologies in
contrast to the original study that was uniquely performed in
HBYV patients (15). The a1-3 fucose did not differ significantly
between patients with normal and elevated bilirubin level, in
both fibrosis/cirrhosis and HCC patients.

The mouse models allowed us to investigate some variables
independently from each other. The influence of PHT was
investigated with PPVL mice. No biologically relevant
changes in N-glycosylation were observed in the PPVL mice,
indicating that PHT does not contribute to the alteration of
N-glycosylation in liver diseases.

The effect of elevated total bilirubin levels on N-glycosyla-
tion can be studied with CBDL mice. In analogy with liver
patients that had a strong increase in total bilirubin, CBDL
mice had a strong increased abundance of all a1-6 fucosylated
glycans. An additional advantage of mouse models is the easy
follow-up of histology and there is also less bias in the
histological analysis of the mouse liver. In this respect, we
were able to observe that the increase of a1-6 fucosylation is
an early event in the cholestatic development (Table 3).

CCl4 mice did not show an increase in total bilirubin level
and these mice therefore did not have an increased FI. These
mice develop a micronodular fibrosis/cirrhosis with character-
istics of an alcoholic cirrhosis, and it is also considered as a
model with an important amount of inflammation. However,
inflammation did not have an influence on the N-glycosylation
patterns in these mouse models. Apart from an early peak in
SAA concentration, no significant difference was observed and
there was no such correlation with the N-glycosylation patterns
of the mouse models. The hallmarks of CCl; mice are an
increase of peaks 9, 10, and 11, probably all multiantennary
glycans. Again, this occurred very early in the fibrotic devel-
opment and was not unique to CCls mice because also CBDL
mice had a significant increased abundance of these three
glycans, albeit later in the fibrotic development. Other common
changes with CBDL were a significant decrease in abundance
of peak 5/NA2 and its adjacent peak 4.

Some N-glycosylation aspects of human liver patients are
difficult to study in mouse models. Even it UGS would be
present in mouse models, it would be much less pronounced
than in humans because the IgG concentration in serum is
inherently low at 0.5 to 1.5 mg/dl. Additionally, in mice,
glycan modifications that do not exist in humans, especially
a-galactosylation, are present (12). Therefore, the baseline
N-glycosylation pattern of a control C57B1/6 mouse will be
different than the baseline N-glycosylation pattern of a healthy
human control (Fig. 1). Moreover, our study strongly suggests
that the spectrum of N-glycosylation alterations in liver disease
is different between mice and humans. In summary, caution is
offered when extrapolating mouse data.

In conclusion, we have shown that the GlycoFibroTest and
GlycoCirrhoTest can be used in all etiologies as universal
noninvasive tests. An important finding was that liver patients
with elevated total bilirubin levels have a significant increase
of glycans modified with «1-6 fucose. When studying fuco-
sylation, a distinction has to be made between an increase of
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al-6 fucose, which is a marker for hyperbilirubinemia, and an
mncrease of al-3 fucose, which is a marker for HCC, the latter
most likely exclusively in HBV patients. Future studies on
biomarker discovery based on N-glycosylation will have to
take into account that an increase of total bilirubin is attended
with an increase of al—6 fucosylation in serum.
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Abstract

INTRODUCTION: N-glycosylation of immunoglobulin G (IgG) has an important impact on the
modification of the total serum N-glycome in chronic liver patients. Our aim was to determine
the role and magnitude of the alterations in which hepatocytes and B cells are involved in
two mouse models of chronic liver disease.

MATERIALS AND METHODS: Common bile duct ligation (CBDL) and subcutaneous
injections with CCl, were induced in B cell deficient and wild type (WT) mice. IgG depletion
was performed with beads covered with protein A/G and the depletions were evaluated by
SDS-PAGE and Western blot analysis. N-glycan analysis was performed by improved DSA-
FACE technology. Structural analysis of the mouse serum N-glycans was performed by
exoglycosidase digests and MALDI-TOF mass spectrometry of permethylated glycans.

RESULTS: The alterations seen in B cell deficient mice closely resembled the alterations in
WT mice, both in the CBDL and the CCl, model. N-glycan analysis of the IgG-fraction in both
mouse models revealed different changes compared to humans. Overall, the impact of IgG
glycosylation on total serum glycosylation was marginal. Interestingly, the amount of fibrosis
present in CBDL B cell deficient mice was significantly increased compared to CBDL WT
mice, whereas the opposite was true for the CCl, model as determined by sirius red staining.
However, this had no major effect on the alteration of N-glycosylation of serum proteins.

DISCUSSION: Alterations of total serum N-glycome in mouse models of chronic liver
disease are hepatocyte-driven. Undergalactosylation of IgG is not present in mouse models
of chronic liver disease.
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1. Introduction

In humans, immunoglobulin G (IgG) is the most abundant glycoprotein in serum. IgG
molecules consist of two Fab and one Fc fragment, which are linked through a flexible hinge
region [9]. N-glycosylation is present in the CH, domain of the Fc fragment and about 30% of
the circulating human IgG is also glycosylated in the Fab region. The majority of the Fc
glycans are complex biantennary structures, multi-antennary structures are very rare on IgG
[13]. This is in contrast to serum proteins synthesized by hepatocytes of which 5% to 15% of
the glycans are multi-antennary structures (own data). The relative proportions of the other
glycans on IgG are also completely different compared to glycans of liver-produced proteins.
Especially agalactosylated glycans, that lack one or both galactoses in the glycan structure,
are characteristic for IgG glycosylation and are rarely found on liver-produced proteins [29].

Alteration of N-glycosylation of serum proteins have been extensively studied by our group in
various pathological states of the liver (GlycoFibroTest, GlycoCirrhoTest and GlycoHCCTest
— Table 1). In humans, these glycomic changes can be subdivided in alterations caused by B
cells and alterations driven by the liver.

Table 1: N-glycome derived biomarkers in various pathological states of the liver. The
combination of these three markers is collectively called the GlycoHepatoTest.

Marker name Marker
] . [.'\"GA:FE]
GlycoFibroTest [VA43]
NAZFE
GlycoCirrhoTest" [ [7a3] :
[MAIF]
GlycoHCCTest? log 7 or

*Vanderschaeghe et al. 2009 [29]; TCallewaert et al. 2004 [3], *Liu et al. 2007 [18]

The GlycoFibroTest, that can be used as a follow-up tool for liver fibrosis patients, is mainly
determined by IgG N-glycosylation. NGA2FB, an agalacto glycan, is present in the
nominator. There is a linear increase of agalactosylated glycans (NGA2F and NGA2FB) on
lgG in ascending Metavir-stage [1] and we previously found that the correlation of NGA2FB
with fibrosis was better than with NGA2F [29]. This result indicates that there is also an
increased N-acetylglucosaminyltransferase Il (GnT-lll) activity in B cells during liver
fibrosis/cirrhosis and not just only in regenerative liver nodules. This observation was
confirmed by Klein et al[11, 12].

NA3 is present in the denominator of both the GlycoFibroTest and GlycoCirrhoTest.
Biosynthesis of glycoconjugates necessitates the generation of activated monosaccharides.
These activated monosaccharides take the form of nucleotide-sugars (e.g. UDP-GIcNACc).
The sugar nucleotides are generated starting from non-activated monosaccharides that are
either directly taken up from the extracellular environment or generated by the cell’s
metabolism from other monosaccharides [6]. In hepatocytes, the latter pathway is not
present, and the N-acetylglucosamine (GIcNAc) formed in these cells comes from lysosomal
degradation of plasma glycoproteins that were taken up from the systemic circulation by
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surface receptors. This GIcNAc is then reused for the biosynthesis of the N-glycans of
glycoproteins. As fibrosis progresses, collagen is deposited in the space of Disse and
progressively less receptor-mediated uptake by the hepatocyte will be possible. Moreover,
NA3 is formed by the GnT-V enzyme and it is known that the K, values of GnT-V are much
higher compared to those of other GIcNAc transferases [26]. Therefore, if there is a limited
supply of GIcNAc, other GIcNAc transferases will consume the introduced GIcNAc more
readily and there will be less GIcNAc available for GnT-V to synthesize NA3. These two
factors combined, result in a lower NA3 production in ascending Metavir stage.

The GlycoCirrhoTest and GlycoHCCTest are diagnostic tests to respectively distinguish
cirrhotic patients from non-cirrhotic patients and patients with hepatocellular carcinoma
(HCC) from cirrhotic patients [3,18]. These tests are determined by the competition of the
GnT-lll and the GnT-V enzyme for the same substrate (tri-mannose core). In cirrhosis, there
is an upregulation of GnT-Ill in regenerative nodules and this enzyme is responsible for the
formation of bisecting GIcNAc modified glycans. In this way, an increased abundance of
these glycans on liver-produced proteins is observed in the serum of cirrhotic patients.
However, it was recently shown that these bisecting glycans were particularly present on IgG
and IgA in cirrhotic patients indicating an also strong B cell involvement [11]. In HCC, the
opposite occurs. There is an upregulation of the GnT-V enzyme in tumor cells so that the
balance is shifted towards more multi-antennary glycans on liver-produced proteins. Next to
GnT-V, a1-3 fucosyltransferase is also necessary to produce NA3Fb that is significantly
increased in HCC-patients. It has previously been shown that the branching fucose
modification, that is produced by this enzyme, is strongly associated with HCC [27]. As
indicated earlier, B cell involvement in the GlycoHCCTest can also not be excluded because
of the presence of NA2FB in the denominator. In summary, B cells are the dominant factor in
the alteration of protein glycosylation in human liver patients.

N-glycosylation of serum proteins is somewhat species-specific. On IgGs, the major
difference with humans is that N-glycans on mouse IgGs terminate with N-glycolylneuraminic
acid in stead of N-acetylneuraminic acid [24]. On liver-produced proteins, the major
difference with humans is the presence of a1-3 galactosylated glycoforms. The enzyme that
produces these glycoforms is been lost in the evolution towards the human lineage [14].
Furthermore, differences in expression of certain glycosyltransferases (for instance Mgat3)
also exist between mice and humans. The glycosylation of mice IgG is barely described in
literature and the published papers do not indicate the presence of bisected N-
acetylglucosamine at the difference of human IgG N-glycans [20, 21].

We previously did a glycomic research into the alterations that occurred in two mouse
models of chronic liver disease, common bile duct ligation (CBDL) and chronic injections
with CCl, [2]. In summary, we saw an increased abundance of core-fucosylated glycans in
CBDL mice and an increased abundance of glycans that are located at the end of the
electropherogram in CCl,; mice, most likely all multi-antennary glycans. Our aim was to
elucidate the role and magnitude that N-glycosylation of liver-produced proteins plays in
these alterations by using B cell deficient mice. In addition, IgGs were captured from the
serum of wild type (WT) CBDL and CCl, mice and the N-glycan fraction thereof was also
determined.
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2. Materials and Methods

2.1 mouse models of chronic liver disease

Male B10.129S2(B6)-Igh-6™'“®"/J mice (uUMT-mice) were purchased from Jackson
Laboratories (Bar Harbor, Maine, USA). B cell development is arrested in these mice at the
stage of pre-B cell maturation by a deletion in the heavy chain region of IgM. As a
consequence, these mice do not have mature B cells in their blood [10]. This implies that
isotype switching from IgM to 1gG is not possible and no IgG is present in the serum of these
mice. C57BI/10 control mice were purchased from Harlan Laboratories (Horst, The
Netherlands). B cell deficient mice were housed in individually ventilated cages, whereas
control mice were kept under normal housing conditions. Both mouse groups underwent a
12 hours controlled light/dark cycle at a constant temperature and humidity. The Ethical
Committee of experimental animals at the faculty of Medicine and Health Sciences, Ghent
University, Belgium, approved the protocols.

CBDL, CCl, and their respective controls were induced in B cell deficient and control mice.
The surgical procedure for CBDL was performed under sterile conditions in a laminar flow
cabinet. Under isoflurane inhalation, a midline abdominal incision was made and the
common bile duct was isolated. The common bile duct was occluded with a double ligature
of a non-resorbable suture (silk cut 5-0). The first ligature was made below the junction of
the hepatic ducts and the second was made above the entrance of the pancreatic duct. The
common bile duct was sectioned between the two ligatures [15]. Mice were sacrificed 6
weeks after CBDL (n=8). In wild type mice, this time point correlates with the cirrhotic stage.
Sham-operated mice were used as control group and they were also sacrificed after 6 weeks
(n=10) [5].

The second mouse model was induced by chronic subcutaneous (SC) administration of
carbon tetrachloride (CCly) (Merck, Darmstadt, Germany) twice weekly (1:1 dissolved in
olive oil; 1 ml/kg) [7]. 5% alcohol was added to drinking water. Mice were sacrificed after 16
weeks (n=8). Again, this correlates with the cirrhotic stage in wild type mice as validated in
our lab [5]. Control mice received a physiological saline solution (1 ml/kg) subcutaneously.
They were sacrificed after 16 weeks (n=10). No alcohol was added to the drinking water.

Body, liver and spleen weight were determined in every mice. Liver and spleen weight were
expressed as percentage of body weight (relative liver and spleen weight). Blood samples
were taken by placing a catheter in the arteria carotis. These samples were centrifuged at 10
000 rpm for 10 minutes. 200 pl serum was taken off the clot for the determination of liver
function tests (alanine aminotransferase activity (ALT), aspartate aminotransferase activity
(AST) and total bilirubin (Tbiln)) in B cell deficient and control mice. These were analyzed
using routine photometric tests on a Hiatchi 747 analyser (Diagnostica, Boehringer
Mannheim, Ingelheim, Germany). The remaining serum volume was used for N-glycan
analysis in B cell deficient and WT mice and for IgG depletion in WT mice. Finally, serum
IgG concentration was determined in 4 samples of every B cell deficient group and in 5
samples of every WT group (CBDL, CCl, and their respective controls) by an Enzyme-
Linked Immuno Sorbant Assay (ELISA) (Immunology Consultants Laboratoryn Inc —
Newburg, OR, USA). The ELISA was run according to manufacturer’s instructions and all
analyses were done in duplo.
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A liver section of about 1 cm in diameter of the left, right and middle lobe was taken for
histological examination. Livers were fixed in 4% phosphate buffered formaldehyde solution
(Sigma, St. Louis, MO, USA) and embedded in paraffin. From all tissue samples, 5 ym
tissue sections were cut with a Leica RM 2145 sliding microtome (Leica Microsystems,
Nussloch, Germany). The liver tissues sections were stained with 0.1% picrosirius red. The
amount of fibrosis in the liver correlates with the amount of redness present on a liver tissue
section. At an objective magnification of 20x, three regions were randomly chosen per liver
tissue section and the amount of redness was electronically quantified using the imaging
system Cell"D (Olympus, Hamburg, Germany). The mean value of these three regions was
taken as a numeric description of the amount of fibrosis.

2.2 lgG depletion

Serum samples of wild type mice were depleted using beads covered with protein A/G
(Thermo Scientific, Waltham, MA, USA). 100 ul serum was diluted with 100 pl binding buffer
and subsequently incubated with 35 ul beads for 1 hour. The mixture was transferred to a
96-well filter plate and centrifuged at 1000g for 15 seconds. The IgG depleted eluate was
captured in a microtiterplate. Subsequently, after five wash steps with binding buffer, pure
lgG was eluted from the beads with 0.1M glycine pH 2 in the 96-well filter plate. After
centrifugation at 1000g for 15 seconds, the eluate is neutralized with 1M Tris pH 8.8. 19G-
depleted serum and the IgG fraction were stored at -20 °C for N-glycan analysis.

2.3 Proteomic analysis: SDS-PAGE and WB analysis

Serum and IgG-depleted samples were diluted 1/20, the IgG fraction was processed
undiluted. The samples were mixed with LDS sample buffer (NuPage; Invitrogen, Seattle,
WA) and a sample reducing agent (dithiothreitol, Invitrogen). The proteins were denatured
by heating at 70°C for 10 minutes, subsequently loaded into 10% Bis-Tris Gel (Invitrogen)
and separated at a voltage of 170V for 1 hour. Finally, the gels were stained with Coomassie
blue (Sigma-Aldrich, Bornem, Belgium) for 1h and destained twice for 1h and overnight.

For the Western blot analysis, the proteins were transferred to a nitrocellulose membrane
(GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) after separation in a
10% Bis-Tris Gel. Membranes were blocked in Tris-buffered saline containing 0.05% Tween
and 5% non-fat milk. The membranes were incubated for 1 hour with a secondary antibody
(anti-lgG, dilution 1:10 000). Horseradish peroxidase (HRP) detection was carried out with
an enhanced chemiluminescence substrate (Roche Diagnostics, Indianapolis, IN).

2.4 Glycomic analysis

The N-glycans present in 5 puL of serum were released from the proteins with peptide N-
glycanase F (PNGase F). Subsequently, the glycans are fluorescently labeled and
desialylated (Arthrobacter ureafaciens sialidase; Roche, Mannheim, Germany). DNA
sequencer-assisted fluorophore-assisted capillary electrophoresis (DSA-FACE) technology
was used to profile and analyze the labeled glycans. For an elaborate description of the
protocol, we refer to [17]. 11 peaks were present in the electropherogram of every native and
lgG-depleted mouse serum sample and 9 peaks were present in the electropherogram of
every mouse IgG sample. The peak height of every peak was quantified to obtain a
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numerical description of the profiles. These data were analyzed with SPSS 16.0 software
(SPSS, Chicago, IL, USA). The peak heights were normalized to the total intensity of the
measured peaks (represented as a percentage of the total peak height).

Structural analysis of APTS-labelled serum N-glycans was performed by digesting
appropriate amounts with exoglycosidases: Streptococcus pneumonia (-1,4-galactosidase,
jack bean B-N-acetylhexosaminidase, bovine kidney a-fucosidase (all from Prozyme, San
Leandro, CA, USA). DSA-FACE was used to analyze the digestion products.

2.5 MALDI-TOF mass spectrometry

2.5.1 Derivatisation of samples

The released N-glycans were purified by chromatography on a Sep-Pak C18 cartridge
(Waters Corp. Milford, MA) to separate the released, hydrophilic N-glycans from the
remaining hydrophobic compounds. The Sep-Pak columns were conditioned by eluting
sequentially with 5 ml methanol, 5 ml dilute acetic acid, 5 ml propan-1-ol, and 15 ml dilute
acetic acid. Dried samples were resuspended in a small volume of dilute acetic acid, loaded
onto the column and eluted stepwise with 5 ml of dilute acetic acid as previously described
(8). The purified N-glycans were subsequently methylated using the sodium hydroxide
permethylation procedure as described previously (8).

Briefly, 5-7 NaOH pellets were ground to fine powder and mixed with 2-3 ml anhydrous
dimethylsulfoxide (Romil, UK) before adding to each dried sample. This was followed by the
addition of 0.6 ml of methyl iodide and vigorous shaking at room temperature for 15 minutes.
Permethylated glycans were extracted with chloroform and then purified by using Sep-Pak
C18 cartrigdes.

The cartridges were successively conditioned with methanol (5 ml), water (5 ml), acetonitrile
(5 ml) and water (15 ml). Each sample was dissolved in 200 pl of methanol:water (1:1)
solution before loading onto the cartridges. The cartridges were washed with 5 ml of water
and then eluted sequentially with 3 ml of each 15%, 35%, 50% and 75% acetonitrile solution
in water.

35%, 50% and 75% acetonitrile/water fractions were collected and then concentrated with a
Savant SpeedVac and subsequently lyophilized.

252 MS and MS/MS analyses of Permethylated Glycans

MALDI-TOF data were acquired on a Voyager-DE STR mass spectrometer (Applied
Biosystems, Foster City, CA) in the reflectron mode with delayed extraction. Permethylated
samples were dissolved in 10 pl of matrix (20 mg/ml 2,5-dihydroxybenzoic acid in 70% (v/v)
acqueous methanol), spotted onto a target plate, and dried under vacuum.

Further MS/MS analyses of peaks observed in the MS spectra were carried out using a 4800
MALDI-TOF/TOF (Applied Biosystems) mass spectrometer in positive ion mode (M + Na)+.
The collision energy was set to 1 kV, and argon was used as collision gas. Samples were
dissolved in 10 pl of methanol, and 1ul was mixed at a 1:1 ratio (v/v) with 2,5-
dihydroxybenzoic acid (20 mg/ml in 70% methanol in water) as matrix.
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2.5.3 Analysis of MALDI data

The MS and MS/MS data were processed using Data Explorer 4.9 Software (Applied
Biosystems, U.K.). The mass spectra were baseline corrected (default settings) and noise
filtered (with correction factor of 0.7), and then converted to ASCII format. The processed
spectra were then subjected to manual assignment and annotation with the aid of a
glycobioinformatics tool known as GlycoWorkBench [4].

Peak picking was done manually, and proposed assignments for the selected peaks were
based on molecular mass composition of the 12C isotope together with knowledge of the
biosynthetic pathways.

2.6 Statistical analysis

Data analysis was performed with SPSS version 16.0 (SPPS Inc, Chicago, IL). The data
were statistically processed with the Mann-Whitney U-test unless stated otherwise. P values
less than 0.05 (2-tailed probability) were considered as significant.

3. Results

3.1 Clinical data

Clinical data of the WT and B cell deficient mice in both models of chronic liver diseases are
summarized in Table 2.

Table 2: Clinical data and liver function tests of B cell deficient and wild type mice

CBDL 6w pMT  Sham 6w pMT CBDL 6w WT Sham 6w WT
Body weight (g) 19.6 (x2.0)T 28.9 (x2.1) 19.9 (x2.3)T 26.0 (£ 1.1)
Rel Liver weight (%) 10.3 (+2.2)F 6 (+0.4) 9.5 (+2.8)t 5.2 (+0.4)
Rel Spleen weight (%) 0.45 (+0.4)t 0.12 (+0.02) 0.46 (+0.1) 0.4 (0.08)
AST (U/l) 500 (+447)t 43 (+60) 422 (+201)t 136 (152)
ALT (U/l) 264 (+122)t 38.7 (+11.2) 284.3 (+141.3)t 68 (+44)
TBiln (mg/dl) 17.0 (6.6)t 0.06 (+0.02) 22.9 (+4.6)t 0.19 (+0.03)
CCl, 16w pMT __ Saline 16w pMT _ CCls 16w WT Saline 16w WT
Body weight (g) 28.9 (¥2.8) 32.0 (¥4.2) 30.3 (+1.8)* 28.0 (¥3.2)
Rel Liver weight (%) 5.9 (+0.7)f 9 (£0.4) 5.6 (+0.4)f 0 (+0.4)
Rel Spleen weight (%) 0.12 (+0.02) 0.11 (+0.09) 0.37 (20.11) 0.31 (20.07)
AST (U/l) 73 (£37)* 70 (+81) 98 (+26)* 67 (+29)
ALT (U/l) 61 (+28)* 4 (+20) 88 (+34)F 28 (+10)
TBiln (mg/dl) 0.08 (+0.02)+ 0.09 (+0.03) 0.19 (+0.02) 0.21 (+0.05)

Values are mean (+SD); n=8 subjects per group. CBDL, common bile duct ligation; CCls, carbon tetrachloride. uMT: B cell
deficient; WT: wild type. *P<0.05; $P<0.01; 1P<0.001 compared to control mice in the B cell deficient and WT models. +P<0.05,
*P<0.001 (B-cell deficient compared to WT).
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3.2 Histological analysis

CBDL B cell deficient mice showed significantly more fibrosis compared to CBDL WT mice.
The mean surface of fibrosis was quantified in CBDL B cell deficient mice as 41955.6 um?
versus 32687.4 um? in CBDL WT mice (P=0.04, two-tailed t-test). Interestingly, the CCl,
model showed the opposite result, there was significantly more fibrosis present in WT mice
chronically injected with CCl, compared to B cell deficient mice chronically injected with CCl,.
The mean surface of fibrosis was quantified in CCl, B cell deficient mice as 19327.1 um?
versus 26481 um? in CCl, WT mice (P=0.004, two-tailed t-test) (Fig. 1).

Figure 1. The B cell deficient state has an opposite effect on the development of fibrosis in
CBDL and CCIl,; mice. All liver slides were stained with 0.1% picrosirius red. In B cell deficient
CBDL mice (A), there was significantly more fibrosis present in the liver compared to CBDL WT
mice (B) as determined by sirius red stain values (P=0.04). In contrast, in B cell deficient CCl, mice
(C), there was significantly less fibrosis present in the liver compared to CCl, WT mice (D) as
determined by sirius red stain values (P=0.004).

3.3 lgG concentration in murine serum samples

The optical density measured in all B cell deficient mice, irrespective from induced liver
damage, rarely exceeded background value. As expected, this indicates that no IgG was
present in the serum of B cell deficient mice.

In agreement with our previous study, IgG concentration in WT mice was low in comparison
with human serum samples and ranged between 0.5 and 1.5 mg/ml (2). The IgG
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concentration was comparable in CBDL, CCl, and Sham-operated WT mice (mean value of
0.99 mg/ml (x0.17), 0.97 mg/ml (x0.16) and 1.08 mg/ml (£0.33), respectively), but
considerably lower in saline-injected mice (mean value of 0.75 mg/ml (£0.1)). The relative
high 1gG concentration in Sham-operated mice can be explained by the invasive character of
this procedure and the fact that cholestatic liver damage in mice does not seem to result in
further IgG elevation.

3.4 Proteomic evaluation of the IgG depletion and the IgG-fraction

Each IgG molecule is a dimere and consists of four polypeptides, two identical heavy (H)
chains (MW, 53 kDA) and two identical light (L) chains (MW, 22.5 kDa). The pure IgG-
fraction was clearly shown on 1D-PAGE and comparison with native samples revealed that
not all IgG was removed from the sample in the first depletion (fig. 2). The definitive answer
was given by Western blot analysis, after three consecutive depletions, all samples were
lgG-free and very little pure IgG (a fraction of the light chain) could be recovered in the third
depletion (fig. 2).
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1 2 3 4 5 6 7 _
| 1T 1 — 1 = Protein marker
18— S — 2 = IgG depleted serum (first depletion)
e —
BT .. 3 = IgG depleted serum (second
52— w— . — — - depletion)
o =S -
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7 = IgG (third depletion)
B
-
50 kDa
——

25 kDa e - —

/ [ \ \ [ \
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Fig. 2. SDS-PAGE (A) and Western blot (WB) (B) analysis of the IgG-depletions. SDS-PAGE
revealed that IgG is abundantly captured in the first depletion, and absent in the second and third
depletion indicating that the vast majority of IgG is removed from serum in the first depletion.
However, WB showed that three depletions are necessary to remove all IgG from serum. The serum
N-glycosylation pattern of a WT serum sample that was depleted three times was identical to that of
a B cell deficient serum sample (C).

3.5 Glycomic analysis

3.5.1 Structural analysis of the mouse serum N-glycans

Exoglycosidase digests provided structural information on most of the peaks, but it could not
unambiguously determine the precise glycan structure (supplemental figures online). In
contrast, MALDI-TOF analysis revealed the precise glycan structures of the most abundant
peaks in the IgG and total serum electropherogram (fig. 3), but since it is a less sensitive
technique compared to capillary electrophoresis, not all peaks present in the
electropherogram were detected in the MS spectra. Moreover, structural analysis with
MALDI-TOF MS was performed without sialidase digest, therefore, multiple peaks in the total
serum MS spectrum correspond to one peak in the total serum electropherogram.

By combining the exoglycosidase digests and MS-data, the following peaks could be
deduced in the IgG electropherogram: peak 1 is an agalacto, core-a-1,6-fucosylated
biantennary (NGA2F), peaks 3 and 4 are single agalacto, core-a-1,6-fucosylated
biantennaries (NG1A2F) and peak 7 is a bigalacto, core-a-1,6-fucosylated biantennary
glycan (NA2F). Similarly, the following peaks could be deduced in the total serum
electropherogram: peak 1 is an agalacto, core-a-1,6-fucosylated biantennary (NGA2F), peak
5 is a bigalacto, biantennary glycan (NA2), peak 7 is a bigalacto, core-a-1,6-fucosylated
biantennary glycan (NA2F) and peak 9 is tri-antennary glycan (NA3). From the latter
structure (NA3), it could be deduced that peaks 10 and 11 are also two multi-antennary
glycans. The remaining peaks in the IgG and total serum electropherogram could not be
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definitely determined, particularly because the precise glycan structure was not assessed by
MS-analysis. This was mostly the case for the low abundant peaks in the
electropherograms. Importantly, the fucosidase digest confirmed that peaks 1, 6 and 7 are
core fucosylated glycans and the MS-analysis also confirmed the absent of bisecting GIcNAc
modified glycans in both IgG and total serum electropherogram.

3.5.2 General aspects

Peak 1 (NGA2F) is a IgG-specific, but not exclusive glycan. In B cell deficient mice, peak 1 is
still present, but in very small quantities, whereas it is one of the most abundant glycans on
IgG. In WT mice, peak 1 is one of the minor peaks in the electropherogram reflecting the low
lgG concentration in serum of mice. In contrast, peaks 8 and 11 were never present on IgG
indicating that these glycans only appear on liver-produced protein (fig. 4, 5 and 6).
Glycomic analysis was done on the IgG fraction that was captured in the first depletion.

3.5.3 Wild type and B cell deficient mice
3.5.3.1 CBDL 6w vs. Sham 6w

First, we looked at significant N-glycan alterations in total serum by comparing WT CBDL
mice with WT sham-operated mice. A significant increase in peak height of peaks 1
(NGAZ2F), 6, 7 (NA2F) and 11 and a significant decrease in peak height of peaks 2, 5 (NA2)
and 9 (NA3) were observed.

Subsequently, we compared the peak heights of CBDL B cell deficient mice with the peak
heights of Sham-operated B cell deficient mice. In this analysis, specifically the N-glycan
alterations on liver-produced protein are observed and the pattern of alterations closely
reflected those of total serum. A significant increase in peak height of peaks 1 (NGA2F), 6, 7
(NA2F) and 11 and a significant decrease in peak height of peaks 2, 3, 4, 5 (NA2) and 9
(NA3) were observed (fig. 4).

Despite the close resemblance of the glycomic profile between WT and B cell deficient mice,
two peaks (peak 2 and 3) were supplementary decreased in the B cell deficient CBDL
model. We correlated the relative peak height of these peaks with the sirius stain values to
determine if the difference in fibrotic development between the WT and B cell deficient
mouse is responsible for the additional alterations. However, no correlation could be found
between the sirius red stain values and peaks 2 and 3 (Spearman’s rank correlation test,
P=0.76 and 0.42, respectively).

The same analysis was performed for all other peaks in the electropherogram, both in the
WT and B cell deficient mice. Only in the CCl, WT model, we found significant correlations
between sirius red stain values and the relative peak heights (see following section).

3.5.3.2 CCl, 16w vs. saline 16w

In total serum, we observed a significant increase in peak height of peaks 9 (NA3) and 11
and a significant decrease in peak height of peaks 2, 3, 4, 6 and 10. In analogy of CBDL, the
pattern of alterations on liver-produced protein closely resembled those of total serum. When
comparing CCl, injected B cell deficient mice with saline injected B cell deficient mice, we
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observed a significant increased peak height of peaks 8, 9 and 11 and a significant
decreased peak height of peaks 1 (NGA2F), 2, 3, 4, 6 and 10 (fig. 5).

Similar to the CBDL model, two peaks were supplementary significantly altered in the B cell
CCl, model. Peak 1 (NGA2F) was additionally significantly decreased and peak 8 was
additionally significantly increased. We also examined if these extra alterations were due to
the significant less fibrotic development in the B cell deficient CCl, model. Again, no
correlation could be found between the sirius red stain values and peak 1 (NGA2F) and peak
8 (Spearman’s rank correlation, P=0,73 and P=0.57, respectively).

Surprisingly, many relative peak heights in the CCl, WT model correlated very well with the
sirius red stain values. There were significant correlations with peak 3 (P=0.007), peak 4
(P=0.021), peak 5 (P=0.007), peak 7 (P=0.021), peak 8 (P=0.004), peak 9 (P=0.028) and
peak 11 (P=0.028) (Spearman’s rank correlation). For the most part, these are also the
peaks that were significantly altered in peak height in the CCl, model.

3.5.4 Immunoglobulin G
3.54.1 CBDL 6w vs. Sham 6w

We compared the height of the nine peaks in the IgG electropherogram of CBDL mice (n=6)
with those of Sham mice (n=8). Only one peak was significantly altered. Peak 2 was
significantly increased in the IgG electropherogram of CBDL mice (P=0.029) (fig. 6).

3.5.4.2 CCl, 16w vs. saline 16w

The same analysis was performed on the IgG electropherograms of CCl, (n=8) and saline
(n=8) injected mice. Three peaks were significantly altered in height. Peak 1 (NGA2F) and
peak 2 were significantly decreased on the IgGs of CCl,; mice (P=0.036 and P=0.027). In
contrast, peak 3 (NG1A2F) was significantly increased on the IgGs of CCl, mice (P=0.036)

(fig. 6).
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Figure 3. MALDI-TOF MS of N-glycans released from mouse IgG and Total Serum by PNGase F digestion.
Glycans were permethylated prior to MALDI-TOF analysis. Structures were assigned taking into account the molecular
weight value and the fragment ions obtained upon MS/MS analysis.

A: Profile of total permethylated N-glycans released from a pool of 72 mice IgG samples. Annotated structures
correspond to core fucosylated complex-type biantennary glycans (m/z 1893, 2098, 2301), and core-fucosylated
complex-type mono- and biantennary glycans with N-glycolylneuraminic acid as (m/z 2185, 2489, 2693, 2839, 3026)
and a-linked galactose (m/z 2839) as capping sugars..

B: Profile of total permethylated N-glycans released from a pool of 60 mice serum samples. Annotated structures
correspond to high mannose type N-glycans (m/z 1636 and 1841), core fucosylated complex type biantennary glycans
(m/z 1893, 2098, and 2301), complex type mono- and biantennary glycans with N-glycolylneuraminic acid as capping
sugar (m/z 2315, 2519, 2910), and core fucosylated complex type mono- and biantennary glycans with N-
glycolylneuraminic acid as capping sugar (m/z 2489, 2693 and 3084). One tri-antennary N-glycan was also detected with
two N-glycolylneuraminic acid residues at m/z value 3359.
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Figure 4. serum N-glycosylation patterns of the CBDL and Sham model in B cell deficient
and wild type mice. The alterations in B cell deficient mice closely resemble the alterations
seen in wild type mice. Green: significantly increased in relative peak height vs. control; red:
significantly decreased in relative peak height vs. control.
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Figure 5. serum N-glycosylation patterns of the CCl, and saline model in B cell deficient and
wild type mice. In analogy with the CBDL model, there is little difference between the alterations
observed in B cell deficient and wild type mice. Green: significantly increased in relative peak height
vs. control; red: significantly decreased in relative peak height vs. control.
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Figure 6. N-glycosylation patterns of IgG in CBDL, Sham, CCl, and saline injected mice.
Significant N-glycan alterations were scarce on IgG in the mouse models of chronic liver diseases.
Peak 2 was significantly increased on IgG of CBDL mice compared to Sham mice. Peak 1 and 2
were significantly decreased and peak 3 was significantly increased on IgG of CCl, mice compared
to saline injected mice. The boxes indicate the agalactosylated glycans in the electropherogram.
Although peak 2 is elevated in CBDL mice, it does not contribute considerably to the
undergalactosylation status of IgG because of its low abundance. Moreover, these glycans are
even significantly decreased in the CCl, model.
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4, Discussion

N-glycan alterations observed in total serum can reflect a changed B cell and/or a changed
hepatocyte physiology. In mouse models of chronic liver disease, the dominant factor is
clearly the change in hepatocyte N-glycan homeostasis. The pattern of N-glycan alterations
in total serum closely resemble the alterations seen on liver-produced protein, both in the
CCl4 and the CBDL model.

Significant N-glycan alterations on IgG were scarce. On IgGs of CBDL mice, only peak 2
was significantly increased. In total serum, peak 2 is not significantly altered, there could be
a balanced effect between a decrease on liver-produced protein and an increase on IgGs.
There were more significant alterations on IgGs of mice chronically injected with CCl,. Peaks
1 and 2 are significantly decreased in peak height and peak 3 is significantly increased in
peak height. The decrease of peak 1 and increase of peak 3 are not found in the total serum
electropherogram reflecting the low IgG concentration in mice (0.5-1.5 mg/dl) in comparison
to humans (8-20 mg/dl) [2].

In general, IgG N-glycosylation has a more significant impact in humans than in mice. Not
only is there a higher IgG concentration, the number and magnitude of alterations on IgG
during liver fibrosis is more elaborate and this clearly has an important influence on the total
serum N-glycome of cirrhotic patients [11]. Interestingly, undergalactosylation of IgG, an
important feature on the IgGs of human liver patients, was not observed in these mouse
models of chronic liver disease. This does not necessarily mean that IgG
undergalactosylation does not occur in mice. It is well known that undergalactosylation of
lgG is also present in rheumatoid arthritis (RA) patients and in contrast to our study, this
undergalactosylation could be extrapolated to a mouse model of RA [16, 28].

It must be noted that there are important variations in terminal galactosylation of 1gGs
between mice and humans. 70% of human IgG oligosaccharides are galactosylated,
whereas only ~45% of mouse IgG oligosaccharides contain galactose residues and this was
confirmed by the MS-analysis of the pooled IgG fraction [24]. Moreover, the change in
agalacto glycans on IgG is functionally important. In the context of undergalactosylation,
especially complement-dependent cytotoxicity (CDC) is affected in which less terminal
galactose on IgG results in reduced CDC activity. However, undergalactosylation also
results in the exposure of terminal GIcNAc residues that have been shown to bind to the
serum protein mannose binding protein and activate the alternative complement cascade
[25]. To what extent this has an impact on the IgG functionality of CCl, and CBDL mice
remains to be elucidated.

An interesting observation was the degree of fibrosis present in the mouse models of chronic
liver disease induced in B cell deficient mice. In the CCl, model, there was significantly less
fibrotic development in B cell deficient mice, whereas the opposite situation was present in
the CBDL model. In the CCl, model, B cells seem to have an impact on fibrosis in an
antibody- and T cell-independent manner [23]. The main hypothesis is that macrophages
that contribute to recovery from inflammatory scarring are preferentially activated in the
absence of B cells. Moreover, soluble factors produced by stimulated B cells can induce
collagen synthesis by hepatic stellate cells.
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In contrast, in a model of primary billary cirrhosis, B cell deficient mice developed a more
severe form of cholangitis than controls and had a significant greater frequency of activated
CD4* and CD8" T cells in the liver [22]. They also had reduced frequency of Foxp3*
regulatory T cells in the hepatic CD4" T cell population and natural killer T cells in hepatic
inflammatory cell infiltrates. In this model, B cells have a suppressive effect on the
inflammatory response.

These results indicate that the discrepancy in fibrotic development between the two models
can mainly be explained by the interaction between B and T cells. In the CCl, model, B cells
have an impact on fibrosis independently from T cells, whereas in the CBDL model, the T
cell population is significantly altered in the absence of B cells. A detailed clarification of this
difference in fibrotic development between the two models falls beyond the scope of this
study.

In the B cell deficient CBDL model, peak 2 and 3 are supplementary significantly decreased
in comparison to WT mice and in the CCl, model, peak 1 and peak 8 were also additionally
significantly altered in B cell deficient mice. However, no correlation between the sirius red
stain values and the peak heights of these peaks could be observed indicating that the
difference in fibrotic development between WT and immunocompromised mice is not
responsible for the extra glycomic alterations. In a previous study [2], we established that the
majority of N-glycan alterations in the CCl, and CBDL model were present at an early stage
in the fibrotic development. Since we looked at the end-stage of fibrotic development in both
models, the impact of these histological differences on N-glycan alterations are minimal.

The serum N-glycosylation pattern of a WT serum sample that was depleted three times was
identical to that of a B cell deficient serum sample. This was an extra confirmation that the B
cell deficient mice did not contain IgGs. By combining the data from the B cell deficient mice
with the fucosidase digest, it was confirmed that the increase of a1-6 fucosylated glycans
(peak 1, 6 and 7) in CBDL mice is hepatocyte and not B cell dependent. This is important
because this feature could be extrapolated to human liver patients with hyperbilirubineamia
[2]. The most likely hypothesis is that fucosylation of N-linked glycans within polarized
hepatocytes directs glycoproteins to the apical surface and into bile [19]. In cholestatic
conditions, the hepatocyte becomes depolarized and the fucosylated glycoforms end up in
the systemic circulation instead of bile. Moreover, the increase of multi-antennary glycans
(peaks 9 and 11) in CCl, was also confirmed as determined in our previous study [2].
Although another multi-antennary glycan (peak 10) was significantly decreased in CCl, mice,
this glycan is fucosylated (most likely branch fucosylated) as indicated by the fucosidase
digest and this will influence its behavior in chronic liver disease. Finally, in agreement with
previous reports [30], we could not identify any bisecting GIcNAc modified glycans in total
serum indicating no expression of the Mgat3 gene in normal liver and B cell. This supports
the evidence of a non-hepatic action of GnT-Ill in promoting hepatocyte proliferation after
partial hepatectomy as well as the progression of diethylnitrosamine-induced tumors [30].

In conclusion, alterations of serum protein N-glycosylation in mice are mainly hepatocyte
driven. Alterations of N-glycans on IgG are less abundant and do not reflect an
undergalactosylation status. This in combination with the low IgG concentration in mice
minimizes the impact of IgG N-glycosylation in mouse models of chronic liver disease.
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Abstract

The inhibition of the Placental Growth Factor (PIGF) produced promising results in reducing
tumor size and burden in hepatocellular carcinoma (HCC). However, methods to non-
invasively assess the progression of HCC in mouse models and their evolution after novel
treatments are lacking. HCC was induced in mice by weekly injections with
diethylnitrosamine (DEN) for 16w, 20w, 25w and 30w. One group was injected with DEN for
25w and subsequently treated with 25 mg/kg PIGF antibodies (5D11D4) for 5w. Finally,
PIGF” mice were injected with DEN and sacrificed after 20w and 30w. Blood was collected
at sacrification and analyzed with DNA sequencer-assisted fluorophore-assisted capillary
electrophoresis. Liver slides were immunohistochemically stained for the transcription factor
Ets-1. After 16w of DEN, 9 of the 13 peaks were significantly altered in abundance.
Maximum altered phenotype on the N-glycan level was reached after 20w of DEN i.e. the
time point when the first neoplastic lesions started to appear. At this time point, 11 peaks
were significantly altered in abundance. Treatment with 5D11D4 improved the glycomic
phenotype in DEN-treated mice in which 7 of the 11 altered glycans tended to normalize.
Similar results were obtained in PIGF” mice, but not to the same extent. These data
correlated with the Ets-1 staining in which a significant reduction of the number of Ets-1
positive cells was observed in both treatment and PIGF” group. Serum N-glycomics can
non-invasively assess the improvement of tumor burden after PIGF inhibition. Ets-1 might
provide a possible link between the glycomic and angiogenesis data.
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Introduction

Annually, more than 560 000 people are diagnosed with primary liver cancer (PLCs) and
hepatocellular carcinoma (HCC) accounts for 85-90% of all PLCs [1]. The factors
determining the risk for HCC include age, male gender and the etiology of the disease. In
particular cirrhosis is associated with a significant risk for HCC [2]. A liver biopsy is currently
the gold standard to diagnose the cirrhotic state of the liver, despite the well known
limitations and complications [3]. Callewaert et al have developed a non-invasive test based
on the N-glycosylation of serum proteins that can be used to diagnose cirrhotic from non-
cirrhotic patients with high sensitivity and specificity [4]. Using the same glycomic technique,
Lui et al were able to distinct HCC patients from cirrhotic patients [5]. In HCC patients,
branched fucosylated tri-antennary glycans (NA3b) were increased, whereas bisecting N-
acetylglucosamine (GIcNAc) modified biantennary glycans (NA2FB) were decreased
compared to cirrhotic patients. However, the latter test was developed in hepatitis B patients.
Hepatitis B is considered to be an oncovirus and this can be attributed to one of the four
proteins that originate from the HBV genome, the HBx-protein [6]. It was shown that the
HBx-protein significantly up-regulates the expressing of N-acetylglucosaminyltransferase IlI
(GnT-1I1), the enzyme responsible for the bisecting GIcNAc modification [7]. During tumor
development, expression of GnT-V, responsible for 81-6 branching to form multi-antennary
glycans, is up-regulated in HCC nodules [8]. This is the reason why advanced HCC (more
and larger HCC nodules producing more GnT-V) can be more readily differentiated from
cirrhosis compared to early HCC stages using this technique. However, these results could
not be reproduced in a MALDI-TOF study with a mixed HCC-population of hepatitis B and
hepatitis C patients [9]. Surprisingly, in this study, two multi-antennary glycans were
significantly decreased and a bisecting GIcNAc modified biantennary glycan was significantly
increased in the serum of HCC patients. These glycomic changes also occur in cirrhotic
patients [4] and were probably induced by the dominating cirrhotic liver in these HCC
patients.

Placental growth factor (PIGF) is a homolog of vascular endothelial growth factor (VEGF),
and was originally isolated from the human placenta [10]. VEGF can bind to VEGFR-1 and
VEGFR-2, whereas PIGF binds to neuropilines and VEGFR-1 which are up-regulated in
disease. It was previously shown that the angiogenic activity of PIGF is restricted to
pathologic conditions, without affecting healthy vessels [11]. Furthermore, promising results
have been obtained by inhibiting PIGF in several solid tumors [11]. Treatment of HCC in
DEN-induced mice with PIGF-antibodies causes a substantial difference in mortality, tumor
burden, vascular normalization and arterialization, compared to the control group [12]. In
addition, inhibiting PIGF by using transgenic knock out mice, leads to a significant delay in
HCC-progression and has a positive influence on mice survival [12].

The transcription factor E26 transformation-specific sequence 1 (Ets-1) is a product of proto-
oncogenes related to malignant transformation and metastasis. It plays an important role in
the process of angiogenesis and glycosylation. In the context of glycosylation, the GnT-V
enzyme is under the oncogenic control of Ets-1 [13, 14]. The expression levels of GnT-V and
Ets-1 were quantified by densitometry in 16 human and murine cancer cell lines and a
positive correlation was found between these mRNAs [14]. Alternatively, transfection of
dominant negative Ets-1 in two of these cell lines with high intrinsic Ets-1 and GnT-V
expression, decreased the GnT-V expression significantly [14]. The important role of Ets-1 in
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the transcription of GnT-V has also been shown in human gliomas [15] and metastatic
macrophage x melanoma fusion hybrids [16]. Increased expression of multi-antennary 31,6-
branching N-glycans has been correlated with metastatic potential in rodent tumor models
[17, 18] and has also been shown to be a marker of tumor progression in human breast and
colon neoplasia [19, 20]. Alternatively, Ets binding motifs are also found in the
promoter/enhancer region of numerous genes that are important for angiogenesis. These
include VEGFR-1 and -2, Tie-1 and -2 which are involved in the activation of endothelial
cells and MMPs and VE-cadherin which are involved in endothelial cell migration and
capillary formation [21]. In addition, increased expression of Ets-1 was observed in
endothelial cells (EC) during tumor angiogenesis in adults [22-24]. VEGF and bFGF were
potent inducers of Ets-1 in ECs and this induction of Ets-1 in ECs was mediated by the
activation of a classic MAP kinase, ERK1/2 [25].

Because the sugar chains of glycoproteins are essential for the maintenance of the ordered
social behavior of differentiated cells in multicellular organisms, alterations to the sugar
chains are the molecular basis of abnormal social behavior in tumors cells, such as invasion
into the surrounding tissues and metastasis. Serum N-glycosylation patterns could therefore
be the ideal tool to non-invasively evaluate to the efficacy of 5D11D4, a murine anti-PIGF
monoclonal antibody, on tumor growth in DEN-induced HCC.

Materials and Methods
Animals

5-week-old male WT and PIGF” mice (129S2/SvPasCrl) received weekly intraperiteoneal
(IP) injections with DEN (35 mg/kg) (Sigma-Aldrich, St Louis, MO, USA). Mice were kept
under constant temperature and humidity in a 12 hours controlled light/dark cycle and
received food and water ad libitum. The Ethical committee of experimental animals at the
faculty of Medicine and Health Sciences, Ghent University, Belgium, approved the protocols
[26].

WT mice injected with DEN and the respective control mice injected with saline solution
were sacrificed after 16w (n=5), 20w (n=4), 25w (n=4) and 30w (n=8). PIGF’ mice injected
with DEN and the respective control PIGF” mice injected with saline solution were sacrificed
after 20w (n=6) and 30w (n=8). In the treatment study, WT mice were injected with DEN and
control mice were injected with saline solution for 25w and subsequently treated with
5D11D4 (25mg/kg, 2x/week IP), a murine anti-PIGF monoclonal antibody, for 5w (n=9) or
lgG for 5w (n=9) [12].

At time of sacrification, blood was collected from the carotid artery under isoflurane
(Forene®, Abbott, Brussels, Belgium) anesthesia. These samples were centrifuged at 10 000
rpm for 10 minutes. Serum was taken off the clot and stored at -80°C for glycomic analysis.
The right lobe of the liver in control mice and the lobe with HCC nodules in DEN-treated
mice were removed and fixed in 4% phosphate buffered formaldehyde solution for 24h
(Klinipath, Geel, Belgium).
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N-glycan analysis

The N-glycans present in 5 pl of serum were released from the proteins with PNGase F and
subsequently fluorescently labeled with APTS and desialylated. Improved DNA sequencer-
assisted fluorophore-assisted capillary electrophoresis (DSA-FACE) technology was used to
profile and analyze the labeled glycans [27]. Data were analyzed using the Genemapper
v3.7 software (Applied Biosystems). 13 peaks were present in the electropherogram of every
mouse serum sample. The peak height of every peak was quantified to obtain a numerical
description of the profiles. The peak heights were subsequently normalized to the total
intensity of the measured peaks (represented as a percentage of the total peak height).
Structural analysis of the N-glycans was done as previously described [28].

Ets-1 staining

For Ets-1 staining, paraffin-embedded liver sections were cut at 5 um thickness and
deparaffinized using standard histology protocol. Antigen retrieval was performed by 30
minutes incubation in 95°C citrate buffer, endogenous peroxidase activity was blocked by 15
minutes incubation in 3% H,O,. Primary antibody was diluted 1/200 in TBS and applied
overnight at 4°C. DAB-staining was induced using LSAB+ kit (DAKO, ref n° K0690,
California, USA), as stated on the product specification sheet; and nuclei were
counterstained with Mayer haematoxylin. The number of Ets-1 positive cells were visualized
on a Olympus BX41 microscope equipped with a Olympus UC30 camera and electronically
quantified using Olympus Cell*D in 10 regions of interest (ROI) inside the HCC lesions, in
their active surrounding matrix and in non tumor tissue, leading to 30 ROIs per slide. The
number of Ets-1 positive cells are represented per mm? and used for subsequent statistical
analysis.

Statistical analysis

Statistical analysis was performed with SPSS 16.0 (SPSS, Chicago, IL, USA). Glycomic data
were processed using a Mann-Whitney U test, whereas Ets-1 data were processed using an
independent sample ttest. A single-factor ANOVA analysis was performed in the control, in
the different DEN-injected groups and in the 5D11D4-treated group regarding the value of
the developed biomarkers, (log(peak4/peak11) and log(peak2+peak7+peak8)). Post-hoc
tests were performed using Tukey HSD tests. The degree of linear correlation between the
value of the biomarkers and the Ets-1 data was determined by a Spearman rank correlation
test. P-values < 0.05 were considered significant in all analyses.
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Results

Histological analysis

These histological data have been published previously [26], but are important for the
interpretation of the results, therefore a summary is given. After 16 weeks of weekly DEN-
injections, a mild fibrosis occurs and dysplastic lesions start to appear, resulting in a
premalignant environment. The following weeks are a progression phase in which the
premalignant environment continues to evolve to a malignant state. The tumor burden
significantly augments and angiogenic factors persist to increase. After 25w of DEN-
injections, the small dysplastic lesions have progressed to vascularized exophytic tumors
which are macroscopically visible and give rise to a further increase in angiogenic factors,
leading to the formation of new blood vessels. Histologically, tumor burden reached a
maximum phenotype after 30w of DEN-injections that was significantly larger compared to
25w. Inhibition of PIGF in this model, leads to a decreased tumor burden, vascular
normalization, decreased arterialization and a prolonged survival compared to DEN-induced
controls [12].

N-glycomic analysis

DEN-study

After 16w of DEN, already 9 of the 13 peaks in the electropherogram were significantly
altered in comparison to control mice. Maximum altered phenotype on N-glycomic level (11
of the 13 peaks) was reached after 20w of DEN and this is also the time point that small
neoplastic lesions started to appear. After 25w and 30w of DEN, all mice have developed
well-vascularized, macroscopic lesions, although the glycomic phenotype did not further
aggravate in comparison to 20w of DEN (fig. 1) (for P values, see table 1).
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Figure 1: Representative serum N-glycosylation patterns of control WT mice
and WT mice chronically injected with diethylnitrosamine for 16w, 20w, 25w
and 30w. Green: significantly increased in relative peak height compared to
control mice; red: significantly decreased in relative peak height compared to

control mice.

141




Treatment study

We compared the serum N-glycosylation patterns of mice injected with DEN for 25w and
subsequently treated with 5D11D4 for 5w with the serum N-glycosylation patterns of mice
injected with DEN for 25w and treated with control IgG for 5w. The latter group shows the
same alterations (including a supplementary significant increase of peak 12) compared to
25w DEN alone indicating that IgG treatment did not influence the glycomic phenotype.

7 of the 11 altered peaks, observed after 25w of DEN and 5w of IgG, evolved back into the
normal direction after 5w treatment with 5D11D4 i.e. they significantly increased or
decreased in peak height into the direction observed in control mice (fig. 2) (for P values,
see table 1). Interestingly, the biantennary fucosylated glycans (peaks 6 and 7) that were
significantly increased after chronic DEN-injections, did not decrease after 5D11D4-
treatment indicating that improvement on fucosylation level was not achieved with 5D11D4.

We also compared the serum N-glycosylation patterns of WT mice injected with saline
solution for 25w and subsequently treated with 5D11D4 with those of the control mice. None
of the 13 peaks were significantly altered in peak height compared to control mice indicating
that 5D11D4 on itself had no effect on the serum N-glycosylation patterns.
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Figure 2: Representative serum N-glycosylation patterns of WT mice chronically injected
with DEN for 25w and subsequently treated with IgG for 5w and WT mice chronically
injected with DEN for 25w and subsequently treated with 5D11D4 for 5w. Green:
significantly increased in relative peak height compared to control IgG; red: significantly
decreased in relative peak height compared to control IgG.
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PIGF” study

First, we compared the serum N-glycosylation patterns of PIGF" mice injected with saline
solution for 25w with the control WT mice injected with saline solution for 25w. Even at this
baseline level, already 6 peaks were significantly altered including a significant increase of
two multi-antennary glycans (for P-values, see table 1).

Subsequently, we compared the serum N-glycosylation patterns of PIGF” mice injected with
DEN for 20w and WT mice injected with DEN for 20w. In analogy with the treatment study, a
normalization of the altered peaks was observed albeit not as elaborate as in the treatment
study. The same conclusion can be drawn when comparing PIGF” mice injected with DEN
for 30w with WT mice injected with DEN for 30w. A significant decrease of five peaks (peaks
2, 6,7,8and 12) was observed (for P values, see table 1).

Alternatively, we also compared the serum N-glycosylation patterns of PIGF™ mice injected
with saline solution with the PIGF" mice injected with DEN for 20w and 30w. The same
pattern of alterations was observed at both time points with a significant increase of peaks 1,
7,8,9,10, 11, 12 and 13, whereas there was a significant decrease of peaks 2, 3, 4 and 5.

Table 1: N-glycomic analysis in the DEN-study, treatment study and PIGF” study

) ) Peak | Peak | Peak | Peak | Peak | Peak | Peak | Peak | Peak | Peak Peak Peak Peak
Time point
Study 1 2 3 4 5 6 7 8 9 10 1 12 13
16w g [ I [ 1 1 1 1 1
20w ™ [k [k [k [k ™ ™ 1 ™ 1 ™
DENt
25w ™ [ [ [k [ ™ ™ 1 ™ ™
30w ™ [ [k [k ™ ™ ™ ™ 1
Treatmentt 5w 5D11D4 1 1 1 1 > 1 -
baseline I 1 [ I 1 1
PIGF" 20WDEN 2 ™ ™ 2 g
30wDEN I I I 1 -

|: significantly decreased in abundance; 1: significantly increased in abundance; *P<0.05; **P<0.01; T1DEN: diethylnitrosamine, compared to
control mice; fcompared to 25w DEN and 5w IgG; PIGF: Placental Growth Factor, compared to WT counterpart.

Development of biomarkers for DEN-induced HCC

Based on the pattern of significantly altered peaks, we developed two biomarkers,
log(peak4/peak11) and log(peak2+peak7+peak8). Both biomarkers are expected to have a
different mean value in the six groups investigated (single-factor ANOVA, P<0.001 for both
markers). The first biomarker, log(peak4/peaki1), performed very well in identifying DEN-
injected mice. This marker had a mean value of 0.11 (£0.06) in control mice and this value
significantly decreased in mice injected with DEN for 16w (-0.42 (+0.14)), 20w (-0.58
(£0.09)), 25w (-0.52 (£0.09)) and 30w (-0.44 (+0.19)) (P<0.001 for all analyses, Tukey post-
hoc). This marker had a perfect Area Under The Curve (100% sensitivity and 100%
specificity) for the distinction of control and DEN-injected mice since there is no overlap in
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marker score between the control and DEN-injected mice. The optimal cut-off was placed at
-0.08. The mean value of the marker significantly increased in mice injected with DEN for
25w and treated with 5D11D4 for 5w compared to mice injected with DEN alone (P<0.001
for all analyses, Tukey post-hoc), but was still significantly decreased compared to control
mice (P<0.001, Tukey post-hoc) (fig. 3A).

A second biomarker was developed by combining the three peaks that correlated
significantly with tumor burden in DEN-injected and 5D11D4-treated mice (peak 2, peak 7
and peak 8). This biomarker had a mean score of 1.05 (+0.05) for control mice and 1.11
(x0.06) for mice injected with DEN for 16w. This mean value significantly increased in mice
injected with DEN for 20w (1.23 (+0.09)), 25w (1.26(+0.08)) and 30w (1.3 (+x0.13)) and mice
treated with 5D11D4 for 5w after 25w of DEN (1.22 (+0.06)) compared to control mice
(P=0.033, P=0.008, P<0.001 and P=0.009, respectively, Tukey post-hoc). Finally, a
significant increase in mean value was observed for mice injected with DEN for 30w
compared to mice injected with DEN for 16w (P=0.01, Tukey post-hoc) (fig. 3B).

Figure 3: A) Error bars (standard error of
mean) represent the evolution of the
value of the biomarker
(log(peak4/peak11)) in control, DEN-
injected and 5D11D4-treated mice. There
was a significant decrease in biomarker
score in DEN-treated mice (P<0.001,
Tukey post-hoc). This score subsequently
significantly increased when mice were
treated with 5D11D4 for 5w (P<0.001,
Tukey post-hoc), but was still significantly
lower than the score in control mice
(P<0.001, Tukey post-hoc). B) Error bars
(standard error of mean) represent the
evolution of the biomarker
log(peak2+peak7+peak8) in control,
DEN-injected and 5D11D4-treated mice.
There was a significant increase of marker
score in mice injected with DEN for 20w,
25w and 30w compared to control mice
(P=0.033, P=0.008 and P<0.001,
respectively, Tukey post-hoc) and also after
16w of DEN compared to 30w of DEN
(P=0.01, Tukey post-hoc).
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Ets-1 staining

Results are summarized in tables 2 and 3. These tables show the number of Ets-1 positive
nuclei per mmz2 in the tumor, around the tumor and in non-HCC tissue. Overall, a significant
reduction of the number of Ets-1 positive cells was observed in PIGF” and 5D11D4-treated
mice compared to their respective WT and IgG treated counterpart in all three areas
investigated (fig. 4).

30W DENWT 30W DEN PIGF -/- 5W aPIGF

~03ce~ 305

NNTI

Figure 4: The number of Ets-1 positive cells significantly decrease in 5D11D4-treated and
PIGF" mice. Representative images (x40) of Ets-1 stained liver sections in non-tumor tissue (Top)
and in and around the tumor (Bottom) after 30w of DEN in WT and PIGF” mice and in mice treated
with 5D11D4 (aPIGF) for 5w after 25w of DEN-injections.

Table 2: summary of the Ets-1 staining in the DEN group and PIGF" group

Control 16w DEN! 20w DEN 25w DEN 30w DEN
WT _ PIGFT P~ wT WT  PIGF” P* wWT WT  PIGF” P*
Inside the 1322 1146 335 72.3 1025 704
NA NA <0.001 0.02
tumor (+6.2) (+56)  (+10.7) (+36.5) (#21)  (+12.5)
Around the 51.5 133 37.2 147.9 128.2 72
NA NA <0.001 <0.001
tumor (+19.4) (#58)  (+12.2) (+33.6) (24)  (£26.1)
Non-HCC* 16.3 185 16.4 48.1 17 27.9 29.9 19
0.61 <0.001 <0.001
tissue (#6.1)  (+12.1) (+3.9) #21)  (+4.7) (+4.6) (#9.1)  (#6.1)

*independent samples t-test, data are represented mean + standard deviation, NA: not applicable, tPIGF: Placental Growth Factor, HCC:
hepatocellular carcinoma, JDEN: diethylnitrosamine
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Table 3: summary of the Ets-1 staining in the treatment study

25w DEN' + 5w IgG 25w DEN + 5w 5D11D4 P
Inside the tumor 138.1 (£48.4) 42 (1£9.2) <0.001
Around the tumor 161.8 (£42) 57.9 (£13.5) <0.001
Non-HCC* tissue 37.6 (+14.1) 18 (+6.6) <0.001

*independent samples t-test, data are represented mean + standard deviation, TDEN: diethylnitrosamine,
FHCC: hepatocellular carcinoma

There was a good correlation between the value of our biomarker (log(peak4/peak11)) and
the Ets-1 data. However, the best correlation was found between this biomarker and the
number of Ets-1 positive cells in non-HCC tissue (P=0.002), whereas a borderline significant
correlation was obtained between the biomarker and the number of Ets-1 positive cells
around and in the tumor (P=0.088 and P=0.085, respectively). The opposite situation was
observed for the biomarker log(peak2+peak7+peak8). A significant correlation was found
with the number of Ets-1 positive cells around and in the tumor (P=0.028 and P=0.02,
respectively), whereas the correlation with the number of Ets-1 positive cells in non-HCC
tissue was not significant (P=0.11).

Discussion

Mouse models of chronic liver disease produce large quantitative alterations of serum N-
glycans. We did not only observe this in fibrotic models such as CCl, or common bile duct
ligation [29], but also in this DEN-induced HCC-model virtually all serum N-glycans were
significantly altered in abundance. This can be explained by the liver specificity of N-glycan
alterations in mouse models of chronic liver disease [28]. In human liver disease, IgG is the
main glycoprotein on which the glycomic changes occur [30, 31], but in mouse models of
chronic liver disease, the impact of IgG N-glycosylation on total serum N-glycosylation is
minimal, and the main alterations can be found on liver-produced proteins [28]. Not only is
their a much lower IgG concentration in mice, the number and magnitude of the alterations
on IgG are far less significant [28].

This was confirmed by a study similar to ours that also investigated N-glycomic changes in a
DEN-induced HCC model [32]. They did not found any alteration of IgG glycan profiles in
DEN-treated mice compared to controls. The methodology used was different to our study,
they used three-week old female C57BI/6 mice that were injected once a week for 6 weeks
and then sacrificed at 23, 30, 36 and 48 weeks. However, HCC mainly occurs in men and
this gender disparity can also be seen in mice [33]. DEN-administration causes a greater
increase in interleukin-6 concentration in males than in females, probably due to estrogen-
mediated inhibition of IL-6 production by Kupffer cells [33]. Moreover, C57BI/6 mice are less
sensitive to the development of HCC [34] and the pure strain is almost never used in HCC
research. In our study, using male 129/Sv mice, the first HCC-nodules appeared at 20w and
significant amounts of fibrosis were also present after 25 and 30 weeks of DEN-
administration [26], whereas Lui et al saw the first HCC development only after 30w and no
liver fibrosis was observed at any time point studied. Since human HCC mostly develops in a
natural background of fibrosis, the model in our study seems to be more representative.
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Although the serum N-glycosylation patterns can somewhat differ between two mouse
strains, the overall pattern and abundances of the different glycans were similar between
C57BI/6 and 129/Sv mice. In the study of Lui et al, two peaks were significantly increased
(these correspond to peak 4 and 11 in our study) and one peak was significantly decreased
(correspond to peak 7 in our study) in DEN-injected mice. Surprisingly, in our study, peak 4
was consistently significantly decreased, whereas peak 7 was consistently significantly
increased. Peak 4 is a glycan that is prominently decreased in fibrotic models [29] and this
discrepancy between the two studies could therefore be explained by the presence of
fibrosis in our HCC-model. Peak 7 is an important core-fucosylated glycan and an increase
in core-fucosylation is well documented in HCC [35,36].

Important in the study of Lui et al was that they observed a strong up-regulated expression
of Mgatd4a in HCC-mice. This can be linked to the significant increase of peak 11 in our
study. Mgat4a is the gene that codes for the GnT-IVa enzyme and together with GnT-V, they
are mainly responsible for the induction of multi-antennary glycans. As indicated earlier,
these enzymes are under the transcriptional control of Ets-1. In GnT-IVb deficient mice, Ets-
1 expression is evoked and this considerably induces expression of GnT-IVa and -V to
preserve N-glycan branch complexity [37].

Treatment with 5D11D4 produced a clear improvement on the N-glycomic level in which a
trend towards normalization was observed. However, the N-glycosylation patterns of the
5D11D4-treated DEN mice were still significantly different from the N-glycan profiles of
control mice. Of course, anti-angiogenic therapy can prevent tumor growth and cause
shrinkage by depriving tumors from their blood supply, yet a complete disappearance of
tumor mass will not be accomplished. Nevertheless, there was a strong reduction of Ets-1
positive cells after treatment with 5D11D4, indicating less transcription of enzymes
responsible for multi-antennary glycans. The most elaborate changes were therefore
observed in the multi-antennary glycan fraction with a strong decrease of all these glycans
(peaks 11, 12 and 13). This can be explained by the positive effects of 5D11D4 on tumor
size and burden as illustrated in [12]. In this way, Ets-1 might provide a possible link
between the improvements on the N-glycomic level and the anti-angiogenic properties of
5D11D4 (fig.5).
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Figure 5: Proposed model for implication of Ets-1 in the working mechanism of 5D11D4 as anti-
angiogenic agent and down-regulator of multi-antennary glycans. DEN, diethylnitrosamine; Ets-1,
E26 transformation-specific sequence 1; GnT-V, N-acetylglucosaminyltransferase; HCC, hepatocellular
carcinoma.

We have developed a biomarker (log(peak4/peaki1)) that described the abovementioned
data very well. A strong decrease of the mean value was observed in DEN-injected mice
with a peak after 20w and a significant increase of mean value in 5D11D4-treated mice,
however still significantly lower than the control mice. Moreover, a good correlation was
found between this marker and the Ets-1 data in all three areas investigated, but the
correlation was only significant with the number of Ets-1 positive cells in non-HCC tissue.
This suggests that this is a marker of the environment that becomes premalignant. The
opposite situation was observed for the second biomarker, log(peak2+peak7+peak8), the
marker significantly correlated with the Ets-1 data around and in the tumor, but not in HCC-
tissue. There was a linear increase in marker score from mice injected with DEN for 16w to
mice injected with DEN for 30w and this correlated well with tumor burden. This marker can
therefore be used as a tumor marker in DEN-injected and 5D11D4-treated mice.

Although the Ets-1 positive cells were equally strongly declined in PIGF” mice, improvement
in the N-glycomic data did not follow. There was still a normalization trend, but not as explicit
as in the treatment group and this correlated very well with the histological data in which the
effects on mortality, tumor size and burden were less profound in the knock out model than
in the treatment study [12]. When comparing control PIGF” mice with control WT mice, a
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significant increase of multi-antennary glycans (peaks 11 and 13) were observed although
Ets-1 levels were comparable. This indicates that, in PIGF” mice, other factors might
influence the expression of GnT-IVa and it also can explain why multi-antennary glycans are
not decreased in the knock out model injected with DEN, despite the significant lowering of
Ets-1 level. Tumors that occur in the knock out model have the chance to adapt to an
environment without PIGF. Therefore, these tumors might have a completely different
phenotype than those in WT mice.

To our knowledge, this is the first study in which Ets-1 was evaluated in an orthotopic mouse
model of HCC. Further study is needed to unambiguously provide evidence for the key role
of Ets-1 in the working mechanism of 5D11D4 as a down-regulator of multi-antennary
glycans on serum proteins and as an anti-angiogenic agent in HCC, for instance by working
with Ets-1 deficient mice.
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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) is a spectrum of disorders ranging
from steatosis to non-alcoholic steatohepatitis (NASH). Steatosis of the liver is benign,
whereas NASH can progress to cirrhosis or even hepatocellular carcinoma. Currently, a liver
biopsy is the only validated method to distinct steatosis from NASH. Aim: The objective of
this study was to identify a NASH marker based on the N-glycosylation of serum proteins.
Methods: N-glycosylation patterns were assessed using DNA-sequencer-assisted
fluorophore-assisted capillary electrophoresis and compared with histology. Results:
Initially, a biomarker (log[NGA2F]/[NA2]) was developed based on the results obtained in 51
obese non-alcoholic patients scheduled for bariatric surgery. This biomarker performed the
best in a multivariate analysis in distinguishing NASH from steatosis compared to twelve
currently used biomarkers. The biomarker was validated in a cohort of 224 NAFLD patients.
In both cohorts, a good correlation was observed between our biomarker and the amount of
lobular inflammation, whereas no correlation was found with the fibrotic stage. The N-glycan
profile of immunoglobulin G (IgG) in the NASH population confirmed the important
undergalactosylation present in these patients. The mobility of the y-globulin fraction during
serum electrophoresis is largely dependent on this undergalactosylation of IgG and we found
a significant slower migration time of y-globulins in NASH patients on clinical capillary
electrophoresis equipment in the pilot study. Conclusions: our glycomarker specifically
recognizes liver inflammation in obese individuals which is the main trigger for the
development of steatohepatitis and can differentiate between simple steatosis and NASH.

Keywords: Inflammation; Glycomics; Immunoglobulin G; Electrophoresis, Capillary
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Introduction

The prevalence of obesity is increasing dramatically in Western countries. Overnutrition and
physical inactivity has led to an overweight population that reaches epidemic proportions. In
the United States alone, one third of the population is obese (Body Mass Index (BMI) > 30)
[1]. Obese patients are prone to develop steatosis or steatohepatitis of the liver. Steatosis is
a rather benign condition, but non-alcoholic steatohepatitis (NASH) can develop into
cirrhosis and hepatocellular carcinoma (HCC) in 10% to 15% of the patients [2].

In this respect, it is of crucial importance to distinguish both liver conditions in the obese
population. A liver biopsy is still the golden standard despite the well-known complications
such as intraperitoneal hemorrhage, puncture of the gallbladder or pneumothorax. Non-
invasive alternatives including ultrasonography or biochemical markers can give an
indication of the degree of steatosis, but they can not make the distinction between NASH
and simple steatosis [3]. Several biochemical variables have been suggested to make this
distinction. These biomarkers can be divided into anthropomorphic variables such as BMI
and waist-to-hip ratio (WHR) and biochemical variables including Homeostatic Model
Assessment (HOMA) index, serum adiponectin level, alanine aminotransferase (ALT),
gamma-glutamyl transferase (GGT), serum cholesterol level, serum high density lipoproteins
(HDL) level, serum triglycerides (TG) level and serum uric acid level [4-12]. The current best
serological marker for NASH is caspase-cleaved cytokeratin-18 (CK-18). It predicts
histological NASH with 70% sensitivity and 83.7% specificity with an area under the curve
(AUC) of 0.71 [13]. This is the highest AUC for the diagnosis of NASH patients of all single
markers. However, CK-18 is not specific for NASH. Caspase-generated CK-18 fragments
are released during hepatocyte apoptosis, a fundamental process in virtually all acute and
chronic liver diseases that are characterized by inflammation, steatosis, or fibrosis [14].

Glycomics aims at determining the abundance of the different glycan structures in a
quantitative way in a particular biofluid, mostly serum or plasma. It has previously shown its
diagnostic value in cirrhotic and HCC patients [15, 16]. The GlycoFibroTest is a similar
marker to monitor fibrotic patients in which agalactosylated glycans play an important role.
These glycans lack one or both galactoses in the glycan structure, they can only be found on
Immunoglobulin G (IgG) and gradually augment with increasing METAVIR-stages [17]. In
fact, 19G is the glycoprotein on which the main alterations occur in human chronic liver
disease [18].

The mechanism of NASH is poorly understood. It is thought to be immune-mediated and
inflammatory stress runs as a second hit in the pathophysiology of NASH [19]. As the
distinction between NASH and steatosis is mainly inflammation-related, we investigated
whether the agalacto-lgG component could be used to distinguish both patient populations.
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Patients and methods
Patients

275 NAFLD patients from three Belgian academic centres (Ghent University Hospital,
Antwerp University Hospital and Erasmus Hospital Brussels) were included in this study.
First, a pilot study (Ghent) was conducted on 51 chronically obese patients that were
scheduled for bariatric surgery. Subsequently, the results found in this cohort of patients
were validated in two independent cohorts of 50 (Brussels) and 174 (Antwerp) NAFLD
patients. The validation study also consisted out of patients that were scheduled for bariatric
surgery (n=51; 22.8%), but a large part were patients that were diagnosed with NAFLD
through a percutaneous liver biopsy without surgery (n=173; 77.2%). Patients were selected
based on clinical data such as BMI (>30 kg/m?) and the absence of high amount of alcohol
consumption (<200 g per week for men and <100 g for women) and were also tested and
found negative for viral hepatitis, auto-immune and cholestatic conditions. All patients signed
an informed consent. The Ethical Committee of Ghent University Hospital approved the
protocols.

In the pilot study, anthropomorphic data (BMI, WHR) and biochemical markers (serum
adiponectin level, ALT, GGT, HDL, TG, serum cholesterol level, serum uric acid level, serum
ferritin level, HOMA-index, C-reactive protein (CRP) and CK-18) were determined in every
patient. In the validation study, biochemical data was limited to HOMA-index, CRP and CK-
18 level of all patients. The HOMA-index was calculated as: [fasting insulin concentration
(uU/mL) X fasting glucose concentration (mmol/L)/22.5]. ALT, GGT, HDL, TG, cholesterol,
uric acid, glucose and CRP were determined in serum using routine photometric tests on a
Modular P800 (Roche Diagnostics GmbH, Mannheim, Germany). Insulin and ferritin were
determined in serum on a Modular E170 (Roche Diagnostics GmbH, Mannheim, Germany).
Two Enzyme-Linked Immuno Sorbant Assays were used to determine the serum
concentration of CK-18 (PEVIVA AB, Bromma, Sweden) and adiponectin (R&D Systems,
Minneapolis, MN, USA). An aliquot of serum was also immediately frozen for glycomic
analysis and stored at -20°C until further use.

Histological analysis

In the pilot study, a wedge liver biopsy was carried out during the planned bariatric
procedure (mean diameter 86.2 mm (+50)), whereas a tru-cut liver biopsy was performed on
bariatric surgery patients in the validation study. A routine Menghini liver biopsy was carried
out in the validation study on the NAFLD patients that were not operated. Mean diameter of
the needle biopsies was 18.0 mm (£7). Slides were stained with haematoxylin-eosin and
picrosirius red. Patients were diagnosed blindly by a pathologist (L.L.) based on classical
histopathological features such as inflammation, ballooning, lobular inflammation and the
pattern of fibrosis. The NAFLD activity score (NAS) was used to classify the NAFLD patients
[20]. Minimal steatosis (under 5% - score 0) was separated from mild steatosis (5%-33% -
1), moderate steatosis (>33%-66% - 2) and severe steatosis (>66% - 3). Lobular
inflammation was assessed according to the number of inflammatory foci at a magnification
of 200x: no foci (0), <2 foci (1), 2-4 foci (2) and >4 foci (3). Ballooning degeneration was also
scored: none (0), few balloon cells (1), prominent ballooning (2). NAS of =5 correlates with a

155



diagnosis of NASH and biopsies with scores less than 3 were diagnosed as simple steatosis.
Scores of 3 and 4 correlate with borderline NASH.

IgG depletion

lgG depletion was performed as previously described with modifications (protein A/G was
used in stead of protein A) [21]. This analysis is important for the interpretation of the serum
protein electrophoresis in which we specifically study the migration of the y-globulin fraction.

Glycomic analysis

Blood was collected at the day the biopsy was performed. The N-glycans present in 5 pl of
serum or pure IgG eluate were released from the proteins with peptide N-glycanase F.
Subsequently, the glycans are fluorescently labeled and desialylated. DNA sequencer-
assisted fluorophore-assisted capillary electrophoresis technology was used to profile the
labeled glycans. For an elaborate description of the protocol, we refer to Laroy et al [22].
Thirteen peaks were present in the total serum protein electropherogram, whereas only
seven peaks were present in the IgG electropherogram (fig. 1). The height of every peak
was quantified to obtain a numerical description of the profiles and these were normalized to
the total intensity of the measured peaks (represented as a percentage of the total peak
height). These data were analyzed with SPSS 16.0 software (SPSS, Chicago, IL, USA).
Structural characterization was done as described [15].

Serum protein electrophoresis

Serum protein electrophoresis was performed using a Capillarys 2™ CE system (Sebia,

Paris, France) as previously described [23]. Proteins are detected at the cathodic end
(deuterium lamp; 200 nm) as 5 fractions (y-, B-, a2-, a1-globulines and albumin, which elutes
last) that are automatically quantified as percentages of the total signal. The electrophoretic
mobility of the y-fraction was assessed by calculating the difference between the elution
times at the points where the y- and albumin fraction reached their maximum optical density
at 200 nm. Albumin is not subject to charge differences or polymorphisms. Therefore, it can
be used as an internal standard to correct for migration differences inherent to capillary
electrophoresis.

Statistical analysis

Data are presented as mean * standard deviation. Statistical analysis was performed by a
single-factor ANOVA in three groups (steatosis, borderline NASH and NASH) or otherwise
indicated (independent samples t-test). Post-hoc tests were performed using Tukey HSD
tests. In the pilot study, a multiple linear regression analysis was performed including all
variables that were significant in the univariate analysis. The degree of linear relationship
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between two variables was measured with the Pearson correlation test. P values < 0.05
were considered significant in all analyses.

Results

Pilot study

Clinical and histological findings

The clinical and histological findings are summarized in Tables 1 and 2.

Table 1: Anthropomorphic and biochemical data of the pilot study population (n=51)

Patients scheduled for bariatric surgery

Normal liver + steatosis Borderline NASH NASH Univariate' Multivariate?
(n=27) (n=10) (n=14)

Male/female 3/24 1/9 5/9 NA
BMI (kg/m?) 38.6 (6.9) 41.6 (£5.4) 43.5 (£9.0) 0.121
WHR 0.9 (+0.08) 0.97 (£0.1) 0.98 (0.08) 0.024 0.78
HOMA-index 0.64 (x0.63) 3 (x1.5) 2.11 (x2.4) 0.015 0.15
Adiponectin (ug/ml) 3 (7.3) 0 (5.8) 2.4 (£1.96) 0.637
ALT (1U/l) 24.2 (+10.2) 31.3 (£17.2) 71.4 (+109.9) 0.052
GGT (Ul) 20.1 (+10.0) 36.6 (+24.8) 61.1 (+45.0) <0.001 0.71
Cholesterol (mmol/l) 197.1 (¢35.3) 194.6 (+34.5) 197.4 (+53.4) 0.984
HDL (mg/dl) 60.7 (+12.2) 56.0 (+14.5) 417 (£12.2) 0.001 0.173
TG (mg/dl) 126.4 (+68.1) 193.3 (¢57.3) 203.0 (+122.2) 0.014 0.139
Uric Acid (mg/dl) 53 (+1.3) (*1.7) 6.3 (+2.1) 0.163
Ferritin (ng/ml) 108 (+179.2) 151.1 (¢132.1) 238.1 (£229.8) 0.144
CK-18 (U/l) 161.7 (+56.3) 233.8 (+116.5) 635.3 (+1115.8) 0.065
Glycomarker -0.89 (0.16) -0.79 (£0.22) -0.65 (0.25) 0.003 0.069
CRP (mg/dl) 0.53 (+1.21) 0.36 (+0.45) 0.23 (0.24) 06

Mean (+SD) 'P-value (single-factor ANOVA) “P-value (multiple linear regression analysis) NA: Not Applicable

157



Table 2: Histological findings in the pilot study cohort (n=51)

Borderline NASH

Normal (n=12)  Steatosis (n=15) NASH (n=14)
(n=10)
Histological feature Category Number of biopsy specimen (%)
No (<5%) 12 (100%) 1 (6.7%) 0 (0%) 0 (0%)
Steatosis Mild (5%-33%) 0 (0%) 10 (66.6%) 3 (30%) 0 (0%)
Moderate (>33%-66%) 0 (0%) 4 (26.7%) 5 (50%) 5 (35.7%)
Severe (>66%) 0 (0%) 0 (0%) 2 (20%) 9 (64.3%)
No foci 12 (100%) 15 (100%) 5 (50%) 0 (0%)
Lobular inflammation <2 foci 0 (0%) 0 (0%) 5 (50%) 9 (64.3%)
2-4 foci 0 (0%) 0 (0%) 0 (0%) 4 (28.6%)
>4 foci 0 (0%) 0 (0%) 0 (0%) 1(7.1%)
No 12 (100%) 15 (100%) 2 (20%) 0 (0%)
Ballooning Few balloon cells 0 (0%) 0 (0%) 8 (80%) 7 (50%)
Prominent ballooning 0 (0%) 0 (0%) 0 (0%) 7 (50%)
0 = none 12 (100%) 15 (100%) 6 (60%) 2 (14.3%)
1 = mild, perisinusoidal 0 (0%) 0 (0%) 4 (40%) 10 (71.4%)
Fibrosis stage 2 = perisinusoidal and portal/periportal 0 (0%) 0 (0%) 0 (0%) 2 (14.3%)
3 = bridging fibrosis 0 (0%) 0 (0%) 0 (0%) 0 (0%)
4= cirrhosis 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Glycomic analysis
Total serum protein

N-glycomic analysis of the glycans present in total serum showed one glycan (peak 1,
NGAZ2F) that was significantly altered in abundance (P=0.001). Post-hoc tests revealed that
peak 1 is significantly increased in NASH patients compared to steatosis patients (P<0.001)

(fig. 1).
I9G fraction

N-glycomic analysis of the glycans present on IgG revealed three glycans (NGA2F, NGA2FB
and NA2F) of which the abundance were significantly altered (P<0.001, P=0.004 and
P<0.001, respectively). Post-hoc tests revealed that peak 1 (NGA2F) and peak 2 (NGA2FB)
were significantly increased in NASH patients in comparison to the borderline NASH and
steatosis group (P=0.039 and P<0.001 for NGA2F and P=0.031 and P=0.003 for NGA2FB,
respectively). In contrast, post-hoc tests revealed that peak 6 (NA2F) is significantly
decreased in NASH patients and borderline NASH patients compared to the steatosis group
(P<0.001 and P=0.043, respectively) (fig. 1).
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Figure 1. The structures of the N-glycan peaks in the total serum (A) and IgG (B) electropherogram of steatosis
and NASH patients. Peak 1 is an agalacto, core-a-1,6-fucosylated biantennary (NGA2F), peak 2 is an agalacto, core-
al,6-fucosylated bisecting biantennary (NGA2FB), peak 3 and peak 4 are single agalacto, core-a-1,6-fucosylated
biantennaries (NG1A2F), peak 5 is a bigalacto, biantennary (NA2), peak 6 is a bigalacto, core-a-1,6-fucosylated
biantennary (NA2F), peak 7 is a bigalacto, core-a-1,6-fucosylated bisecting biantennary (NA2FB), peak 8 is a triantennary
(NA3), peak 9 is a branching a1,3-fucosylated triantennary (NA3Fb), peak 9’ is a core-a-1,6-fucosylated triantennary
(NAS3Fc), peak 10 is branching a1,3-fucosylated and core a-1,6-fucosylated triantennary (NA3Fbc), peak 11 is a tetra-
antennary (NA4) and peak 12 is branching a1,3-fucosylated tetra-antennary (NA4Fb). The symbols used in the structural
formulas are: square indicates B-linked N-acetylglucosamine (GIcNAc); yellow circle indicates B-linked galactose, triangle
indicates a/B-1,3/6-linked fucose; green circle indicates a/B-linked mannose.




Development and evaluation of glycomarker for NASH

The biomarker that was put forward was log(peak 1/peak 5). Peak 5 (NA2) was used in the
denominator because this glycan was borderline significantly decreased in total serum of
NASH patients (P=0.056). We first tested this glycomarker in the three patient groups of our
pilot study population. The steatosis group had a mean score of -0.89 (+0.16), the borderline
NASH group had a mean score of -0.78 (+0.22) and the NASH group had a mean score of -
0.65 (x£0.25) (P=0.003). Post-hoc tests showed that this score was significantly increased in
the NASH group compared to the steatosis group (P=0.002). The AUC of this marker to
distinguish NASH patients from borderline NASH and steatosis patients was 0.75 ([0.6-0.9]).
This was similar to CK-18 that displayed an AUC of 0.67 ([0.49-0.84]) for the same analysis.

We also evaluated our glycomarker in the different categories of lobular inflammation.
Patients with no inflammation had a mean score of -0.91 (+0.16), patients with a mild
inflammation had a mean score of -0.75 (+0.14) and patients with a moderate amount of
inflammation had a mean score of -0.42 (£0.05). Only one patient had a severe inflammation
and this patient had a score of -0.23 (P=0.001) (fig. 2). In contrast, there was no correlation
between CRP value and glycomarker score (Pearson correlation test, P=0.594).

Biomarkers of non-alcoholic steatohepatitis

Twelve suggested biomarkers for NASH were evaluated in our pilot study population. Most
of the markers were significantly or borderline significantly altered in the NASH population
(for P-values, see table 1). Surprisingly, two markers that have been strongly linked with
NASH, adiponectin and CK-18, were not significantly altered in our pilot population (P=0.637
and P=0.065).

Subsequently, all markers that were significant in the univariate analysis (HOMA, WHR,
GGT, HDL, TG and our glycomarker) were evaluated in a multiple linear regression analysis.
Our glycomarker showed a borderline significant result and displayed the lowest P-value of
all markers (for P-values, see Table 1).

y-globulin migration in NASH and steatosis patients

A mean y-globulin migration of 159.9s (+4.3), 162.5 (x4.5) and 164.9 (+4.8) were obtained
for the steatosis, borderline NASH and NASH group, respectively, and a single-factor
ANOVA revealed that this difference is significant (P=0.006). NASH patients had significantly
slower migrating y-globulins than the steatosis group as revealed by post-hoc tests
(P=0.005). ROC analysis showed that the AUC to distinguish NASH from borderline NASH
and steatosis was 0.797 ([0.66-0.93]).

Validation study

Clinical and histological findings

The clinical and histological findings of the validation study are summarized in Tables 3 and
4, respectively.
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Table 3: Anthropomorphic and biochemical data of the validation study population

(n=224)
Patients scheduled for bariatric surgery (n=51) and diagnosed by liver biopsy (n=173)
Normal liver + steatosis (n=78) Borderline NASH NASH Univariate®
(n=84) (n=62)

Male/female 35/43 37/47 28/34 NA
HOMA-index 2.79 (£2) 4.06 (+3.9) 5.38 (£3.8) <0.001
CK-18 (U/1) 169.5 (+111.6) 170.2 (99.3) 320.2 (+319.8) <0.001
Glycomarker -0.88 (+0.18) -0.87 (+0.18) -0.77 (x0.15) <0.001
CRP (mg/dl) 0.84 (£1.3) 0.73 (20.65) 0.82 (£0.89) 0.12

Mean (+SD) *P-value (single-factor ANOVA) NA: Not Applicable

Table 4: Histological findings in the validation study cohort (n=224)

Normal (n=18) Steatosis (n=60) Borderline NASH (n=84) NASH (n=62)
Histological feature Category Number of biopsy specimen (%)
No (<5%) 18(100%) 7 (7.8%) 0 (0%) 0 (0%)
Steatosis Mild (5%-33%) 0 (0%) 73 (81.1%) 39 (46.4%) 2 (3.2%)
Moderate (>33%-66%) 0 (0%) 10 (11.1%) 40 (47.6%) 30 (48.4%)
Severe (>66%) 0 (0%) 0 (0%) 5 (6%) 30 (48.4%)
No foci 18 (100%) 80 (88.9%) 18 (21.4%) 0 (0%)
. . <2 foci 0 (0%) 10 (11.1%) 62 (73.8%) 40 (64.5%)
Lobularinflammation ¢y 0 (0%) 0 (0%) 4 (4.8%) 22 (35.5%)
>4 foci 0 (0%) 0 (0%) 0 (0%) 0 (0%)
No 18 (100%) 62 (68.9%) 6 (7.2%) 0 (0%)
Ballooning Few balloon cells 0 (0%) 28 (31.1%) 60 (70.2%) 26 (41.9%)
Prominent ballooning 0 (0%) 0 (0%) 18 (22.6%) 36 (58.1%)
0 = none 16 (88.9%) 61 (67.8%) 26 (31%) 18 (29%)
1 = mild, perisinusoidal 2 (11.1%) 12 (13.3%) 22 (26.2%) 18 (29%)
Fibrosis stage 2 = perisinusoidal and portal/periportal 0 (0%) 9 (10%) 21 (25%) 9 (14.5%)
3 = bridging fibrosis 0 (0%) 6 (6.7%) 13 (15.5%) 14 (22.6%)
4= cirrhosis 0 (0%) 2 (2.2%) 2 (2.4%%) 3 (4.9%)
Glycomic analysis
Total serum protein

N-glycomic analysis of the glycans present in total serum revealed three glycans (peak
1,NGA2F; peak 2,NGA2FB and peak 8,NA3) that were significantly altered in abundance.
The first two peaks were significantly increased in NASH patients (P=0.001 and P=0.014,
respectively). Post-hoc analysis revealed that NGA2F and NGA2FB were significantly
increased compared to steatosis and borderline NASH patients (P=0.002 and P=0.005
respectively for NGA2F and P=0.017 and P=0.046 respectively for NGA2FB). In contrast,
peak 8 (NA3) was significantly decreased in abundance in NASH patients (P=0.031) and
post-hoc analysis revealed that this difference was only significant with steatosis patients
(P=0.029).
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Validation of the biomarker (log(peak1/peak5))

The steatosis group had a mean score of -0.88 (+0.18), the borderline NASH group had a
mean score of -0.87 (£0.18) and the NASH group had a mean score of -0.77 (x0.15)
(P<0.001). Post-hoc analysis revealed that the mean score of NASH patients was
significantly increased compared to steatosis and borderline NASH patients (P<0.001 and
P=0.005, respectively). The AUC of this marker to distinguish NASH patients from borderline
NASH and steatosis patients was 0.66 ([0.59;0.73]).

Similar to the pilot study, we also evaluated our biomarker in the different categories of
lobular inflammation. NAFLD patients with no inflammation had a mean score of -0.9
(x0.19), NAFLD patients with a mild inflammation had a mean score of -0.83 (+0.17) and
NAFLD patients with a moderate amount of inflammation had a mean score of -0.76 (+0.17)
(P<0.001) (fig. 2). Post-hoc analysis revealed that NAFLD patients with a mild and moderate
amount of inflammation had a significant higher mean score than patients with no
inflammation (P=0.001 and P=0.007, respectively). Again, no correlation was found between
CRP level and the score of our glycomarker (Pearson correlation test, P=0.12). In contrast to
the pilot study, we were able to perform an analysis of our biomarker in the different fibrotic
stages. Mean score of patients staged 0 was -0.85 (£0.19), staged 1 was -0.82 (+0.15),
staged 2 was -0.91 (+0.18), staged 3 was -0.82 (+0.19) and staged 4 was -0.73 (+0.18)
(P=0.098) (fig. 2).
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Figure 2. Glycomarker correlates with stage of lobular inflammation, but not with
stage of fibrosis. Scatter dot of the glycomarker score in the different categories of lobular
inflammation in the pilot study (A) and validation study (B). Boxplots of the glycomarker
score in the different stages of fibrosis (validation study) (C).

CK-18 analysis

The CK-18 concentration was determined in steatosis patients and in different fibrotic
stages of borderline NASH and NASH patients (fig. 3). In the borderline NASH group, only
the cirrhotic patient showed a considerable higher CK-18 value (460 U/l) in comparison to
the steatosis group. In the NASH group, CK-18 clearly acted as a fibrosis marker with a
stepwise increase in CK-18 concentration from fibrosis stage 0 (169.7 U/l) to fibrosis
stage 3 (393.4 U/l). The CK-18 value in the two cirrhotic NASH patients was considerably
higher compared to other fibrosis stages (mean level of 1004 U/l).

Mean CK-18 concentration in the steatosis group was 169.5 U/I (£111.6), in the borderline
NASH group 170.2 U/l (£99.3) and in the NASH group 320.2 U/I (+319.8) (P<0.001). Post-
hoc analysis showed that the CK-18 value in the NASH group was significantly increased
compared to the steatosis (P<0.001) and the borderline NASH group (P<0.001). The AUC
of CK-18 to distinguish NASH from borderline NASH and steatosis was 0.68 ([0.59;0.77]).
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We also evaluated the clinically relevant difference between steatosis and NASH patients
without fibrosis. As expected, no significant increase in CK-18 level was observed between
these two groups (169.7 U/l vs. 201.6 U/, respectively) (P=0.33, independent sample t-test).
We did the same analysis for our glycomarker and we found that this marker performed
considerably better (-0.87 vs. -0.78, respectively) (P=0.073, independent sample t-test).
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Figure 3. CK-18 acts as a fibrosis marker in NASH. Bar graph of the CK-18 concentration in
steatosis, borderline NASH and NASH patients. In the borderline NASH and NASH patients, a division
into the different stages of fibrosis was made (NO: NASH patients with no fibrosis; N1: NASH patients
with fibrosis grade 1; N2: NASH patients with fibrosis grade 2; N3: NASH patients with fibrosis grade 3
and N4: NASH patients with cirrhosis. A similar classification was done for the borderline NASH (B)
group. S: steatosis).

y-globulin migration in NASH and steatosis patients

A mean y-globulin migration of 163.1 (+4.7), 163.9 (£5.4) and 164.5 (+4.5) was observed
for the steatosis, borderline NASH and NASH group, respectively (P=0.262). The AUC of
the serum electrophoresis analysis in the validation study was low at 0.55 ([0.47;0.63]).

Discussion

Most currently used markers to distinguish NASH from steatosis detect the fibrosis present
in NASH patients, but they can not measure the essential difference between steatosis and
NASH patients which is the onset of a chronic inflammatory reaction. Our results indicate
that by quantifying N-glycans of serum proteins, it is possible to solve this question.
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Our glycomarker displayed reasonable AUCs of 0.75 and 0.66 in the pilot and validation
study for the distinction of NASH from borderline NASH and simple steatosis, respectively. It
is important to keep in mind that we are in fact separating groups of individuals with varying
NAS scores and that the numeric score is not meant to replace a pathologist’'s evaluation of
diagnosis.

It was shown that a perfect biomarker would have an excepted AUC vs. liver biopsy of 0.76.
Moreover, this number was reached with a conservative estimate of biopsy error [24]. This
study also showed that needle biopsies (performed in the validation study) are less golden
standard than wedge liver biopsies (performed in the pilot study). The surface of biopsies is
considerably larger in wedge liver biopsies (five times larger in our study) and the scoring of
at least inflammation will therefore be more accurate. This could explain why the
glycomarker and the serum protein electrophoresis analysis are less accurate in the
validation cohort.

The novelty of our study is that we found a marker that is specific for NASH i.e. a marker that
recognizes hepatic inflammation in chronically obese patients. The best illustration that our
glycomarker is a marker for hepatic inflammation was the good correlation with the scores of
lobular inflammation, both in pilot and validation study. In general, the more inflammation
present in the NASH patient, the higher the value of our glycomarker. Even a clinically
relevant distinction between NAFLD patients with no inflammation and a mild inflammation
was observed.

In the pilot study, we evaluated the performance of our biomarker in comparison to
suggested biomarkers for NASH. Six markers displayed a significant result in the single-
factor ANOVA analysis. However, in the multiple linear regression analysis, our glycomarker
displayed the lowest P-value with a borderline significant result. This demonstrates its
superiority over the other markers for NASH in this cohort.

The marker that recently has been strongly linked with NASH is CK-18 [25]. CK-18
performed equally well in distinguishing NASH from steatosis in the validation cohort (AUC
of 0.68), but this was predominantly due to the CK-18 values of NASH patients with an
important amount of fibrosis. Moreover, CK-18 was not able to distinguish steatosis from
NASH patients without fibrosis, whereas our glycomarker performed considerably better at
this analysis.

The glycans that significantly increase in total serum of NASH patients (NGA2F for both pilot
and validation study and NGA2FB for validation study) are fully agalactosylated and
inflammation-dependent. NGA2F and NGA2FB are exclusively present on IgG and their
significant increase clearly indicates an electropherogram of a patient with an important
amount of inflammation [17]. This observation was also made in other chronic necro-
inflammatory diseases such as Crohn’s disease, ankylosing spondylitis and rheumatoid
arthritis and our glycomarker accordingly had a high mean value in these conditions
(supplementary data) [17,26]. Yet again, this is a confirmation of the inflammatory character
of our glycomarker and other chronic inflammatory diseases have to be excluded when
interpreting the glycomarker in chronically obese patients.

This important undergalactosylation was confirmed by the N-glycomic composition of the
lgG-fraction in NASH patients of the pilot study. This is also the molecular basis for the
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slower y-globulin migration in NASH patients [23]. Sialic acids are the only charged
monosaccharides and these are located on top of the galactoses in the glycan structure.
Therefore, undergalactosylation of IgG implies that the level of sialylation of antibodies will
also be lower and fewer negatively charged sialic acid on IgG will result in a slower migration
of the y-globulin fraction. However, the relative contribution of sialylation heterogeneity to the
molecular heterogeneity that affects the y-globulin mobility, was estimated at only 36% .
Nevertheless, a good AUC of 0.8 for the distinction of NASH from the borderline NASH and
steatosis was achieved in the pilot study with this extremely simple test. Unfortunately, we
could not validate this result in our larger cohort.

Recently, a similar study on N-glycosylation in NAFLD patients has been conducted [27].
Although the same N-glycan alterations were observed and therefore the same biomarker
was put forward, it was claimed that this marker was associated with fibrosis stage and not
with severity of inflammation. However, we could not find a significant correlation between
this biomarker and the stage of fibrosis, although a slight increase was observed in the
cirrhotic stage. As mentioned earlier, an increase of agalactosylated glycans on IgG have
been linked to chronic inflammatory conditions. There are two major fully agalactosylated
glycans, NGA2F and NGA2FB. A hallmark of fibrosis/cirrhosis is an increase of bisecting
GlcNAc modified glycans, not only the fully galactosylated NA2FB (peak 7) on liver-produced
serum proteins that reflects an increased N-acetylglucosaminyltransferase Ill activity in
regenerative nodules, but also a slight increase of the agalactosylated NGA2FB (peak 2) on
lgGs [15, 17, 18]. However the latter increase is not very large, it is still quantitatively more
important than the increase on liver-produced protein, because these bisecting glycans are
predominantly present on IgG. In contrast, NGA2F (peak 1) which is not modified with a
bisecting GIcNAc, only correlates very well with the amount of inflammation. Moreover, Chen
et al used an adaptation of the Kleiner and Brunt classification. NAFLD patients with a
lobular inflammation and ballooning of hepatocytes or either abnormal (stage 1-4) fibrosis
were immediately classified as NASH patients, whereas this study included the borderline
NASH patients as a separate group.

In conclusion, our glycomarker specifically recognizes inflammation in chronically obese
patients. This test was validated in a large, independent cohort of 224 patients. Our
glycomarker is able to distinct simple steatosis from NASH and it is not influenced by the
degree of fibrosis present, in contrast to the CK-18 marker which is a clear fibrosis marker in
NASH patients. This test has the potential to be transported to the clinic and included as a
marker for NASH avoiding liver biopsies in the diagnosis and follow-up of patients.

Supporting documents of the Results:

As our glycomarker has a very good correlation with the amount of lobular inflammation, we
correlated our glycomarker with the serum ferritin level. Ferritin is a parameter that is
associated with inflammation and it has been suggested to function as a pro-inflammatory
cytokine. However, we did not find a significant correlation between the two variables
(P=0.271, Pearson correlation test). Serum ferritin as a marker for inflammation displayed
many false positives (high ferritin level, low grade of inflammation) indicating that our
glycomarker performed considerably better as NASH marker. Moreover, ferritin was not able
to distinguish NASH from steatosis (P=0.144) (Table 1).
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We combined our glycomarker with the CK-18 marker in the validation cohort
(supplementary figure 1). The optimal cut-off for our glycomarker was -0.89 and the optimal
cut-off for CK-18 was 203 U/I. The combination glycomarker — CK-18 resulted in a sensitivity
of 51% (26/51), a specificity of 85% (125/147), a positive predictive value of 54.2% (26/48)
and a negative predictive value of 83.3% (125/150). In other words, if both markers reach
their cut-off values, NASH patients can be confirmed with a high degree of certainty, but
overall, the combination of these two markers did not result in much extra information.
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Supplementary figure 1. Two-dimensional scatter plots classifying the NASH group (n=51)
and steatosis/borderline NASH group (n=147). Black circles represent steatosis/borderline
NASH patients and black triangles represent NASH patients. Optimal results were obtained with a
cut-off value for CK-18 of 203 U/l and a cut-off value for the glycomarker of -0.89. This resulted in
a sensitivity of 51%, specificity of 85%, positive predictive value of 54.2% and a negative
predictive value of 83.3% for the distinction NASH from borderline NASH and steatosis.

Evaluation of GlycoFibroTest in pilot and validation study

The glycans that were significantly altered in NASH patients of the validation study (NGA2F,
NGA2FB and NAS3) suggest that the GlycoFibroTest (log[NGA2FB]/[NA3]) [18] could be
useful in this population to distinguish NASH patients from steatosis patients. As expected,
the mean score of this test was significantly elevated in NASH patients compared to
steatosis patients (P=0.002, Tukey post-hoc). Mean score in steatosis patients was -0.77
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(x0.22), in borderline NASH patients -0.74 (+£0.28) and in NASH patients -0.64 (+0.23)
(P=0.003). In contrast to the validation study, the difference in mean score between NASH
and steatosis patients was not significant in the pilot study (P=0.359, Tukey post-hoc). Mean
score was -0.73 (£0.3) in steatosis patients, -0.68 (+0.28) in borderline NASH patients and -
0.59 (£0.31) in NASH patients (P=0.393). Finally, we evaluated the GlycoFibroTest in the
different fibrotic stages of the validation cohort. As expected, we observed a gradually
increase of marker score in ascending fibrosis stage. Mean score was -0.77 (+0.24) for
fibrosis stage 0, -0.74 (x0.25) for fibrosis stage 1, -0.72 (£0.29) for fibrosis stage 2, -0.66
(x0.24) for fibrosis stage 3 and -0.54 (+0.25) for fibrosis stage 4. These data clearly show
that the GlycoFibroTest is a fibrosis marker and not a marker for NASH. To strengthen this
point, we also analyzed the GlycoFibroTest in steatosis patients versus NASH patients
without fibrosis. No significant increase in mean marker score was obtained. The mean
score in steatosis patients was -0.77 (£0.22) and the mean score for NASH patients without
fibrosis was -0.75 (£0.25) (P=0.781, independent sample t-test).

Finally, we evaluated our glycomarker in a group of 24 non-liver auto-immune patients
(Crohn’s disease (n=8), ankylosing spondylitis (n=8) and rheumatoid arthritis (n=8)). Data
were taken from [17] and re-analyzed for log(peaki/peak5). High mean values were
observed for patients with ankylosing spondylitis (-0.55 (£0.22)) and patients with
rheumatoid arthritis (-0.66 (x£0.19)). Patients with Crohn’s disease had a considerable lower
mean value (-0.92 (x£0.14)). Overall, the mean value for the non-liver auto-immune group
was -0.71 (x0.24). This mean value falls between the mean value of NASH patients in the
pilot study (-0.65) and the validation study (-0.77).

Supporting documents of the Discussion:

A similar story can be told for the GlycoFibroTest. A significant higher mean score was
observed in NASH patients of the validation study compared to steatosis patients. We found
a gradual increase in mean score in ascending fibrosis stage. We can conclude that, in
NASH, GlycoFibroTest accurately performs for what it was designed, to monitor the
evolution of fibrosis patients, but it is not a NASH marker i.e. to make the distinction between
steatosis and NASH. The significant decrease of NA3 in NASH patients of the validation
study also indicates the presence of significant amounts of fibrosis in these patients [15, 17].
As expected, no significant higher mean score for the GlycoFibroTest was found in NASH
patients of the pilot study compared to steatosis patients.

Acknowlegdement

The authors wish to thank Annelies Van Hecke for her expert technical assistance. BB
receives a scholarship GOA BOFF07/GOA/017 of the University Ghent Research Fund
(BOF).

168



References

[1] Catenacci VA, Hill JO, Wyatt HR. The obesity epidemic. Clin Chest Med 2009;30:415-444.

[2] Kim CH, Younossi ZM. Nonalcoholic fatty liver disease: a manifestation of the metabolic
syndrome. Cleve Clin J Med 2008;75:721-728.

[8] Browning JD. New imaging techniques for non-alcoholic steatohepatitis. Clin Liver Dis
2009;13:607-619.

[4] Promrat K, Kleiner DE, Niemeier HM, Jackvony E, Kearns M, Wands JR, et al. Randomized
controlled trial testing the effects of weight loss on nonalcoholic steatohepatitis. Hepatology
2010;51:121-9.

[5] Hossain N, Afendy A, Stepanova M, Nader F, Srishord M, Rafiq M, et al. Independent predictors of
fibrosis in patients with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol 2009;7:1224-1229

[6] Chitturi S, Abeygunasekera S, Farrell GC, Holmes-Walker J, Hui JM, Fung C, et al. NASH and
insulin resistance: Insulin hypersecretion and specific association with the insulin resistance
syndrome. Hepatology 2002;35:373-379.

[7] Tsochatzis EA, Papatheodoridis GV, Archimandritis AJ. Adipokines in nonalcoholic steatohepatitis:
from pathogenesis to implications in diagnosis and therapy. Mediators Inflamm 2009;2009:831670.

[8] Dixon JB, Bhathal PS, O'Brien PE. Weight loss and non-alcoholic fatty liver disease: falls in
gamma-glutamyl transferase concentrations are associated with histologic improvement. Obes Surg
2006;16:1278-1286.

[9] Brunt EM, Neuschwander-Tetri BA, Oliver D, Wehmeier KR, Bacon BR. Nonalcoholic
steatohepatitis: histologic features and clinical correlations with 30 blinded biopsy specimens. Hum
Pathol 2004;35:1070-1082.

[10] Clark JM. The epidemiology of nonalcoholic fatty liver disease in adults. J Clin Gastroenterol
2006;40 (Suppl1):S5-10.

[11] Kashyap SR, Diab DL, Baker AR, Yerian L, Bajaj H, Gray-McGuire C, et al. Triglyceride levels
and not adipokine concentrations are closely related to severity of nonalcoholic fatty liver disease in
an obesity surgery cohort. Obesity (Silver Spring) 2009;17:1696-1701.

[12] Liew PL, Lee WJ, Lee YC, Wang HH, Wang W, Lin YC. Hepatic histopathology of morbid obesity:
concurrence of other forms of chronic liver disease. Obes Surg 2006;16:1584-1593.

[13] Younossi ZM, Jarrar M, Nugent C, Randhawa M, Afendy M, Stepanova M. A novel diagnostic
biomarker panel for obesity-related nonalcoholic steatohepatitis (NASH). Obes Surg 2008;18:1430-
1437.

[14] Bantel H, Bahr MJ, Schulze-Osthoff K. An apoptosis biomarker for prediction of nonalcoholic
steatohepatitis. Hepatology 2009;50:991.

[15] Callewaert N, Van Vlierberghe H, Van Hecke A, Laroy W, Delanghe J, Contreras R. Noninvasive
diagnosis of liver cirrhosis using DNA sequencer-based total serum protein glycomics. Nat Med
2004;10:429-434.

[16] Liu XE, Desmyter L, Gao CF, Laroy W, Dewaele S, Vanhooren V. N-glycomic changes in
hepatocellular carcinoma patients with liver cirrhosis induced by hepatitis B virus. Hepatology
2007;46:1426-1435.

[17] Vanderschaeghe D, Laroy W, Sablon E, Halfon P, Vanhecke A, Delanghe J, et al
GlycoFibroTest is a highly performant liver fibrosis biomarker derived from DNA sequencer-based
serum protein glycomics. Mol Cell Proteomics 2009;8:986-994.

169



[18] Klein A, Carre Y, Louvet A, Michalski J, Morelle W. Immunoglobulins are the major glycoproteins
involved in the modifications of the total serum N-glycome in cirrhotic patients. Proteomics Clin Appl!
2010;4:379-393.

[19] Ma KL, Ruan XZ, Powis SH, Chen Y, Moorhead JF, Varghese Z. Inflammatory stress
exacerbates lipid accumulation in hepatic cells and fatty livers of apolipoprotein E knockout mice.
Hepatology 2008;48:770-81.

[20] Kleiner D, Brunt E, Van Natta M, Behling C, Contos MJ, Cummings OW, et al. Design and
validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology
2005;41:1313-1321.

[21] Debruyne E, Vanderschaeghe D, Van Vlierberghe H, Vanhecke A, Callewaert N, Dealnghe J.
Diagnostic value of the hemopexin N-glycan profile in hepatocellular carcinoma patients. Clin Chem
2010;56:823-831.

[22] Laroy W, Contreras R, Callewaert N. Glycome mapping on DNA sequencing equipment. Nat
Protoc 2006;1:397-405.

[23] Vanderschaeghe D, Debruyne E, Van Vlierberghe, Callewaert N, Delanghe J. Analysis of
gamma-globulin mobility on routine clinical CE equipment: exploring its molecular basis and potential
clinical utility. Electrophoresis 2009;30:2617-23.

[24] Mehta SH, Lau B, Afdhal NH, Thomas DL. Exceeding the limits of histology markers. J Hepatol
2009;50:36-41.

[25] Feldstein AE, Wieckowska A, Lopez AR, Liu YC, Zein NN, McCullough AJ. Cytokeratin-18
fragment levels as noninvasive biomarkers for nonalcoholic steatohepatitis: a multicenter validation
study. Hepatology 2009;50:1072-1078.

[26] Van Beneden K, Coppieters K, Laroy W, De Keyser F, Hoffman IE, Van Den Bosch F, et al.
Reversible changes in serum immunoglobulin galactosylation during the immune response and
treatment of inflammatory autoimmune arthritis. Ann Rheum Dis 2009;68:1360-1365.

[27] Chen C, Schmilovitz-Weiss H, Liu XE, Pappo O, Halpern M, Sulkes J, et al. Serum protein N-
glycans profiling for the discovery of potential biomarkers for nonalcoholic steatohepatitis. J Proteome
Res 2009;8:463-70.

170



Chapter 3.5

“Serum protein N-glycosylation patterns in pediatric
NAFLD”

Bram Blomme', Iréne T. Tshiamala', Emer Fritzgerald®, Ruth De Bruyne®, Nico
Callewaert*®, Hans Van Vlierberghe'

'Department of Hepatology and Gastroenterology, Ghent University Hospital, Ghent,
Belgium

®Paediatric Liver, Gl, and Nutrition Centre, King’s College London School of Medicine at
King’s College Hospital, London, UK

®Departent of Paediatric Gastroenterology, Hepatology, and Nutrition, University Hospital
Ghent, Belgium

*Unit for Molecular Glycobiology, Department for Molecular Biomedical Research, VIB,
Ghent University, Ghent, Belgium

°Department of Biochemistry, Physiology and Microbiology, Ghent University, Ghent
Belgium

Additional Study

171



Abstract

Background and aim: We have previously shown the potential of serum protein N-
glycosylation to distinguish adult patients with simple steatosis from adult patients with non-
alcoholic steatohepatitis (NASH). Pediatric NASH patients have distinctive histological liver
features compared to an adult population. Therefore, we investigated the N-glycosylation
patterns of pediatric NAFLD patients to determine if the same alterations were present.
Methods: Serum protein N-glycosylation patterns of 51 pediatric NAFLD patients were
assessed with DNA-sequencer assisted fluorophore-assisted capillary electrophoresis and
compared with histology. Results: In agreement with the adult population, the
log(peak1/peak5) marker was the best glycomarker to distinguish NASH from steatosis
patients with an area under curve of 0.72 (steatosis and borderline NASH vs. NASH). The
biomarker correlated well with the amount of lobular inflammation with a consistent increase
of marker score in ascending stage of lobular inflammation, whereas no such association
was found with the fibrotic stage. Glyco-analysis of immunoglobulin G (IgG) confirmed the
undergalactosylation status with a borderline significant increase of peak 1 (NGAZ2F;
P=0.054) and a significant decrease of peak 6 (NA2F; P=0.023). Of the ten markers that
were evaluated in this population, only four could make a considerable difference between
the steatosis and NASH group, however significance was never met. These included GGT
(P=0.171), INR (P=0.174), AST (P=0.116) and our glycomarker (P=0.058). These markers
were evaluated in a multivariate analysis and only our glycomarker displayed a significant
result (P=0.019). Conclusion: The same N-glycosylation alterations are observed in
pediatric NASH patients when compared to an adult population and therefore the same
biomarker can be used. B cells play a dominant role in the N-glycan alterations of NASH
patients, both in an adult and pediatric population.
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Introduction

In recent years, pediatric NASH has increased in line with the increased prevalence of
pediatric obesity and has become a worldwide health problem. In fact, fatty liver is the most
common liver abnormality in children aged 2-19 years [1, 2]. However, the true prevalence of
pediatric NAFLD and NASH is unknown given that the disease’s definition and modalities
used for diagnosis are not standardized [3]. Most studies of the prevalence of fatty liver in
children have been restricted to the use of indirect measures, such as blood tests or
ultrasound, to predict a histological outcome [4]. In most cases, aminotransferase elevation
in conjunction with negative markers for other types of liver disease were used as a
surrogate markers of fatty liver disease [5, 6]. Other markers, such as insulin resistance
index, could have a role in screening [7].

However, the spectrum of fatty liver encompass a wider range of subjects than identified by
elevated serum liver chemistries. Franzese et al demonstrated that 53% of obese children
identified by ultrasound, only 32% had abnormalities in serum aminotransferases [8].
Furthermore, using MR imaging, Burgert et al showed that only 48% of obese children with
intrahepatic fat accumulation had abnormal ALT levels [9]. Clearly, aminotransferase levels
have very limited sensitivity and specificity in the diagnosis of pediatric non-alcoholic fatty
liver disease, and more importantly, it can not distinguish between pediatric cases of
steatosis and NASH. Therefore, the search for well-performing, non-invasive markers for
pediatric NASH continues.

The rationale for this investigation in pediatric cases in addition to our research in adult
patients is that there are several differences between both populations, especially at the
histological level. Schwimmer et al examined the histological appearance of 100 pediatric
cases and identified two types of steatohepatitis [10]. Type 1 NASH was consistent with
NASH as described in adults and was characterized by steatosis, ballooning degeneration
and perisinusoidal fibrosis in the absence of portal changes. Type 2 NASH had a very
distinctive histological pattern and was characterized by steatoisis, portal inflammation,
and/or portal fibrosis in the absence of ballooning degeneration and perisinusoidal fibrosis.
Type 1 NASH was reported to be present in only 17% of pediatric NAFLD, whereas type 2
NASH was present in 51%. Children with type 2 NASH were significantly younger and had a
greater severity of obesity than children with type 1. Boys were significantly more likely to
have type 2 NASH and type 2 was also common in children of Asian, Native American and
Hispanic ethnicity. Type 1 and type 2 NASH may have a different pathogenesis, natural
history and response to treatment [10].

The abovementioned histological differences between pediatric and adult NAFLD might
reflect different etiological factors between them. In particular insulin resistance and sex
hormones might play a crucial role in the pathogenesis of pediatric NASH, especillay during
puberty and adolescence. As a consequence, NAFLD is more prevalent in ages 12-18 than
in younger children [11].
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Patients and Methods
Patients

51 pediatric NAFLD patients from King’s College Hospital were included in this study.
Patients were all younger than 19 years of age. The decision to biopsy was made by a
pediatric hepatologist and the biopsy was usually done in view of abnormal transaminases
and/or splenomegaly. The diagnosis of NAFLD was based on the following criteria: liver
features of NAFLD as assessed by a liver pathologist, exclusion of other etiologies of liver
disease, and exclusion of alcohol intake on history. Blood was taken on the day or within 3
months of diagnostic liver biopsy; serum was stored at -80°C until analysis. Anthropometric
and biochemical data were recorded in all of the participants

Histology

Histological specimens were scored according to NAFLD activity score (NAS), also scoring
for stage of fibrosis [12]. This is the nonweighted sum of steatosis (0-3), ballooning (0-2),
and lobular inflammation (0-3). NASH is defined as a score 25, steatosis as a score <2, and
a score of 3 and 4 is classified as “borderline NASH”. Fibrosis was scored using a 5-point
scale: 0, no fibrosis; 1, mild/moderate perisinusoidal or portal fibrosis; 2, both perisinusoidal
and portal fibrosis; 3, bridging fibrosis and 4, cirrhosis. A single histopathologist scored the
specimen blinded to other markers.

lgG depletion

Serum samples were depleted using beads covered with protein A/G (Thermo Scientific,
Waltham, MA, USA). 100 pl of serum was diluted with 100 pl of binding buffer and
subsequently incubated with 50 pl beads for 1 hour. The mixture was transferred to a 96-well
filter plate and centrifuged at 1000g for 15 seconds. The IgG depleted eluate was captured
in a microtiter plate. Subsequently, after five wash steps with binding buffer, pure IgG was
eluted from the beads after incubation (5 min) with 0.1M glycine pH 2 in the 96-well filter
plate. After centrifugation at 1000g for 15 seconds, the eluate is neutralized with 1M Tris pH
8.8. This procedure is repeated three times owing to four elution fractions (E1, E2, E3 and
E4). In most analyses, E1 is still a native serum sample and E4 does not contain a sufficient
amount of IgG N-glycan for analysis. Therefore, only E2 and E3 were analyzed and the
elution fraction with the best total peak height is used for statistical analysis. The elution
fractions were stored at -80°C for N-glycan analysis.

Glycomic analysis

An elaborate description of the protocol can by found in Laroy et al [13]. Briefly, the N-
glycans present in 5 ul of serum or pure IgG elution fraction were released from the proteins
with peptide N-glycanase F. Subsequently, the N-glycans are fluorescently labeled and
desialylated. The labeled glycans were profiled and analyzed by DNA sequencer-assisted
fluorophore-assisted capillary electrophoresis (DSA-FACE) technology. In analogy with adult
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patients, we could observe thirteen peaks in the total serum electropherogram and eight
peaks in the IgG electropherogram. The height of every peak was quantified to obtain a
numerial description of the profiles and these were normalized to the total intensity of the
measured peaks (represented as a percentage of the total peak height). These data were
analyzed with SPSS 16.0 software (SPSS, Chicago, IL, USA). Structural characterization of
the fluorescently labeled N-glycans was done as previously described [14].

Statistical analysis

Statistical analysis was performed by a single-factor ANOVA in the three NAFLD
subcategories (steatosis, borderline NASH and NASH). Post-hoc tests were performed using
Tukey HSD tests. P-values < 0.05 were considered significant.

Results

Clinical and histological data

47 pediatric patients had fibrosis (92.2%). 35 of these patients were diagnosed with a type 2
NASH (74.5%), 11 had mixed features (23.4%) and only 1 patient had proper type 1 NASH
(2.1%). Clinical and histological data of the patients in the steatosis, borderline NASH and
NASH group are summarized in Tables 1 and 2.

Table 1: anthropomorphic and clinical data of the pediatric NAFLD population

NAFLD-classification

Steatosis (n=5) Borderline NASH NASH (n=28) Univariate* Multivariate**
(n=18)

Male/female 3/2 11/7 17/9 NA

Age (y) 10.6 (+5) 12.9 (+1.7) 12.7 (+2.1) NA

Weight (kg) 56.3 (+35.1) 74.1 (+26.8) 71.5 (£16.9) NA

Length (cm) 145.8 (£37.9) 159.6 (£13.5) 160.3 (£10.1) NA

GGT (U/L) 24.2 (£17.1) 46.3 (£31.8) 59.1 (+46.2) 0.171 0.166
ALP (U/L) 279.2 (+29.3) 253.1 (+103.5) 304.3 (+101.3) 0.253

Albumin (g/L) 45.3 (+4.65) 47.3 (+3.7) 47.6 (+2.5) 0.39

Cholesterol (mmol/L) 4.76 (+0.82) 4.9 (+1.43) 4.4 (+0.98) 0.401

Triglycerides (mmol/L) 1.96 (+2) 2.7 (+1.8) 2 (+1.41) 0.391

Platelets (x10°) 329.8 (£67.9) 318.3 (£62.1) 311.8 (+85.2) 0.876

INR 0.958 (+0.055) 0.983 (+0.055) 0.999 (+0.04) 0.174 0.061
Tot Bil (uMol/L) 7.2 (+2.28) 9.8 (+4.2) 10.6 (+9.1) 0.627

AST (lu/L) 46.4 (+24.4) 59.1 (+27.2) 78.4 (+45.9) 0.116 0.328
Glycomarker -0.9 (x0.1) -0.83 (£0.25) -0.73 (x0.12) 0.058 0.019

NA: Not applicable; *P-value (single-factor ANOVA); **P-value (multiple linear regression analysis)

175



Table 2: histological findings in the pediatric population

Borderline NASH

Normal (n=1) Steatosis (n=4) NASH (n=28)
(n=18)
Histological feature Category Number of biopsy specimen (%)
No (<5%) 1 (100%) 0 (0%) 1 (5.6%) 0 (0%)
Steatosis Mild (5%-33%) 0 (0%) 4 (100%) 11 (61.1%) 0 (0%)
Moderate (>33%-66%) 0 (0%) 0 (0%) 4 (22.2%) 3 (10.7%)
Severe (>66%) 0 (0%) 0 (0%) 2 (11.1%) 25 (89.3%)
No foci 1 (100%) 3 (75%) 5 (27.8%) 0 (0%)
Lobular inflammation <2 foci 0 (0%) 1 (25%) 12 (66.6%) 17 (60.7%)
2-4 foci 0 (0%) 0 (0%) 1 (5.6%) 11 (39.3%)
>4 foci 0 (0%) 0 (0%) 0 (0%) 0 (0%)
No 1 (100%) 2(50%) 2 (11.1%) 0 (0%)
Ballooning Few balloon cells 0 (0%) 2 (50%) 7 (38.9%) 11 (39.3%)
Prominent ballooning 0 (0%) 0 (0%) 9 (50%) 17 (60.7%)
0 = none 0 (0%) 1(25%) 1 (5.6%) 2 (7.2%)
1 = mild, perisinusoidal 1 (100%) 2 (50%) 8(44.4%) 3 (10.7%)
Fibrosis stage 2 = perisinusoidal and portal/periportal 0 (0%) 1 (25%) 3 (16.7%) 9 (32.1%)
3 = bridging fibrosis 0 (0%) 0 (0%) 6 (33.3%) 13 (46.4%)
4= cirrhosis 0 (0%) 0 (0%) 0 (0%) 1 (3.6%)

Glycomic analysis

Total serum

N-glycomic analysis of the glycans present in total serum revealed no glycan that was
significantly altered in abundance. Only peak 1 (NGA2F) was borderline significantly
increased in the serum of NASH-patients (P=0.075). Also peak 9' (NA3Fb) showed a trend
towards significantly increased in the serum of NASH patients (P=0.083) (Table 3).

Immunoglobulin G

N-glycomic analysis of the glycans present on IgG revealed one peak (NA2F) that was
significantly altered in abundance in NASH patients (P=0.023). Post-hoc analysis showed
that NASH patients had a significant decreased abundance of peak 6 (NA2F) in comparison
to steatosis patients (P=0.047). In analogy with the analysis in total serum, peak 1 (NGAZ2F)
on IgG was borderline significantly increased in NASH patients (P=0.054) (Table 3).
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Table 3: relative percentages of the different peaks in the electropherogram in the
three patients groups

Total serum P-value* Immunoglobulin G P-value*
Steatosis Borderline NASH Steatosis Borderline NASH
(=5) NASH (n=28) (=5) NASH (n=18) (n=28)
(n=18)

Peak 1 (%) 5.86 (£1.1)  7.06 (+3) 8.1 0.075 21.56 20.32 (16.1) 23.95 0.054
(NGA2F) (£1.78) (£5.2) (£3.9)
Peak 2 (%) 1.38 1.26 (+0.52) 1.18 0.574 2.88 3.2 (+1.38) 3.31 0.724
(NGA2FB) (+0.65) (+0.26) (+1.44) (x0.79)
Peak 3 (%) 7.32 7.69 (£2) 7.8 0.837 21.03 21.89 (+3.01) 22.78 0.263
(NG1A2F) (£1.32) (£1.45) (+2.73) (x2.12)
Peak 4 (%) 2.6 (x0.87) 3 (x0.85) 3.29 0.169 9.77 9.59 (£1.53) 10.45 0.145
(NGA1A2F) (x0.75) (£1.02) (+1.48)
Peak 5 (%) 45.45 44.24 (£5.03) 43.09 0.373 5.05 7.08 (+3.33) 5.67 0.088
(NA2) (£2.53) (£8.73) (£1.32) (£1.57)
Peak 6 (%) 214 21.33(x2.94) 21.0 0.901 33.25 31.23 (16.2) 27.7 0.023
(NA2F) (+2.96) (x2.22) (£7.93) (+3.65)
Peak 7 (%) 4.73 4.01 (£0.81) 4.32 0.22 6.19 6.15 (+2.98) 5.4 0.497
(NA2FB) (£1.09) (+0.87) (£1.75) (£1.79)
Peak 8 (%) 6.39 6.54 (+2.05) 6.37 0.946 0.26 0.52 (+0.59) 0.73 0.601
(NAS3) (£1.15) (£1.57) (+0.18) (£1.35)
Peak 9 (%) 2.04 1.99 (+0.69) 1.78 0.638
(NA3Fb) (£1.36) (x0.81)
Peak 9" (%) 0.98 (x0.2) 1.02 (£0.37) 1.27 0.083
(NA3Fc) (£0.43)
Peak 10 0.46 0.47 (£0.18) 0.52 0.556
(%)(NA3Fbc) (+0.14) (x0.17)
Peak 11 (%) 0.91 0.8 (£0.22) 0.85 0.523
(NA4) (£0.29) (£0.2)
Peak 12 (%) 0.51 0.4 (x0.12) 0.4 0.275
(NA4F) (£0.28) (£0.12)

Mean (£SD); *single-factor ANOVA

Development and evaluation of glycomarker in the pediatric population

A glycomarker for NASH is developed by taking the ratio of the N-glycan that is most
increased in the serum of NASH patients and the N-glycan that is most decreased in the
serum of NASH patients. In agreement with our results in adult NAFLD patients, this was
also (peak1/peakb) in this pediatric population. We used the logarithmically transformed ratio
to obtain a normally distributed population. The biomarker was evaluated in the three patient
groups of the NAFLD-classification. The steatosis group had a mean score of -0.9 (+0.1), the
borderline NASH group had a mean score of -0.83 (+0.25) and the NASH group had a mean
score of -0.73 (£0.12) (P=0.058). The Area under the Curve (AUC) to distinguish patients
with steatosis and borderline NASH from NASH patients was 0.72 ([0.57;0.86)]. The AUC to
distinguish patients with simple steatosis from borderline NASH and NASH patients was
0.79 ([0.64;0.94]).

The glycomarker had a good correlation with the amount of inflammation with a consistent
increase in ascending stages of lobular inflammation: a mean score of -0.89 (+0.23) in
patients with no lobular inflammation, -0.76 (+0.18) in patients with a mild amount of lobular
inflammation and -0.74 (+0.08) in patients with a moderate amount of inflammation
(P=0.101) (Figure 1). In contrast, no consistent increase in marker score could be observed

177



in the different fibrotic stages: a mean score of -0.82 (£0.1) in patients without fibrosis, -0.88
(x0.27) in patients with fibrosis score 1,-0.74 (£0.16) in patients with fibrosis score 2, -0.76 in
patients with fibrosis score 3 and the only cirrhotic patient had a high score of -0.52.
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Figure 1. The evolution of the glycomarker (log (peak1/peak5)) score in ascending amount of
lobular inflammation. Mean score of patients with no inflammation was -0.89 (£0.23), -0.76 (+0.18)
for patients with borderline NASH and -0.74 (+£0.08) for patients with NASH (P=0.101).

Evaluation of the GlycoFibroTest in the pediatric population

This population included a lot of pediatric patients with an important amount of fibrosis in
which we could evaluate the GlycoFibroTest (log([NGA2FB]/[NA3]) [15]. However, the mean
score of the GlycoFibroTest did not differ significantly in the different categories of the
NAFLD-classification and even displayed very similar scores (P=0.917). Mean score of the
steatosis patients was -0.7 (x0.13), mean score of the borderline NASH patients was -0.72
(x0.18) and the mean sore of the NASH patients was -0.73 (£0.14). We also evaluated the
GlycoFibroTest for what it was developed, to monitor fibrosis progression. Mean score of
patients without fibrosis was high at -0.6 (£0.25), -0.73 (x0.12) for patients with fibrosis score
1, -0.78 (£0.14) for patients with fibrosis score 2, -0.71 (x0.14) for patients with fibrosis score
3 and -0.51 for the cirrhotic patient (P=0.149).

Comparison of Glycomarker with other NASH markers

Most of the markers evaluated performed poorly in differentiating between steatosis and
NASH patients (Table 1). Only four markers showed a considerable difference between the
NASH and steatosis group, although this difference was never significant. These markers
were gamma-glutamyl transferase (P=0.171), International Normalized Ratio (P=0.174),
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aspartate aminotransferase (P=0.116) and our Glycomarker (P=0.058). These four markers
were evaluated in a multiple linear regression analysis (multivariate analysis). In this
analysis, our glycomarker was the only marker that a displayed a significant result (P=0.019)
indicating its supremacy over the other markers in this population.

Discussion

Non-invasive methods to screen an obese, pediatric population are not readily available.
Most research efforts have focused on adult NAFLD, however the pediatric population is not
far behind in terms of prevalence with up to 10% of the children affected [2, 16]. Moreover,
the problems of adult NAFLD patients generally originate in childhood, mostly during
adolescence, and a correction in lifestyle or even clinical treatment in this early phase would
be beneficial for the management of the disease.

Our data indicate that pediatric NAFLD patients show very similar results in a glycomic
analysis compared to adult NAFLD patients. Most of the results were borderline significant
owing to the relatively small number of patients included with especially a small proportion of
steatosis patients. This is not surprising as the children studied were those who presented to
a tertiary-level pediatric hepatology unit and therefore the more severe cases (borderline
NASH and NASH) could be included in this study. Nevertheless, a trend towards
undergalactosylation was observed in NASH patients. This undergalactosylation occurs on
lgG and its glycomic profile confirmed the (borderline significant) increase of NGA2F in favor
of the (significant) decrease of NA2F. This is also characteristic for other chronic necro-
inflammatory conditions such as rheumatoid arthritis or Crohn’s disease [17]. In conclusion,
the glycomic alterations in pediatric NASH patients are determined by an altered B cell
physiology in stead of a change of liver homeostasis.

In agreement with the results in adult NAFLD patients, the log(peaki/peak5) biomarker
displayed the best result in distinguishing steatosis from NASH. The AUC to differentiate
steatosis from borderline NASH and NASH was high at 0.79. However, the analysis to
distinguish steatosis and borderline NASH patients from NASH patients will provide a better
representation of real-life practice because of the small number of steatosis patients
included. This analysis still had a reasonable AUC of 0.72. Recently, very high AUCs of 0.93
and 0.85 have been reported to distinguish NASH from simple steatosis in a pediatric
population using CK-18 fragments [18, 19]. The golden standard used in this study were
percutaneous needle liver biopsies. It was previously shown that results based on such liver
biopsies would have a maximum AUC of 0.76 and therefore validation of these results in
large cohorts is necessary [20]. Moreover, CK-18 levels were predictive of fibrosis and are
thereby not specific for NASH [19].

Our glycomarker showed a good correlation with the amount of inflammation with a
consistent, gradual increase of mean marker in ascending amount of lobular inflammation.
This observation is important because the appearance of an inflammatory reaction in
chronically obese patients defines the onset of NASH [21]. Importantly in this context, the
most elaborate difference was observed between patients with no inflammation and patients
with a mild inflammation, mean marker score does not augment further when patients
progressed to a moderate amount of lobular inflammation. Although many patients displayed
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a significant amount of fibrosis (=F2), we could not validate the use of the GlycoFibroTest in
this population. Even in patients with no fibrosis, mean marker score was high and there was
no consistent increase in ascending fibrosis stage. This might be linked with the different
pattern of fibrosis in pediatric patients and we found a particularly high incidence of type 2
NASH (75%) in the present study. In fact, only one patient showed a proper adult-like (type
1) liver histology.

Finally, we compared our glycomarker with other markers for chronic liver disease and
markers that have been specifically associated with NASH. Only four markers were able to
present a considerable difference in the three patients groups, although significance was
never met. These were GGT, INR, AST and our glycomarker. In a multiple linear regression
analysis, our glycomarker was the only marker that displayed a significant result. This
indicates that the glycomarker will be more informative than basic biochemical variables in
distinguishing NASH from simple steatosis. Moreover, the technology used has recently
been brought to a clinical platform. It will therefore be equally easy to perform a glycomic
analysis than to determine the classical biochemical variables in the near future [22].
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Abstract

Background and aims: A mechanism for the undergalactosylation of immunoglobulin G
that is a hallmark of several chronic inflammatory diseases, remains to be elucidated.
Several lines of evidence indicate that endoplasmic reticulum (ER) stress could play an
important role in this. Our research focused on plasma cells, the activated B cell type that
produce and secrete the immunoglobulins. Plasma cells already have a limited unfolded
protein response (UPR) with an activation of the IRE1/XBP1 and ATF6 branch, but not of the
PERK branch. The aim of this study was to evaluate the expression of important ER stress
genes in plasma cells of the obese population. Methods: Total RNA was extracted from
plasma cells isolated from whole blood collected from patients with non-alcoholic fatty liver
disease (NAFLD). Quantitative real-time polymerase chain reaction analysis was used to
quantify the transcription of genes located in the three branches of the UPR. Results: There
was a significantly increased transcription of almost all ER stress genes in plasma cells of
obese patients with liver inflammation compared to obese patients without liver inflammation.
Importantly, an activation of the PERK branch was observed in plasma cells of obese
patients, although the expression of downstream genes was significantly larger in obese
patients with liver inflammation. Conclusion: Obese patients with liver inflammation have a
significantly increased transcription of ER stress genes in plasma cells compared to obese
patients without liver inflammation. Hypothetically, we suggest that an increased UPR would
lead to an increased influx of secreted proteins in the Golgi apparatus. This would result in a
premature saturation of the B-1,4-galactosyliransferase necessary for the attachment of
galactose moieties during biosynthesis.
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Introduction

It has been postulated that the most important function of N-glycosylation is associated with
protein folding in the endoplasmic reticulum (ER) [1, 2]. Although it has not been proven that
N-glycosylation is a prerequisite for protein folding, it increases folding efficiency, prevents
premature glycoprotein oligomerization and degradation, and suppresses formation of non-
native disulfide bonds by hindering aggregation and thus allowing interaction of protein
moieties of folding glycoproteins with classical chaperones and other proteins that assist in
folding. In various pathological conditions, there is an accumulation of unfolded proteins in
the ER. To cope with accumulated unfolded ER proteins, mammalian cells trigger a specific
response called the unfolded protein response (UPR) [3, 4]. As a consequence, inhibitors of
N-glycosylation (eg tumicamycin) will result in more unfolded protein and the induction of the
UPR [5].

There are three distinct pathways that are induced by ER stress mediated by three ER-
resident stress sensors, i.e. the activating transcription factor 6 (ATF-6), the inositol requiring
enzyme 1 (IRE1), and the double-stranded RNA-activated protein kinase-like ER kinase
(PERK) [6]. ATF-6 is synthesized as a precursor protein and anchored to the ER membrane,
where it is retained by a ER chaperone, BiP (also known as glucose-related protein (GRP)
78). In response to ER stress, ATF-6 is released from BiP and transported to the Golgi
complex, where ATF-6 undergoes regulated intramembrane proteolysis. This is carried out
by two proteases that sequentially cleave the protein, S1P and S2P. The processed form of
ATF-6, which may target genes since it is a transcription factor (belonging to the basic-
region leucine zipper (bZIP) family), translocates to the nucleus. The second UPR branch
involves IRE1 and X-box-binding protein 1 (XBP-1). IRE1 contains both serine/threonine
kinase and ribonuclease domains. Under normal conditions, XBP1 mRNA is translated, but
its product is a weak transcriptional activator with a short protein half-live. During ER stress,
activated IRE1 cuts 26 nucleotides from XBP1 mRNA to generate spliced XBP1 mRNA,
which encodes the more stable and transcriptionally active XBP-1S protein (which belongs
to the family of bZIP transcription factors). The third UPR branch is mediated by PERK,
which is a serine/threonine protein kinase that phosphorylates the alpha subunit of
eukaryotic translation initiation factor 2 (elF2-alpha). Phosphorylation of elF2-alpha
subsequently inhibits global protein synthesis. Remarkebly, elF2-alpha phosphorylation
induces translation of activating transcription factor 4 (ATF-4) mRNA into the bZIP
transcription factor ATF-4.

The UPR is not only initiated in pathological conditions. Particular cells burdened with a high
secretory or metabolic capacity induce a UPR to be able to adapt their protein-folding
capacity to meet the fluctuations in demand for protein synthesis and secretion [7]. The
antibody-secreting plasma cell under study is here an example of [8, 9]. Importantly, it has
been shown that activation of the IRE1/XBP-1 pathway is a requirement for expansion of the
ER and antibody formation in order to complete the transformation from resting B cell to
plasma cell. Furthermore, the UPR transcriptional activator ATF-6 is also induced in plasma
cells. In contrast, the third ER stress sensor, PERK, is not fully activated in plasma cells in
normal conditions. It was shown that PERK is partially activated to the intermediate mobility
form, but there was no evidence of the hyperphosphorylated form that is able to
phosphorylate and activate its downstream target, elF2A [10]. Moreover, it was recently
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demonstrated in mice that Perk” B cells develop and are fully component for induction of Ig
synthesis and antibody secretion when stimulated with LPS [9].

The quantitatively most important glycomic alteration in liver diseases is the increase of
agalactosylated glycans (undergalactosylation) [11]. This undergalactosylation of
immunoglobulin G (IgG) is strongly linked with chronic inflammatory conditions as
exemplified by our research in patients with non-alcoholic steatohepatitis [12]. The
mechanism that lies at the basis of this undergalactosylation has not been unraveled.
Several lines of evidence suggest that the UPR might play an important part in this. A close
examination of UPR pathways has demonstrated major inflammatory and stress signaling
networks, including the activation of JNK-AP1 and NF-kappaB pathways as well as
production of ROS and nitric oxide [13-16]. Interestingly, these are also the pathways that
play a critical role in obesity-induced inflammation and metabolic abnormalities, particularly
abnormal insulin action [17]. Moreover, the relationschip between ER stress and
inflammation is not likely to be one-sided. Recent studies in the brain, for instance, provide
evidence supporting the model that both ER stress and inflammation are able to activate
each other and to inhibit normal cellular metabolism [18]. Finally, as the lipotoxicity of
immune cells such as macrophages is a common feature of obesity, the action of lipid
chaperones in controlling lipid-induced ER stress has critical implications for obese patients
and its complications, including NASH [19, 20].

Patients and methods
Patients

In this pilot study, we included eight NAFLD patients. Six NAFLD patients were chronically
obese patients that were scheduled for a gastric bypass and two patients were diagnosed
with NAFLD through a percutaneous liver biopsy without surgery. 80 ml blood was collected
before the bariatric procedure or within three months of the percutaneous liver biopsy.
Patients were selected based on clinical data such as BMI (>25 kg/m?) and the absence of
high amount of alcohol consumption (<200g per week for men and <100 g for women) and
were also tested and found negative for viral hepatitis, auto-immune and cholestatic
conditions. All patients signed an informed consent. The Ethical Committee of Ghent
University Hospital approved the protocols.

Histology

A wedge liver biopsy was performed during the planned bariatric procedure and a routine
Menghini liver biopsy was carried on the two NAFLD patients that were not operated. Slides
were stained with haematoxylin-eosin and picrosirius red. Patients were diagnosed blindly by
a pathologist based on classical histological features such as inflammation, ballooning,
lobular inflammation and the pattern of fibrosis. The NAFLD activity score (NAS) was used to
classify the NAFLD patients [21]. This is the nonweighted sum of steatosis (0-3), ballooning
(0-2) and lobular inflammation (0-3). NAFLD and NASH were respectively defined as a score
<5and =5.
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Plasma cell isolation

The collected blood was centrifuged at 400g for 7 min. The buffy coat was removed and
diluted four times with buffer (PBS pH 7.2 and 2mM EDTA). 35 ml of diluted cell suspension
was carefully layered over 15 ml of Ficoll-Paque (Amersham Pharmacia, Piscataway, NJ)
and centrifuged for 30 min in a swinging-bucket rotor without break. The mononuclear layer
was transferred to a new 50 ml conical tube, mixed with buffer and centrifuged for 10 min at
300g. This was repeated twice after which the mononuclear cell number was determined wih
trypan blue dye (Invitrogen, Carlsbad, CA).

Purification of the plasma cells out of this mononuclear leukocyte population was performed
with the Plasma Cell Isolation Kit Il (Miltenyi Biotec Inc., Auburn, CA). Briefly, the first phase
consists of a depletion of non-plasma cells through a indirect magnetic labeling of non-target
cells with a non-plasma cell biotin-antibody cocktail, CD56 microbeads and a non-plasma
cell microbead cocktail. The non-plasma cell biotin antibody cocktail consists of biotin-
conjugated monoclonal antibodies against CD2, CD3, CD10, CD13, CD15, CD22, CD34,
CD123 and CD235a whereas the non-plasma cell microbead cocktail is made up of CD14
microbeads and anti-biotin microbeads. This is followed by a magnetic separation using an
LD column that results in pre-enriched CD38" plasma cells (flow-through fraction). The next
phase is the positive selection of the CD38" plasma cells by direct magnetic labeling with
CD38 microbeads followed by a magnetic separation using an MS column. This magnetic
separartion was performed twice to obtain a pure plasma cell fraction. Plasma cell number is
determined by trypan blue dye

RNA extraction and quantitative real-time PCR

Total RNA was extracted from plasma cells using an RNeasy Mini Kit (Qiagen, Westburg
BV, The Netherlands) with on-column DNAse treatment and converted to cDNA for real-time
quantification. All reactions were run in duplicate and normalized to stably expressed
reference genes. Primer sequences are given in Table 1. Patients characteristics are given
in Table 2.

Table 1: Sequence of used qRT-PCR primers

Gene symbol Forward primer (5-3") Reverse primer (5-3")

hGAPDH TGC ACC ACC ACC TGC TTAGC GGC ATG GAC TGT GGT CAT GAG
hSDHA TGG GAA CAA GAG GG ATC TG CCA CCA CTG CAT CAAATT CAT G
hEIF2A CTG CACTCC TTC GAT CTT CTG AGT TGT AGG TTG GGT ATC CCA G
hHSPA5 GGG AAC GTC TGA TTG GCG AT CGT CAA AGA CCG TGT TCT CG
hATF6 TCA GAC AGT ACC AAC GCT TAT GC GTT GTA CCA CAG TAG GCT GAG A
hATF4 GAC CAC GTT GGA TGA CAC TTG GGG AAG AGG TTG TAA GAA GGT G
hEIF2AK3 TGC CTG GCT CGA AGC ACC AC TGG TGC ATC CAT TGG GCT AGG A
hXBP1 U U/S: AGA CAG CGC TTG GGG ATG GAT CCT GCT GCA GAG CTG CAC GTA G
hXBP1 S CCT GCA CCT GCT GCG GAC TC
hDDIT3 AAG GCA CTG AGC GTATCATGT TGA AGA TAC ACT TCC TTC TTG AAC A
hGADD34 TCC TCT GGC AAT CCC CCATA GGA ACT GCT GGT TTT CAG CC

hGAPDH, human glyceraldehyde-3 phosphate dehydrogenase; hSDHA, human succinate dehydrogenase complex subunit A;
hEIF2A, human eukaryotic translation initiation factor 2A; hHSPA5, human heat shock 70kDA protein 5; hATF6, human
activating transcription factor 6; hATF4, human activating transcription factor 4; hEIF2AK3, human eukaryotic translation
initiation factor 2A kinase 3; hXBP1 U/S, human X-box binding protein 1 unspliced/spliced; hDDIT3, human DNA-damage-
inducible transcript 3; hGADD34, human growth arrest and DNA damage inducible protein.

186



Statistical analysis

Data analysis was performed with SPSS version 16.0 (SPSS Inc, Chicago, IL). A Mann-
Whitney U test was perfomed for all analyses. Data are presented as median + range. P
values less than .05 (2-tailed probability) were considered as significant.

Results

Anthropomorphic and histological characteristics

These results are summarized in Table 2.

Table 2: anthropomorphic and histological characteristics

NAFL (n=6) NASH (n=2)
Male/Female 1/5 11
Age (y) 42 (x11.7) 27.5 (£9.2)
Weight (kg) 109.3 kg (£9.5) 93 (£11.3)
BMI 38.4 (£3.9) 29.6 (¥3.7)
Fibrosis stage (%)
0 6 (100%) 0 (0%)
1 0 (0%) 1 (50%)
2 0 (0%) 1 (50%)
3 0 (0%) 0 (0%)
4 0 (0%) 0 (0%)
Steatosis severity (%)
0 3 (50%) 0 (0%)
1 2 (33.3%) 0 (0%)
2 1(16.7%) 0 (0%)
3 0 (0%) 2 (100%)
Inflammation severity (%)
0 3 (50%) 0 (0%)
1 3 (50%) 1 (50%)
2 0 (0%) 0 (0%)
3 0 (0%) 1 (50%)
Ballooning severity (%)
0 6 (100%) 0 (0%)
1 0 (0%) 1 (50%)
2 0 (0%) 1 (50%)

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

A significantly increased expression of hEIF2A, hATF6, hATF4, hDDIT3 and hGADD34 was
observed in obese patients with liver inflammation compared to obese patients without liver
inflammation (all analyses P=0.025). Additionally, the ratio of the expression of spliced (S)
and unspliced (U) hXBP1 was also significantly increased in obese patients with liver
inflammation (P=0.025) (Table 3 and figure 1). The latter result indicates an increased
activation of the IRE1 branch in which more (unspliced) XBP1 mRNA will be transformed
into (spliced) XBP1s mRNA.
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Table 3: Comparison of the expression levels of ER stress genes in plasma cells of
obese patients with and without liver inflammation

Gene Symbol Number of transcripts P-value*
No inflammation (n=3) Inflammation (n=5)
hEIF2A 91 (£12) 191.6 (£102) 0.025
hHSPAS5 3800 (+2182) 6566 (+3063) 0.101
hATF6 100 (£3) 125 (£71) 0.025
hATF4 3055 (£1440) 4647 (£2655) 0.025
hEIF2AK3 362 (+221) 641 (x575) 0.101
hXBP1 S/U 0.23 (+0.03) 0.33 (+0.06) 0.025
hDDIT3 17.5 (¥2.2) 43.2 (+45.5) 0.025
hGADD34 213 (+103) 616 (+424) 0.025

Median (frange); *Mann-Whitney U Test, see Table 1 for full name of gene symbols
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Figure 1. Boxplots of the expression level of ER stress genes in plasma cells of
NAFLD-patients. The left boxplot represent the expression level of NAFLD patients without
inflammation (n=3) and the right boxplot represents th expression level of NAFLD patients
with liver inflammation (n=5). *P<0.05

Discussion

The biosynthesis of the final glycan structure (complex type N-glycans) occurs in the Golgi-
apparatus [22]. Therefore, the undergalactosylation status of immunoglobulins will be
determined in the Golgi-apparatus, but it is conceivable that the mechanism originates in the
endoplasmic reticulum. The ER stress response can be regarded as an autoregulatory
system adjusting ER capacity to cellular demand. A concept that is rapidly emerging is that
other cell organelles (mitochondrium, peroxisome and Golgi apparatus) will also regulate
their capacity in response to the changed cellular homeostasis inflicted by the UPR. If the
ER stress response enhances the capacity of ER functions, large amounts of secretory
proteins are transported to the Golgi apparatus, causing insufficiency of Golgi function (Golgi
stress) [23]. This phenomenon will especially be prominent in plasma cells with its very large
ER and high-secreting capacity.

We have shown in this study that there is an increased ER stress reponse in the plasma
cells of obese patients with liver inflammation in addition to the existing ER stress response
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necessary for the maturation of resting B cells to antibody-secreting plasma cells. Beta-1,4-
galactosyltransferase (beta-1,4-GalT) is the enzyme that will determine the
undergalactosylation status of the secreted immunoglobulin. It catalyzes the transfer of a
galactose monosaccharide from an activated sugar donor (UDP-Gal) in a beta-1,4-linkage to
N-acetylglucosamine residues that appear on various antennas of the N-glycan structure.
The enzyme is located in trans-Golgi and the addition of a galactose moiety is one of the last
modification steps that is carried out before the protein with the mature complex
oligosaccharide is transferred to the plasma membrane [24]. Therefore, when the Golgi-
apparatus is overwhelmed with secretory proteins as a result of an increased ER stress
response (Golgi stress), it is very plausible that the maximum capacity of the beta-1,4-GalT
enzyme to modify the glycan chain will be reached at an earlier stage. Moreover, several
papers have shown that there is no increased activity of beta-1,4-GalT in patients with
rheumatoid arthritis (RA) compared to normal control individuals, nor is there an altered
gene expression of the transferase, further supporting this hypothesis [25-27]. RA is a similar
chronic inflammatory condition in which IgG undergalactosylation is also a well known
hallmark. As a result, an increased proportion of antibodies without galactose moieties in
their glycan structure will be transported to the plasma membrane for secretion. Further
research is necessary to confirm this hypothesis.

An interesting observation was the activation of the PERK pathway in the plasma cells of
obese patients. This activation was significantly larger in obese patients with liver
inflammation, although also present in obese patients without liver inflammation. As outlined
in the introduction, PERK is not fully activated in plasma cells of healthy controls, but our
results show transcription of downstream genes of the PERK pathway such as GADD34 and
DDIT3 (CHOP) in chronically obese patients. ER stress has been shown in various cell types
of obese patients including adipocytes, hepatocytes and pancreatic exocrine cells [28-30],
but how ER stress in immune cells relates to chronic metabolic disease remains to be
elucidated. However, these results suggest that obesity is a systemic disease. Despite the
clear and significant difference in ER stress response between patients with and without liver
inflammation, this research was conducted in a very limited number of obese patients and it
needs validation in a larger cohort including NASH patients with high amount of lobular
inflammation and obese steatotic patients without inflammation.
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This thesis is a continuation of the work published by Callewaert et al in 2004 [1]. In this
study, it was shown that by quantifying N-glycans in serum, it is possible to distinct cirrhotic
from non-cirrhotic patients with very high sensitivity and specificity. Concomitant with this
study, a new technology to profile N-glycans was developed [2]. This technology makes use
of DNA sequencing equipment to map the glycome of a particular biofluid. Important
advantages of this capillary electrophoretic technique are the extreme high sensitivity (low
femtomolar range) and the reliable quantification due to the laser-induced fluorescence of
the APTS-labeled sugar. Following development, important challenges were bringing this
technology to a clinical platform and exploring its potential in various clinical fields, including
the field of hepatology in which it already had shown its great value. However, still a few
questions remained unanswered.

The work performed in this thesis can be divided in two main parts. In the first part, various
mouse models of chronic liver disease were used to further explore the mechanisms
underlying the alteration of serum protein glycosylation in liver diseases. Initially, three
mouse models were used for this purpose, common bile duct ligation (CBDL), chronic
injections with the hepatotoxin CCl, and partial portal vein ligation (PPVL). In the two fibrotic
models, CBDL and CCl,, a similar and consistent increase of the tetra-antennary glycan
(NA4) was observed. Remarkebly, this occurs very early in the fibrotic development of both
models and is in contrast to human liver disease in which a decrease of multi-antennary
glycans in advanced fibrosis is observed. Despite this similarity, CBDL mice displayed a
characteristic increase of core-fucosylated glycans. We were able to extrapolate this finding
to human liver patients with hyperbilirubinemia irrespective of etiology. Core-fucosylation on
proteins produced in hepatocytes has been shown to be a signal for secretion in the bile
ducts [3]. During cholestatic conditions, the basolateral path to the bile ducts becomes
blocked off and an accumulation of proteins with core-fucosylated glycans in the hepatocyte
develops. The only way out for these glycoproteins is apically to the space of Disse and
eventually to the systemic circulation. The precise regulation of this mechanism is yet to be
revealed, because in normal conditions, most of the liver-produced protein in serum (eg
haptoglobin, a1-antitrypsin and transferrin) carry core-fucosylated glycans with NA2F being
quantitatively the most important. However, it was shown that the core-fucosyation on these
liver-produced proteins is not very abundant [4, 5]. A similar mechanism may apply to
patients with hepatocellular carcinoma. Although not identical to cholestasis, a depolarization
of the hepatocyte linked with apoptosis has been described in HCC and this may also
explain the increase of core-fucosylated glycans in these patients [6]. The third model,
PPVL, was used to study if portal hypertension contributed to the alteration of protein
glycosylation. Few alterations were observed and they did not show consistency as in the
fibrotic models indicating that this factor has no influence on protein N-glycosylation.

In human liver patients, five major liver etiologies (alcoholic, cholestatic, viral hepatitis B,
viral hepatitis C and non-alcoholic steatohepatitis) were investigated and compared
according serum protein glycomic alterations. In human liver disease, three important N-
glycan alterations can be observed: increase of agalactosylated glycans on IgGs, increase of
bisecting GIcNAc modified glycans and decrease of multi-antennary glycans on liver-
produced proteins. No significant quantitative difference in each of these alterations were
observed between the different etiologies in cirrhotic patients, although some important sub-
significant distinctions were apparent. Cirrhotic alcoholic patients had the highest score
when evaluated by the GlycoCirrhoTest which can be explained by the micronodular nature
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of the cirrhotic liver. In these regenerative nodules, there is an upregulation of N-
acetylglucosaminyltransferase lll (GnT-1ll), the enzyme responsible for the bisecting GIcNAc
modification [1]. More nodules correspond to a more elevated GnT-lll expression and an
increase of NA2FB on liver-produced protein. However, it has been recently shown that
there is also a slight increase of bisecting GIcNAc modified glycans on IgG during liver
fibrosis and this increase is quantitatively much more important [4]. Finally,
undergalactosylation of IgG was observed to be quantitatively most important in patients with
non-alcoholic steatohepatitis and this observation led to the development of a marker to
distinguish steatosis from NASH patients (see further).

The differences in the alteration of protein glycosylation described between the mouse
models of chonic liver disease and human liver disease were further explored by inducing
the CBDL and CCl, model in B cell deficient mice. It was shown that hepatocytes are the
dominant factor responsible for the observed glycomic alterations in mouse models of
chronic liver disease. This is in sharp contrast to human liver diseases in which the total
serum alterations were predominantly attributed to IgG glycosylation. As a direct
consequence, this partially explained the increase of multi-antennary glycans in the fibrotic
models because IgGs contain very little amounts of multi-antennary glycans and the lack of
undergalactosylation. However, rheumatoid arthritis (RA) is also a chronic inflammatory
disease with an important IgG undergalactosylation and this feature could be extrapolated to
a mouse model for RA [7]. The increase of core-fucosylation in the CBDL model was also
shown to be liver-dependent thereby confirming the hypothesis outlined in the first study.
Finally, the large amount of alterations seen in these fibrotic models can be ascribed to the
hepatocyte-specific nature of the glycomic alterations. Almost all N-glycans identified in the
electropherogram are significantly altered in these mouse models. In human liver diseases,
lgG acts as a buffer because it does not contain all the N-glycans present in total serum and
an altered B cell physiology will only correlate indirectly with liver injury. Therefore, it can be
postulated that the glycomic profile in mouse models of chronic liver disease is a better
representation of the pathological state of the liver compared to the glycomic profile in
human liver diseases.

In addition to the fibrotic models used in the first two studies, a glycomic investigation was
performed in a mouse model for hepatocellular carcinoma (HCC). This mouse model was
induced by weekly chronic injections with diethylnitrosamine (DEN). Two similarities can be
drawn with the fibrotic models. First, maximum phenotype was observed at an early level of
carcinogenesis, when the first dysplastic nodules started to appear. Second, the N-
glycosylation of IgG does not play a role in these alterations. In contrast to the fibrotic
models, the observed alterations are quite similar to the human situation in which it was
shown that branch-fucosylated glycans are increased in HCC patients [8]. However, this was
only shown in HBV patients and our data could not reproduce these results in HBV or other
liver etiologies. The relatively small HCC nodules mostly develop in a cirrhotic background
and cirrhotic specific alterations (increase of bisecting glycans) will therefore dominate in the
glycomic profile of HCC patients. Approximately 10% of HCC develops in non-cirrhotic liver
and it would be interesting to study the glycomic profile of these patients [9].

Angiogenesis is one of the hallmarks of malignant transformation. The growing tumor will
induce new blood vessels from the existing vasculature to meet its increasing demand for
oxygen and nutrients. The placental growth factor (PIGF) is an analog of vascular endothelial
growth factor (VEGF) and it has recently gained a lot of interest as therapeutic target.
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Inhibition of PIGF only targets the pathological vessels induced by the tumor leaving the
normal vasculature untouched [10]. A mouse monoclonal antibody against PIGF was
investigated in the DEN mouse model and this treatment had a significant positive impact on
survival and tumor burden [11]. The N-glycosylation patterns of the DEN mice treated with
anti-PIGF for 5w were evaluated and a significant improvement of most of the altered peaks
was observed. Especially a decrease of all multi-antennary glycans was seen. This drew our
attention to the Ets-1 transcription factor. Ets-1 not only plays a major role in various stages
of new blood formation [12, 13], but is also a prerequisite for the induction of the genes of
which the corresponding enzymes are responsible for the formation of multi-antennary
glycans, i.e. GnT-1V and GnT-V [14]. Importantly, we showed a significant reduction of the
number of Ets-1 positive cells upon anti-PIGF treatment, thereby providing evidence that
Ets-1 is a possible link between angiogenesis and the increase of multi-antennary glycans in
cancer.

The second part of this thesis dealt with the development of a biomarker based on the N-
glycosylation of serum proteins to distinguish patients with simple steatosis and NASH. First,
a pilot study was conducted including patients that were scheduled for bariatric surgery. This
population was suitable to develop an ‘inflammation marker’ for NASH because none of the
patients had a significant amount of fibrosis that could interfere in the analysis. The
biomarker developed in this population correlated very well with the amount of lobular
inflammation and had a reasonable Area Under the Curve (AUC) of 0.75 to distinguish
steatosis and borderline NASH patients from NASH patients. Importantly, the biomarker was
evaluated in a multivariate analysis together with other markers that were significant in the
univariate analysis. It displayed the lowest P-value with a borderline significant result
demonstrating its supremacy over other markers in this population. The glycomarker
(log[NGA2F]/[NA2]) was subsequently validated in a large population of which the majority of
the patients were diagnosed through a percutaneous needle liver biopsy without surgery and
in a pediatric population. Both validation populations had a lot of patients with significant
fibrosis (=F2) in which we could evaluate the biomarker. We observed that mean marker
score was stable until fibrosis stage 3 (bridging fibrosis) and it showed a slight increase in
the cirrhotic stage. In agreement with the pilot study, a good correlation with the amount of
inflammation was obtained with a consistent increase in ascending stages of lobular
inflammation. An important reason for the lower AUC of the glycomarker in these
populations is the use of needle biopsies to diagnose the severity of the disease. The
surface of these biopsies was considerably smaller in comparison with the surface of the
wedge liver biopsies that were collected during the bariatric procedure. Scoring of the
histological features will be more accurate with the larger wedge liver biopsies.

The pediatric population showed very similar results in distinguishing simple steatosis from
NASH in comparison with the adult population, despite a different histological liver pattern.
This again confirmed that the alterations on the glycomic level in NASH patients are
determined by B cells and not the liver. The mechanism that lies at the basis of this
undergalactosylation is yet to be unraveled. Previously, research groups have shown in RA
patients a decrease in betai,4-galactosyltransferase (betai1,4-GalT) expression and activity,
but another group could not confirm this result on the protein level [15-17]. In contrast,
inflammatory conditions will result in an increased betal,4-GalT mRNA and protein
expression in microglia and in synovial tissue of arthritic patients, rather than a decrease [18,
19].
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Because of these contradicting results, we investigated whether endoplasmic reticulum (ER)
stress could provide an explanation for the undergalactosylation of IgG in NASH patients.
The ER is the organelle responsible for protein folding, maturation, quality control and
trafficking. N-glycans play an important part in all these processes. When the ER becomes
stressed due to the accumulation of newly synthesized unfolded proteins, the unfolded
protein response (UPR) is initiated. Importantly, the three branches of the UPR intersect with
a variety of inflammatory and stress signaling systems including the NF-kB IkB kinase (IKK)
and JNK-AP1 [20]. The plasma cell, the B cell type responsible for production and secretion
of immunoglobulins, already has a limited UPR with an activation of the ATF6 and IRE1/XBP
branch. This enables a resting B cell to transform into a high-rate secretory plasma cell. The
PERK pathway is not activated in normal conditions [21, 22]. We showed that there is a
significantly increased expression of all ER stress genes in all three branches of the UPR,
including the PERK branch, in obese patients with liver inflammation compared to obese
patients without liver inflammation. As a consequence, we hypothesize that more secretory
proteins will be directed to the Golgi apparatus and the beta-1,4-GalT enzyme, that transfers
a galactose monosaccharide to the glycan structure during biosynthesis, will be saturated
prematurely. Therefore, a larger proportion of agalactosylated immunoglobulins will be
secreted in the extracellular environment of obese patients with liver inflammation.

The results that we obtained in this thesis are very promising and they provide an
explanation for some of the questions that were originally put forward, but they also raise a
lot of new questions. Especially the link between ER stress and undergalactosylation of IgG
in chronic inflammatory conditions needs to be explored further in depth. Crucial for this
purpose will be the confirmation of the strong increased UPR in plasma cells of obese
patients with liver inflammation in a large NAFLD population. Another important aspect will
be to determine the influence of ER stress on Golgi function and especially on the beta-1,4-
GalT enzyme as it is the final determinant of the undergalactosylation status. Important
challenges are also present in the field of endocrinology. It has been shown that visceral
adiposity is a critical determinant for the association between low testosterone (T) levels and
insulin resistance and low T levels in the presence of a disturbed glucose metabolism are
linked with high estradiol (E2) levels [23]. The low free T/E2 ratio associates with increased
pro-inflammatory adipokines and decreased levels of regulators of insulin sensitivity, both
contributing to diabetes type 2. As a continuation of our research in NASH patients, it would
be interesting to investigate the association of our ‘inflammation-dependent’ glycomarker
with pro-inflammatory adipokines and hormones secreted by visceral adipocytes that
regulate insulin sensitivity. Exploring these associations will provide insight in the link
between visceral adiposity and the development of liver inflammation in obese patients.
Finally, two important hallmarks of cancer are neo-angiogenesis and an increase of multi-
antennary glycans. Our results indicate that both phenomena might be linked by the Ets-1
transcription factor. An important future challenge is the validation of the lowered Ets-1
expression in anti-PIGF treated HCC mice by other quantitative methods including real-time
PCR and western blotting. Furthermore, most Ets family proteins are nuclear targets for
activation of Ras-MAP signaling pathway [24] and detailed investigation of this pathway
would provide insight into the molecular mechanisms by which Ets-1 expression was down-
regulated by 5D11D4 treatment. Importantly, This is also the pathway that regulates Mgat5
gene transcription [25, 26] and Mgat5-modified glycans (multi-antennary glycans) correlate
with progression [27] and reduced patient survival time [28] in several cancers. Alternatively,
this mechanism can also be further explored by working with Ets-1 deficient mice [29].
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Deze thesis is een voortzetting van het werk dat gepubliceerd werd door Callewaert et al in
2004 [1]. Er werd in deze studie aangetoond dat het mogelijk is om door kwantificatie van
serum N-glycanen cirrotische patiénten te onderscheiden van niet-cirrotische patiénten met
hoge sensitiviteit en specificiteit. Samengaand met deze studie werd een nieuwe technologie
ontwikkeld om N-glycanen te profileren [2]. Deze technologie maakt gebruikt van DNA
sequencing apparatuur om het glycoom van een bepaalde bio-vioeistof te bepalen.
Belangrijke voordelen van deze capillaire electroforetische techniek zijn de zeer hoge
gevoeligheid (femtomolaire range) en de betrouwbare kwantificatie door de laser
geinduceerde fluorescentie van de APTS-gelabelde suikers. Na ontwikkleling van de
technologie, waren er enkele belangrijke uitdagingen. Eén doel was om deze technologie
naar een klinisch platform te brengen. Simultaan wou men het potentieel van deze
technologie verkennen in verschillende klinische specialisaties waaronder de hepatologie
waarin het al zijn grote waarde had bewezen. Een aantal belangrijke vragen bleven echter
onbeantwoord.

Het werk uitgevoerd in deze thesis kan in twee delen opgesplitst worden. In het eerste deel
werden verschillende muismodellen van chronisch leverlijden aangewend om de
mechanismen die aan de basis liggen van veranderingen in serum eiwit glycosylatie verder
te verkennen. Initieel werden hiervoor drie muismodellen geinduceerd: het common bile duct
ligation (CBDL) model, chronische injecties met het hepatotoxine CCl,; en het partial portal
vein ligation (PPVL) model. In de twee fibrotische modellen, CBDL en CCl,, werd een
consistente toename van het tetra-antennaire glycaan (NA4) geobserveerd. Opvallend was
dat dit zeer vroeg gebeurt in de fibrotische ontwikkeling van beide modellen en staat in
contrast tot humaan leverlijden waarin een afname van multi-antennaire glycanen in
gevorderde fibrose werd vastgesteld. Ondanks deze overeenkomst vertoonden de CBDL
muizen een karakteristieke toename van core-gefucosyleerde glycanen. We waren in staat
om deze vondst te extrapoleren naar lever patiénten met een verhoogde serum bilirubine
concentratie ongeacht etiologie. Er werd eerder aangetoond dat core-fucosylatie op eiwitten
geproduceerd in hepatocyten een signaal is voor secretie in de galkanalen. Het basolaterale
pad naar de galwegen wordt afgeblokt tijdens cholestase en er ontwikkelt zich een
accumulatie van eiwitten gemodificeerd met core-gefucosyleerde glycanen in de
hepatocyten. De enige uitweg is apicaal naar de ruimte van Disse en uiteindelijk naar de
systemische circulatie. De precise regulatie van dit mechanisme moet nog worden
opgehelderd; want in normale omstandigheden dragen de meeste lever-geproduceerde
eiwitten (haptoglobine, ai-antitrypsine en transferrine) core-gefucosyleerde glycanen. Er
werd echter aangetoond dat core-fucosylatie op deze lever-geproduceerde glycanen niet erg
veel voorkomend is [4, 5]. Een gelijkaardig mechanisme kan ook betrekking hebben op
patiénten met hepatocellulaire carcinoma (HCC). Het mechanisme is waarschijnlijk niet
volledig identiek aan cholestatische patiénten, maar een depolarisatie van de hepatocyte
gelinkt aan apoptose is ook beschreven bij HCC en dit kan een verklaring bieden voor de
toename van core-gefucosyleerde glycanen bij deze patiénten [6]. Het derde model, PPVL,
werd gebruikt om te bestuderen of portale hypertensie bijdraagt tot de veranderingen in eiwit
N-glycosylatie. Weinig veranderingen werden vastgesteld in dit muismodel en deze
vertoonden geen overeenkomsten in de bestudeerde tijdspunten zoals in de fibrotische
modellen wat aangeeft dat portale hypertensie geen invloed heeft op eiwit N-glycosylatie.

Vijf etiologieén van leverlijden (alcoholisch, cholestatisch, viraal hepatitis B, viraal hepatitis C
en niet-alcoholisch steatohepatitis) werden onderzocht en vergeleken naargelang de
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glycomisch veranderingen. Er kunnen zich drie belangrijke N-glycaan veranderingen
voordoen bij humaan leverlijden: een toename van agalactosyleerde glycanen op IgGs en
een toename van bisecting GIcNAc gemodificeerde glycanen en afname van multi-
antennaire glycanen op lever-geproduceerde eiwitten. Er werd geen significant verschil in
elk van deze veranderingen vastgesteld bij de verschillende etiologieén in cirrotische
patiénten, alhoewel sommige sub-significante veranderingen werden vastgesteld.
Cirrotische alcoholische patiénten hadden de hoogste score voor de GlycoCirrhoTest. Dit
kan verklaard worden door het micronodulaire patroon van de cirrotische lever. In de
regeneratieve nodules is er een opregulatie van N-acetylglucosaminyltransferase Il (GnT-
ll), het enzyme verantwoordelijk voor de bisecting GIcNAc modificatie [1]. Meer nodules
komen overeen met een meer toegenomen GnT-lll expressie en de productie van NA2FB
op lever-geproduceerde eiwitten. Er werd echter aangetoond dat er ook een lichte toename
is van bisecting GIcNAc gemodificeerde glycanen op IgG tijdens lever fibrose en deze
toename is kwantitatief veel belangrijker [4]. Ondergalactosylatie van IgG was het meest
prominent aanwezig in patiénten met niet-alcoholisch steatohepatitis en deze vaststelling
leidde tot de ontwikkeling van een merker die patiénten met steatose van NASH patiénten
kan onderscheiden (zie verder).

De verschillen in veranderingen van eiwit glycosylatie tussen muismodellen van chronisch
leverlijden en humaan leverlijden werden onderzocht door het CBDL en CCl, model te
induceren in B cel deficiénte muizen. Er werd aangetoond dat hepatocyten de meest
bepalende factor zijn verantwoordelijk voor de geobserveerde glycomische veranderingen in
muismodellen voor leverlijden. Dit staat in sterk contrast tot humaan leverlijden waarin de
totaal serum veranderingen hoofdzakelijk toe te schrijven zijn aan IgG glycosylatie. Dit
verklaart gedeeltelijk de toename van multi-antennaire glycanen in de fibrotische modellen
omdat IgGs zeer weinig dergelike glycanen bevatten en het gebrek aan IgG
ondergalactosylatie. Echter, rheumatoid arthritis (RA) is ook een chronisch inflammatoire
aandoening met een belangrijke ondergalactosylatie en dit kenmerk kon wel geéxtrapoleerd
worden naar een muismodel voor RA [7]. De toename van core-fucosylatie in het CBDL
model was ook lever-afhankelijk en dit bevestigde de hypothese vooropgesteld in de eerste
studie. Nagenoeg alle N-glycanen die geidentificeerd konden worden in het electroferogram
waren significant gewijzigd in de fibrotische muismodellen en dit kan toegeschreven worden
aan de hepatocyte-specifieke aard van deze veranderingen. IgG gedraagt zich als een
buffer bij humaan leverlijden, omdat het niet alle N-glycanen bevat die in totaal serum
aanwezig zijn en een gewijzigd B cel fysiologie zal enkel indirect correleren met
leverschade. Hierdoor kan gesteld worden dat het glycomische profiel van de muismodellen
van chronisch leverlijden een betere weergave is van de pathologische staat waarin de lever
zich bevindt in het vergelijking tot het glycomische profiel bij humaan leverlijden.

In aanvulling op de fibrotische modellen werd ook een glycomisch onderzoek uitgevoerd in
een muismodel voor hepatocellulair carcinoma (HCC). Dit muismodel werd geinduceerd
door wekelijkse injecties met diethylnitrosamine (DEN). Er kunnen twee parallellen
getrokken worden met de fibrotische modellen. Ten eerste, het maximale fenotype werd
geobserveerd in een vroeg stadium van carcinogenese wanneer de eerste dysplastische
nodules begonnen te verschijnen. Ten tweede, de glycosylatie van IgG had geen rol in deze
veranderingen. Echter, in tegenstelling tot de fibrotische modellen waren de geobserveerde
veranderingen vrij gelijkaardig aan de humane situatie waarbij werd aangetoond dat branch-
gefucosyleerde glycanen toegenomen zijn in HCC patiénten [8]. Dit werd echter enkel
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aangetoond bij HBV patiénten en onze data konden deze resultaten niet reproduceren in
HBV of andere lever etiologieén. De relatief kleine HCC nodules ontwikkelen zich meestal in
een cirrotische achtergrond en veranderingen specifiek voor cirrose (toename van bisecting
glycanen) zal daardoor domineren in het glycomische profiel van HCC patiénten. Ongeveer
10% van HCC ontwikkelt zich in een niet-cirrotische lever en het zou interessant zijn om een
glycomische analyse te maken bij deze patiénten [9].

Angiogenese is €én van de karakteristieken van maligne transformatie. De groeiende tumor
zal nieuwe bloedvaten induceren uit de bestaande vasculatuur om zijn toenemende vraag
naar zuurstof en nutriénten te beantwoorden. De placentale groeifactor (PIGF) is een
analoog van de vasculaire endotheliale groeifactor (VEGF) en het heeft recent aandacht
getrokken als therapeutische target. Inhibitie van PIGF zal enkel de nieuwe bloedvaten,
geinduceerd door de tumor, aantasten en de normale vasculatuur zal niet verstoord worden
[10]. Een muis monoclonaal antilichaam tegen PIGF werd onderzocht in de DEN-muis en
deze behandeling had een positief effect op overleving en op de grootte van de tumoren
[11]. N-glycosylatie-patronen van DEN-muizen die behandeld werden met anti-PIGF
vertoonden een significante verbetering bij de meerderheid van de gewijzigde pieken. Er
werd vooral een afname van alle multi-antennaire glycanen geobserveerd. Dit trok de
aandacht naar de Ets-1 transcriptie factor. Ets-1 speelt niet alleen een belangrijke rol in
verschillende stadia van nieuw-bloedvatvorming [12, 13], maar het is ook noodzakelijk voor
de inductie van genen waarvan de overeenkomstige enzymes verantwoordelijk zijn voor de
vorming van multi-antennaire glycanen, zoals GnT-IV en GnT-V [14]. We konden een
significante afname van de hoeveelheid Ets-1 positieve cellen aantonen waardoor we bewijs
leverden voor een mogelijke link tussen angiogenese en de toename van multi-antennaire
glycanen bij kanker.

Het tweede gedeelte van deze thesis is gewijd aan de ontwikkeling van een biomerker
gebaseerd op de N-glycosylatie van serum eiwitten om patiénten met steatose te
onderscheiden van NASH patiénten. Eerst werd een piloot studie uitgevoerd met patiénten
die gepland stonden voor een bariatrische ingreep. Deze populatie was geschikt om een
‘inflammatie merker’ voor NASH te ontwikkelen, omdat geen enkele patiént een belangrijke
hoeveelheid fibrose had dat kon interfereren in deze analyse. De biomerker correleerde zeer
goed met de hoeveelheid lobulaire inflammatie in deze populatie en had een aanvaardbare
Area Under The Curve (AUC) van 0.75 om steatose en borderline NASH patiénten te
onderscheiden van NASH patiénten. De biomerker werd geévalueerd in een multivariate
analyse met andere merkers die significant scoorden in de univariate analyse. Het
vertoonde de laagste P-waarde met een borderline significant resultaat waardoor zijn
suprematie over de andere merkers werd aangetoond in deze populatie. De glycomerker
(INGA2F]/[NA2]) werd vervolgens gevalideerd in een grote populatie waarvan de diagnose
bij de meeste patiénten werd gesteld door een percutane naaldbiopsie zonder operatie en in
een pediatrische populatie. Beide validatie-populaties hadden veel patiénten met een
belangrijke hoeveelheid fibrose (=F2) waarin we onze biomerker konden evalueren. We
stelden vast dat gemiddelde merker score stabiel bleef tot fibrose stadium 3 (bridging
fiborose) en het vertoonde een kleine toename in het cirrotische stadium. In
overeenstemming met de piloot studie werd een goede correlatie gevonden met de
hoeveelheid lobulaire inflammatie met een consistente stijging bij toenemende graad
lobulaire inflammatie. Een belangrijke reden voor de lagere AUC van de glycomerker in deze
populaties is het gebruik van naaldbiopsieén om de ernst van de leveraandoening vast te
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stellen. De opperviakie van deze biopsieén was veel kleiner in vergelijking met de
opperviakte van de wedge lever biopsieén die afgenomen werden tijdens de bariatrische
ingreep. Scoring van de histologische kenmerken zal accurater zijn met de grotere wedge
lever biopsieén.

De pediatrische populatie vertoonde zeer gelijkaardige resultaten in vergelijking met de
volwassen populatie ondanks een verschillend histologisch lever patroon. Dit was opnieuw
een bevestiging dat de veranderingen op het glycomische niveau bij NASH patiénten
bepaald worden door B cellen en niet door de lever. Het mechanisme dat aan de basis ligt
van deze ondergalactosylatie is nog niet opgehelderd. In het verleden hebben
onderzoeksgroepen aangetoond dat er een afname is in expressie en activiteit van het beta-
1,4-galactosyltransferase (beta-1,4-GalT) enzyme in patiénten met RA, maar een andere
groep kon deze resultaten niet bevestigen op het eiwit niveau [15-17]. In tegenstelling
hiermee werd aangetoond dat inflammatie leidt tot een toegenomen beta-1,4-GalT mRNA
en eiwit expressie in microglia en synoviaal weefsel van arthritische patiénten [18, 19].

Door deze tegenstrijdige resultaten onderzochten we of endoplasmatisch reticulum (ER)
stress een uitleg kan geven voor de IgG ondergalactosylatie in NASH patiénten. Het ER is
het organel verantwoordelijk voor eiwitopvouwing, maturatie, kwaliteitscontrole en vervoer.
N-glycosylatie speelt een belangrijke rol in al deze processen. Wanneer het ER onder druk
komt te staan door een accumulatie van nieuw gesynthetiseerde eiwitten, wordt een
‘unfolded protein response’ (UPR) geinitieerd. De 3 takken van de UPR zijn verbonden met
inflammatoire en stress signalisatie systemen zoals NFkB IkB kinase (IKK) en JNK-AP1. De
plasma cel, het B celtype dat verantwoordelijk is voor de productie en secretie van
immunoglobulines, heeft al een beperkte UPR met activatie van de ATF6 en IRE1/XBP1 tak.
Hierdoor kan een rustende B cel zich transformeren in een antilichaam-secreterende plasma
cel. De PERK pathway is niet geactiveerd in normale omstandigheden. We konden
aantonen dat dat er een significant toegenomen expressie is van alle ER stress genen in
obese patiénten met lever inflammatie in vergelijking met obese patiénten zonder
leverinflammatie. Als hypothese stellen we voorop dat hierdoor meer eiwit naar het Golgi
apparaat zal gestuurd worden. Het beta-1,4-GalT enzyme, dat de transfer van een galactose
eenheid naar de glycaan structuur tijdens biosynthese katalyseert, zal voortijdig gesatureerd
zijn en een grotere proportie agalactosyleerde immunoglobulines zal hierdoor gesecreteerd
worden in het extracellulaire milieu bij obese patiénten met lever inflammatie.

De resultaten die behaald werden in deze thesis zijn veelbelovend en ze leveren een uitleg
voor sommige vragen die bij aanvang naar voor zijn geschoven, maar ze roepen ook een
aantal nieuwe vragen op. Vooral de link tussen ER stress en IgG ondergalactosylatie in
chronisch inflammatoire aandoeningen moet verder onderzocht worden. Cruciaal voor dit
doel zal de bevestiging zijn van de sterk toegenomen UPR in plasma cellen van obese
patiénten met lever inflammatie in een grote NAFLD populatie. Een ander belangrijke
uitdaging zal het onderzoek zijn naar de invloed die ER stress heeft op het functioneren van
het Golgi apparaat en vooral op het beta-1,4-GalT enzyme als finale determinant van de
ondergalactosylatie status van IgG. Er zijn ook belangrijke uitdagingen te vinden in de
endocrinologie. Er werd aangetoond dat viscerale adipositas een belangrijke determinant is
voor de associatie tussen een lage testosteron (T) spiegel en insuline resistentie en lage T
levels in de aanwezigheid van een verstoord glucose metabolisme zijn gelinkt aan hoge
estradiol (E2) concentraties [23]. De lage T/E2 ratio is geassocieerd met een toegenomen
concentratie van pro-inflammatoire adipokines en verlaagde concentraties van insuline
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resistentie regulatoren, beide dragen bij tot diabetes type 2. Als aanvulling op ons onderzoek
in NASH patiénten zou het interessant zijn om de associatie te onderzoeken tussen onze
‘inflammatie-afhankelijke’ glycomerker en pro-inflammatoire adipokines en hormonen
gesecreteerd door viscerale adipocyten die insuline sensitiviteit reguleren. Het verkennen
van deze associaties zal een inzicht geven in de link tussen viscerale adipositas en de
ontwikkeling van leverinflammatie bij obese patiénten. Ten slotte, twee belangrijke
karakteristieken van kanker zijn neo-angiogenese en een toename van multi-antennaire
glycanen. Onze resultaten geven aan dat beide fenomenen gelinkt zijn door de Ets-1
transcriptie factor. Een belangrijke toekomstig doel is de validatie van de verlaagde Ets-1
expressie in anti-PIGF behandelde HCC muizen door andere kwantitatieve methodes zoals
real-time PCR en western blotting. De meeste eiwitten van de Ets familie zijn de nucleaire
targets voor de activatie van de Ras-MAP signalisatie pathway [24] en een gedetailleerd
onderzoek van deze pathway zou inzicht verschaffen in de moleculaire mechanismen
waardoor de Ets-1 expressie is neergereguleerd door anti-PIGF behandeling. Dit is ook de
pathway dat de Mgat5 gen transcriptie reguleert [25, 26] en Mgat5-gemodificeerde glycanen
(multi-antennaire glycanen) correleren met progressie [27] en een verlaagde patiént
overlevingstijd [28] in verschillende kankers. Als alternatief kan dit mechanisme ook verder
verkend worden door te werken met Ets-1 deficiénte muizen [29].
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