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Abstract

Over 25% of thavorld population sukr from chronic liver diseas&lost common causes
are bngterm viral infections, alcohol abuse, and radooholic fatty liver disease (NAFLD)
associated with obesity, diabetes or hyperlipidemia. Chronic liver disease due to any cause is
characterized by repetitive or lohasting liver injury which may resulin liver fibrosis.
Regardless of underlying etiologglvanced liver fibrosis is the final common pathway that
eventuallyleads to poor clinical outcomesHistopathologyassessment diver biopsy plays a
central rolan evaluating livefibrosis but itis subjectivesuffers from suboptimakproducibility,
and more importantly,cannot predictfibrosis progressionThe natural history of fibrosis
progression variesvith a high degree of heterogeneity among patidittefactorsthatdrive this
diversity are unknownIn addition, it is uncleaif there is a common molecular signatdos
progressive fibrosis independent of its etiologlyis thesisaims to identify a common molecular
signature associated with advanced fibrosis that is shared by difigsendiseases in humans

and to translate this knowledgedevelopa surrogatédiomarker test for clinical use.

To identifya common molecular signatugadvanced fibrosis,dnalyzed304 Affymetrix
genomewide microarrays offreshlivers from 312 paents withvariouschronic liver diseases
(NAFLD, alcoholic liver diseaseriral hepatitisB or C) available in open access datababkkssng
a discovery set (n=70), defineda 48gene signature with thieighest discriminate ability for
advanced fibrosisusing multiple machine learning class predictialgorithms and class
comparison methoddhe 48-gene signature was validated in three independent validation sets
(n=70, 91, and 73)ith over 0.96area under the receiver operating characteristic curve\serd

93% accuracy for histologicallproven advanced fibrosis.



As a clinical translational approachet 48gene signature wathen analyzed in 348
formalinfixed paraffirembedded (FFPE) clinical liver biopsies and 15 paired fresh and FFPE
explant liversby adigital direct nucleic acid profiling methotl@noString assayo understand
multiplex gene expression quantificatian clinical liver biopsiesis a feasible and reliable
approachNanoString gene expression levelsre strongly correlatedetween pairedreshand
FFPE livers (r=0.944, p<0.001).NanoString gene expression measurements were highly
reproduciblen repeat runwith different RNA input quantities (r=0.94®.995, p<0.001), different

operators (r=0.949.992, p<0.001), and differentttoof reagents (r=0.998.999, p<0.001).

To see if gene signatures in liver biopsies can predict fibrosis progretsof8gene
signaturen FFPE clinical liver biopsiewasanalyzedn 299 patients with different liver diseases
(122 patients withrecurent viral hepatitisC, 76 with autoimmune hepatitisand 101with
NAFLD). Patients with a high 48ene signature hasignificantly higher probability of fibrosis
progression compared to patients with a lowgé8e signature in all three liver diseadmrsg the
probability of fibrosis progression wasmilar across different biological fibrosis stages. The
resuls supported that the 4@ene signatureanpredict progressive fibrosesarlier than histology

in different liver diseases

For protein level glidation,two of the genesin the 48gene signaturevereanalyzedby
immunohistochemistry in 9fatientswith availableliver tissue after NanoString assayThe
increasen MRNA expression of the two genes led to an incréageression of theorrespondig
protein. Patients with a high protein expression of the two genes had significantly higher

probability of fibrosis progressiatompared to patients with a low protein expression

The research presented in this thasighe first comprehensive colleati of a gene

expression signaturthat drives advancetiver fibrosis in humansin the context of various



common causes ofhronic liver disease.The 48-gene signaturenay serve as a prognostic
biomarker foffibrosis progressiom patients with diffeent dironic liver diseased his biomarker

testcan be easilymplemented aa clinical assay.
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Chapter 1: Liter ature Review



1.17 The liver

1.1.17 Grossanatomy andblood supply

The liver is the largest visceral organ that weighs about 1500 g (up to 2.5% of the
total body weight in aaverage human adu(f}). It is located within the upper right quadrant
of the abdominal cavity beneath the right hemidiaphragm. Anatomically, the liver is divided
into two large lobe$ the right and the left and two smaller lobes, the quadrate and caudate
(2). Functionally, the liver can be divided into eight segments based onatduwsegmental
classification(Figure 1.1)X3). Eachliver segment haits own vascular inflow, outflow, and

biliary drainage.

The liver is a very vascular organ that receives a dual blood supply by two main blood
vessels in each segment: the hepatic artery and the portal vein, receiving approximately 25%
and 75% from theotal blood supply, respective{¢). The hepatic artery carries oxygenated
blood that supplies the liver cells for aerobic respiratindthe portal vein carries partially
oxygenated blood and nutrients drained from the gastrointestinal tract and (gpl&dre
hepatic artey and portal vein coalesce at the edge of the portal triad before draining into the
hepatic sinusoids, which are low pressure vascular channels running between rows of
hepatocytes, carrying blood from the terminal branches of the hepatic artery ansigiortal
to the terminal hepatic vein (central vein) (Figure 1.2). The central veins coalesce into hepatic

veins thaiaccumulatehe blood leaving the liver and bring it to the heart.

1.1.27 Histology

Microscopically, the liver is compose&dth tens of thouands of repeating functional



units that are uniformly distributed around the portal triads and central vein (Figure 1.2). The
two most widely accepted functional unit structuaesthe hepatic lobule and hepatic acinus

proposed by Kiernan and Rappapaespectively (Figure 1.3p, 6)

The hepatic lobulés hexagonathat consistof hepatocytes and sinusoids radiating
out in branches (Figure 1.2)). The central vein is found at the center of the lobule and the
portal triads(containportal venule, portal arteriole, and bile duct) #mend at each corner
of the hexagon. @mpared with the hepatic lobyléepaticacinus is more difficult to
visualize. Théhepaticacinusis a diamond shaped structure with the portal triads and central
veins are at the periphery of the diamd@Rijure 1.3 (6). The acinus can be subdivided into
zones 1 (periportal), 2 (medioldln), and 3 (centrilobular) with decreasing oxygenation and

increasing susceptibility to ischemia and toxic injury.

1.1.37 Metabolic functions

The liver is a metabolically active orgaontributing tothe following major functions

(7):
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1.1.47 Cells

The liver mass is composed of approximately 80% parenchymal cells #ndd®o
parenchymal cellg8). Parenchymal dis are composed of hepatocyte®inon-parenchymal
cells are composed of hepatic stellate cells (HSCspff&ucells (hepatic macrophages),
sinusoidal endothelial #s, hepaticprogenitor cellfHPCs) bile duct epithelial cellsand

other rare cell types (e.pit cells)(8).
Hepatocytes

Hepatocytesire organized into spondj&e plates that separate sinusoidal bloodfro
the bile duct (Figure 1.4(1). Theynormally express keratin 9 and 18 agpldy pivotal
function roles in metabolism, protein synthesis, and detoxification of substahserbed
into the blood aforementioned in section 1.0@B In the event of liver injury, hepatocytes

are capable of natural regeneration. The regeneration is observed predominantly in the
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periportal hepatocytes in mild injury and throughout the parenchyma in severe(irjury
Hepatic stellae cells

HSCs, previously called lipocytes, perisinusoidal cells, or Ito calis, located
between the sinusoidal endothelial cells and hepatocytes (space of Disse) (Fig(irg).1.4)
They represent about 10% of all resident liver cgl®). Under physiological conditions,
HSCs maintain a quiescent phenotype atatage retinoids in lipid dropletd1). HSCs
participate in angiogenesis, tabolism, and immune regulationheyare best known as a
major source of liver fibrosis. The ral@f HSCdn liver fibrosisareintroduced in Chapter

1.4.1.
Kupffer cells

Kupffer cells are specialized macrophamethe liver that reside within the lumen of
the liver sinusoids (Figure 1.4). The major function of Kupffer cells is to remove or
phagocytose protein complexes, bacteria, senescent red blood cells, small particles, and cell
debris from portal blood flow13). Following liver infection or injury, Kupffer cells are
activated and releasa array of inflammatory mediators (e.g. interleu&jrtumor necrosis
factor alphg [ T N &nd jegctive oxygen species (e.qg. nitric oxide, superogid®)These

inflammatory mediatorsanstimulate activation of HSCs and promote liver fibrdés).
Sinusoidal endothelial cells

Sinusoidal endothelial cellepresent the interfadbat separatélood cells on the
one side and hepatocytes and HSCs on the other side (Figure 1.4). They répeaserst
abundant noiparenchymal cell population and play a role in filtration and endocytosis in

the sinusoid$16).
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Hepatic progenitor cells

HPCsarelocated in the periportal regions of the liver that show dual characteristics
of both hepatocytes and bile duct epithelial c€li). In severely injured livers where the
proliferative capacty of hepatocytes is compromised, progenitor ogllsbe activated and

repopulate the hepatocytes and bile duct epithelial @s
Bile duct epithelial cells

Bile duct epithelial cells contribute to bile secretion via the net release of bicarbonate
and waterCompared to hepatocytes|ebduct epithelial cellsexpress keratin 7 and 19 in
addition to keratin 8 and 1®). Following liver injury, bile duct epithelial cells proliferate
and release fibrosis mediators ibnfkcGRB i ng TN
plateletderived growth factor (PDGF), connective tissue growth factor (CTGF), and

interleukin6 (20).

1.27 Cirrhosis

Cirrhosis is a late stage of scarring (fibrosis) of the liver causethny diseases and



conditions (21). It is the endstage pathologicaphenotypeof almost all chronic liver
diseasessuch asalcoholic liver disease (ALD), nealcoholic fatty liver disease (NAFLD),
viral hepatitis B (HBV) viral hepatitis C (HCV) infections, and autoimmune liver disease
(22). Cirrhosis isa life-threateningcondition thatcauses 1.03 million deaths per year
worldwide (23). It is the number one causel#patocellular carcinoma (HC@4). Early
diagnosis of advanced fibro&srhosisis difficult as most chronic liver diseases are
asymptomatic until cirrhosis with clinical decompensation (ascitesgsesrhemorrhage,

hepatic encephalopathy, hepatorenal syndrome) occurs.

1.2.171 Pathology of arrhosis

Macroscopicallythe surface o# cirrhotic liveris irregular with a firm consistency
and multiple yellowish nodules on the external surface. Dependitigeosize of nodules, a
cirrhotic liver can be classified into threeaomoscopic subtypes: micronodular (nodules
<3 mm) , macronodul ar ( nodul esgaingd&hmmidre, anda nd mi x
macrenodules)25). Common causes of micronodular cirrhosidude ALD and NAFLD,

whereas macronodular cirrhosis is usually seen in chronic HBV and(B&V

Histologically, cirrhosis is characterized by regenerative nodules surrounded by
fibrotic septa that bridgérom portal to centra(Figure 1.5)(27). These septare notonly
simple areas of fibrosis but alsontain also alteretiepatic vascular arcleitture. When
cirrhosis developsa considerable portion of the blod@ypasseshepatocytesand flow
directly to tie hepatic veins via tH#érovascular septé28). As a resultxenobiotics are not
completely removed from the circulatiom the hepatocyteand viceversa, blood protein,

such as coagulation factors and albarproduced by the hepatocytedo not enter the



circulation. This hepatiftbrovasculasseptacauses increased hepatic resistance and therefore

results in portal hypertension and hepatic synthetic dysfunction.

1.2.27 Regression of cirrhosis

Cirrhosis wasonsidered as a terminal diseaséesthat leads to deatinless liver
transplantation is done. Howeyeseveral studiegevealed histological evidence for
regression of advancdier fibrosis or even early cirrhosis after curing the underlying liver
disease(29, 30) Therefore, if advanced liver fibrosis is predicted early and the cause is
treated, early fibrosis can be reversed, and further damage can be limited. This means
prevention of endgtage liver disase, HCC, and liverelated mortality. Currently, there is

an unmet clinical need for early prediction of advanced liver fibrosis.

1.37 Chronic liver disease

The burden of liver disease is rising in Canada and worldwide. Currently, there are
more than twdillion patients worldwide who suffer from chronic liver diseases, including
over 8 million Canadians (every 1 in @1-33). Chronic liver disease is a persistent, long
lasting condition that can be caused HWdifferent etiologies and involve a process of
progressive damage and regeneration of the liver parenc{8dhaviost common causes
worldwide are NAFLD, HB®/, ALD, and HCV, with prevalence rates of 25.24%, 3.61%,
2.05% and 1.0%, respectively31, 3537). Otherrelatively rarecauses include autoimmune
hepatitis (AIH), primary biliary cholangitis, primary sclemgicholangitis(PSC) drug
induced liver diseasand liver disease causeddyctal plate malformation®g.g. congenital

hepatic fibrosis and Caroli diseasBespite different causes, advanced liver fibrosis is the



common final pathwayyhich eventuallyeadsto cirrhosis and poor clinical outcomes (liver

decompensation, HC@ged for liver transplantation, tiver-related death(38).

1.3.17 Non-alcoholic fatty liver disease

NAFLD is characterized by evidencé leepatic steatosis without secondary causes
of hepatic fat accumulatiof89). It is currently the ms&t common chronic liver disease that
affectover 25% of the population worldwid81). Risk factors for advanced liver disease
include obesity, type 2 diabetes, hyperlipidemia, hypertriglyceridemia, and hypertension
(31). NAFLD is a spectrum of liver damage, rargiinom smple fat accumulation (simple
steatosis)to inflammation with or withoutfibrosis to cirrhosis (40). About 2630% of
patients with simple steatosisdevelop noralcoholic steatohepatitis (NASH) and
approximately 20% of patientgith NASH progress to cirrhosiétl). Simple steatosis is
defined as pr es e steatesis with nados ®fld nohspeeifc pniammation
(39). NASH is a progressive form sfmple steatosis hat i s defined as pre
hepatitis statosis, inflammation, and hepatocellular injury with varying degrees of fibrosis
(39). Recent studies identifietiat amongall histological features, fibrosis is the only and
strongest predictor for poor cloal outcomes ipatients withNAFLD (42, 43) Therefore,
predicting advanced fibrosiat early disease stage is critical to prevent poor clinical

outcomes.

1.3.2i Chronic viral h epatitis B

Chronic HBYV isa viral infection that attacks the livelt is the second common
chronic liver disease, affecting about 248 milBmf individuals worldwide with a large

regional variation(36). The Africa region and West Pacifiegion have the highest

9



prevalence of chronidBV (range 59% of adults) andnost were infected during infancy or

at a young ag€36). Countries in North America (Canada, USA, Mexicoyéimostly low
endemiciy levels (0.2%0.8%) (36). Risk factors for advanced liver disease include older
age, male gender, alcohol consumption, elevated alanine aminotransferase (ALT) levels,
high HBV DNA levels, and canfection withHCV or human immunodeficiency viriig4).
Approximately up to 40% of patients will progress to cirrhosis if untre@ted46) Chronic

HBV infection can be dividg into four phases: immunotolerance, HBepagitive
immunoactive disease, HBeAgegative inactive disease, and HBedAgpative
immunoactive diseadgd7). Patients in the immunotolerance and HBea#gative inactive
phases are usually asymptomatibereapatients in the HBeAgositive immunoactive and
HBeAg-negative immunoactive phase can range from asymptomatic to cirrhosis with liver
failure (47). Thus,several biomarkersareused in the clinico determine the disease phase.
These biomarkensiclude detectinghe presence or absemof HBeAg and antHBe, HBV

DNA level, and ALTlevel. However, none of these biomarkers aceuratdo predict who

is at highrisk of progressiorio advanced fibrosis or poor clinicalitcomeg48).

1.3.371 Alcoholic liver disease

ALD results fromexcessiveand longterm alcohol useand is characterized by the
resulting spectrum of liver injuriegnging from simfe steatosis to steatohepatitis with or
withoutfibrosis tocirrhosis(49). It is the thid common chronic liver disease tla#fiect about
2% of thepopulation worldwidg35). Risk factors folALD include the amount of alcohol
intake, gender (women awth a greater risk), obesity, and smoki(g0). ALD canbe
categorizedinto three histological stages: (1) simple steatosis; (2) alcolha@patitis

(steatohepatitjswith or without fibrosis and (3) alcoholic hepatitis withdvancetibrosis

10



or cirrhosis(51). Up to 50% of patients whare diagnosed witlalcoholic hepatitis will
progress to cirrhosis if continue trsink alcohol(52, 53) However, abstinence from alcohol
does not guarantee the stopfibfosis progression. Aboui8% of patientsvith alcoholic
hepatitiswill still progress o cirrhosisafter abstinence from alcoh@4). Thereforethere is
a need to early predict patiergarly in the disease trajectory who arehajh-risk of

progressiorio advanced fibrosisirrhosis to prevent poor clinical outcomes.

1.3.41 Chronic viral hepatitis C

Chronic hepatitis C is known dsngterm infection with the hepatitis C viruk is
the fourth common chronic livelisease that affeetbout 252 thousand Canadians and over
70 million people worldwidé€37, 55, 56)Risk factors for advanced liver disease include the
duration of infection, age at infection, -adection with hepatitis B or human
immunodeficiency virus, alcohol consumption, and obgSity. It was estimated about 20%
of chronic HCV patients will develop liver cirrhosis and 5% will develop HCC withi#3@0
years(58). Early diagnosis and antiviral treatment can prevent development of liver cirrhosis
and liverrelated complications. With the new direaiting antiviral treatment, the ratd
achieving sustained virological response (SVR) (virological cure) have tremendously
increasedrom 50% to over 95% across all HCV genotypéth reduced side effectgshen
comparedo previouslyusedinterferonbasedegimeng59). Most patientshow reversabf
liver fibrosis after SVR; however, a portion of patients {148%6) still progress to advanced
fibrosis and cirrhosis despite achieving SYER). Predicting progressive fibrosis after SVR

is still an unmet clinical need.
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1.3.51 Autoimmune hepatitis

AIH is an immunemediated inflammatory liver diseascharacterized by
hypergammaglobulinemia, presence of circulating autoantibodies, interface hepatitis on liver
histology, and response to immunosuppression treat(@ént It is a rare chronic liver
disease, with prevalence ramgfrom 15 to 25 cses per 100,000 people with large variance
across different ethnicitie@1). Patients arausually subscribed of immunosuppressive
treatment to prevent progression of liver disease and the dosage of treatment should be
adapted to the activity of the dise#8&). A previous study reported fibrosis score decreased
by 53% of treated AIH patients during a mean of 57 months of falip\{62). However,
another study reported cirrhosis develops in up to 40% in 10 years of-iglaespiteof
immunosuppressive treatmegi®3). Previous researdmad identified severatommonrisk
factorsof fibrosis progressiom AlH, including the presence diuman leukocyte antigen
DR3and higher histology activity ind€84). However, no single clinical variable is accurate
to predict who isat high-risk for fibrosis progressioat disease onsedéntifying highrisk

patients camelpguide clinical management to prevent fibrosis progression

1.47 Pathogenesis ofiver fibrosis

Liver fibrosis is characterized by excessive accumulation of extracellular matrix
(ECM), such as collagens, lamininsdaglasting65). Excessive deposition of ECM in the
liver forms fibrotic scars. In a healthy liver, scar tissue removal (fibrolysis) and scar tissue
deposition (fibrogenesis) are in balance. However, dukhgonic liver injury, the
equilibrium between deposition and dissolution of scar tissues is disrugteth leads to

accumulation of scar tissue in the liver. The distribution of scar tigsules liverdiffers in
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different diseases. In chronic viral hepatitis and cholestisorders, the scar tissues are
initially locatedaround the portal tractin ALD and NAFLD,fibrosis isinitially located in
pericentral and perisinusoidal ard&§). As liver dsease progressand more scar tissse
depositin the liver, cirrhosigslevelopsand eventually affect liver function. At this stage, the
liver containsabout6 times more ECM proteinhan a normal live(38). Theg ECM
proteins are composedfirillar collagens, elastins, fibronectins, undulins, hyaluronan, and
proteoglycang38). Cirrhosis is welknown as the final common pathway of chronic liver
diseass Moreover, thestructural components of ECM, growth factors, chemokines, and
cytokines, as well as central signaling cascades in fibrogenesis, are similar across other
organs such as lungs, hearts, and kidngg, 68) In the liver,it is yetunknown if there is

a common molecular signature of progressive liver fibrosis that is shared by a variety of

chronic liver diseasds humans

1.4.171 Cellular pathways ofliver fibrogenesis

Multiple cells of the liver contribute tthe deposition of ECM. The major matrix
producing cells in the liver are activated myofibroblagtisich are characterized lmells
thate x p r «mosth rouscle actin (SMAPB9). Activated HSCs are the majaource of
activated myofibroblasté70). Other sources of myofibroblasts include portal fibroblasts,
hepatocytes and bile duct epithelial cells enging epitheliato-mesenchymal transition
(EMT), and fibrocytes(70). Non-myofibroblastic fibrosis contributors includelPCs

sinusoidal endothelial cells, and macrophages.
Hepatic stellate cells

HSCs are no-proliferative and quiescent in a normal liver. Following liver injury,
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increased hepatic levels of profibrogenytokines and chemokines suchl@aFb ktimulate
HSCs activation andausequiescent HSCs transdifferentiateo myofibroblasts, which
syntlesize and deposit increasing amouotsECM (65, 71) The major profibrogenic

cytokines and chemokines that stimulate HSCs activation are reviewed in Chapter 1.4.2.
Portal fibroblasts

Portal fibroblastefers b any fibroblasin the portal regioi(72). In thenormal liver,
portal fibroblasts surround the portal vein to maintain the integrity of the porta{Ag.cin
response to chronic injury (mostly in biliadiseases portal fibroblasts proliferate and
differentiate intgportal myofibroblass, which is defined aany myofibroblast in the portal

area that is not derived from HS@sdsynthesize ECM72, 73)
Epithelial -to-mesenchymal transition

Epitheliakto-mesenchymal transitionEMT) is a biological process in which
adherent epithelial cells undergo multiple biochemical changes and convert to a
mesenchymal cell phenotydé4). The mesenchymal cell phenotypectsaracterized by
increased cell motility, imva@veness, andproduction of ECM componentg74).
Mesenchymal cells participate in tissue repair and pathological procegsel,include
tissue fibrosis, tumor invasiveness, and metastés)sTherefore, EMT occurs when tissues
are keing built or remodeled. ttan be categorized into three different subtypes based on the
biological context: embryogenesis and organ development (type 1); chronic fibrogenic
disorders (type 2), and carcinogenesis (typ@8) During liver injury, liver epithelial cells
undergo type 2 EMT and acquire myofibroblastic feattinasgenerate fibrosigs). In the
meantime, some epitheliderived mesenchymal cells undergo mesenchyaapithelial

transition, which revertnesenchymal cell®o normal hepatocytes or cholangiocytes and
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result in fibrosis regressiqii5). EMT was prposed as one of the importanechanismef
fiborogenesis However, the importance of EMT in liver fibrosis has been actively debated

(75, 77, 78)
Fibrocytes

Fibocytes are circulatnbone marrowderived, spindldike shape cells that have-co
expression of progenitor arftematopoietiacell markers(79, 80) Following liver injury,
fibrocytes downregulate thexgression of hematopoietic mans and differentiate n t-o U
SMA-expressing myofibroblasts that produce ECM protén®. Fibrocytes are involved

not onlyin liver fibrosis but alsan skin, lung, and kidney fibrosi81).
Hepatic progenitor cells

HPCs,located within the canals of Hering, are bipotential adult dileencells that
can differentiate to hepatocytes and cholangiocytes during liver i{g2)yin a normal liver,
HPCs are nomroliferative and quiescent. During liver injury, quiescent HPCs become
activated andtimulateincreasd numbes of ductules (ductular reaction), which represent a
regenerative response of the livaard these pitiferating ductules express keratin(&3).
Ductular reactiomproducs alsopr of i br ogeni ¢ factors, such
deposition(84). Ductular reactiong/as found to beorrelated with the severity of fibrosis

different chronic liver diseases, incladi chronicHCV (85), ALD (86), and NASH(83).
Sinusoidal endothelial cells

In response tdiver injury, dnusoidal edothelial cellsundergomorphological
changeswith significanty increasedproductionof basement membrane proteins including

type IV collagen, perlecan, entactin, and lami{iié). These proteins play an impant role
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in the capillarization of the sinusoids during liver inj§B7). Capillarizationis a process
characterizedy progressive loss of fenestrae and transformation to a vascular phenotype
(87). This is anearly eventduring liver injury that precedes activation of HSCs and

macrophages and therefore suggesting it could be a preliminary step of fibro¢@B)esis
Macrophages

Macrophages are the largest fmarenchymal cell population in the liver. It is
composed of Kupffer cells and circulating monocytes. These cells are involved in the
pathogenesis of liver inflammation and fibro¢&9). During liver injury, macrophage
become activated and phagocytecrotic liver cells, which causes secretion of
proinflammatory cytokines and ch(@0ndhkesenes suc
cytokines and chemokines castimulate HSCs transdifferentiate into activated

myofibroblasts which cause fibrosis deptisin (91).

1.4.21 Molecular pathwaysof liver fibrogenesis

The molecular processes driving liver fibrosis are waleging and complex. Of all
the moleculapa hways t hat cont r i bsoreefthemajor¢contnbetar f i br os
(68). Other important molecular patiays that contribute to liver fibrosis include integrins,

PDGF, CTGF, and vasoactive peptides sucangsotensin 1l and endothelih(68).
TGFb

TGFb siigpreséntinnaj phasesof liver injury, from inflammation and
fibrosis, to cirrhosis and cancg?2). It is secreted by inflammatory and fibrogenic effecto
cells, which include fibroblasts, fibrocytes, and myofibroblé@8. T GFb si gnal i ng s
its effects on fibrogenic effector cells by
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the signal is transmitted through the membranactivate SMAD transcription facto(88).
Activated SMAD proteins induce trangation of profibrotic molecules cpllagens,
fibronectin, and USMA) and causesmyofibroblast activation(92). Activation of

myofibroblastsstimulate synthesis of ECM proteins aredult infibrosis progressio(94).
Integrins

Integrins are a large family of cell surface receptors that mediate interactions between
cellsand ECM(95). These receptors can relay information from cell interior to ECM (inside
out signaling) and from ECNb cell interior (outsiden signaling)(96). Integrinsconsist of
noncovd e nt | y -d n dskbendsthdcan form over 24 different combination$
subtypeq97). These different subtypes of integriage differentially expressed by various
liver cell typesand some canontribute to liver fibrosig97). For exampl e, Uvbe6
integrins can activatéd GF b 1 , whi ch i g of @&CMshy H8Qsandcauseg ul at o
enhanced matrix depositi¢@8). On the other handl v b 3  a rntegritb\cdnpregulate
ECM-degrading proteasewmatrix metalloproteinase (MMPX, -3, and-9 andresult in
enhanced matr degradation. Clinical studies found abnormal expression of integrins in
patients with different chronic liver diseases. In patiaritis HCV, the expressiondd 1, U5,
ue6 , bl integrins we rnnehistgldgigahyprbvencadvartcdd yibsis pr e g u | &
when compared to no or mild fiborogi89). The expressiondd 6 i nt egri n was f ol

significantly increased in patients with HBV, HCV, and AIID0) These resultshowed

integrirs areinvolved inliver fibrosisregardless of the underlying etiology.
Platelet-derived growth factor

PDGF signaling plays an important role in activated HSCs and portal fibroblast

proliferation(101). When the liver is injured, fibrotic mediators suchFia& F b and TNFU ar
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releasedand stimulate activation of PDGF and its receptdil02) The PDGF family is

composed ofour different polypeptide chains encoded by four different genes (PRGF

PDGFB, PDGFC, and PDGHFD) (103) These polypeptide chains can be assembled into

five different disulphiddinked dimers (PDGFAA, PDGFAB, PDGFBB, PDGFCC, and

PDGFDD) (103) Of these isoforms, PDGBB is the major stimulus fadSCs and portal
fibroblastproliferation, and theorrespondin® DGFb r eceptor i s primari |

cellular effect of PDGK101).
Connective tissue growth factor

CTGF is a central mediator of tissue remodeling and fibrosis. It induces formation of
myofibroblasts through transdifferentiation of stellate d@i®!), portal fibroblas{105), and
fibrocytes(106). CTGF also participates in myofibroblast activation and datewleposition
of ECM proteirs thatleads to tissue remodeling and fibrogi®7). If the tissue remodeling
happens in the blood vessels, it can creatal Iportal hypertensioand induceincreased
CTGF expressianwhich leads to more tissue remodelin¢l08) CTGF also induces
increaseaxpression of a variety of cytokines involved in liver disis(109). Thesanultiple
positive feedback loops demonstcit€TGF is one of the central mediators of liver

fibrogenesis.
Angiotensin Il

Angiotensin I] a vasoconstrictor peptidie the main effector dhereninangiotensin
system The reninangiotensin system regulat&ey steps in tissue remodeling through
angiotensin type 1 receptof410) During liver injury, the componestof the renin
angiotensin system are expressed in myofibroblastsgenerate angiotensin (L11).

Angiotensin |l can induce an array of fibrogenic actions in activated HSCs, including
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myofibroblast proliferation, secretdbrogenesis cytokines such &sG F bamhd, promotes

collagen synthesidl12, 113)
Endothelin-1

Endothelinl is a vasoconstrictor peptidevhich is produced by sinusoidal
endothelial cellswith a potent effect orendothelin receptors. Endothelin receptars
present mostly in HSC&ut alsoin hepatocytes,isusoidal endothelial cells, and Kupffer
cells (114, 115) Endothelinl caninduce activatiorof myofibroblass from HSCs,portal
fibroblasts, epithelial cells, and fibrocyt€kl6) A study revealed ggientswith cirrhosis
have three times higher plasma endoth&lroncentratins compared to patients without a
liver diseas€117) Cirrhotic patients have enhancegrlpression of endothelin receptors on
HSCs and the expression is correlated to the degree of portal hyperid@isipa19) The
enhanced concentration of endothdliracts on endothehfh receptors on the HSGsd
inducesincreased fibrosis deposition and intrahepatic sinusoidal resistance, which results in

portal hypertensiol20).

1.57 Assessmmet of liver fibrosis

Currentavailable method®r assessintiver fibrosis can besubcategorizethto two
main categories(1) invasive techniquéhistopathdogical assessment of liver biopsynd

(2) noninvasive technique@maging tools and serologichlomarker$.

1.5.17 Histopathological assessment of liveribpsy

Histopathological assessment of liver biopsy has three major roles in clinical

management(l) for diagnosis(2) for assessment of prognosis, g8yl to assist clinicians
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in making therapatic/clinical management decisiond21) This is currentlythe gold
standard method to assdser fibrosis (122) Biopsy samples are routinebgored by a
pathologist usingctivity grading andibrosis staging systems. There are several different
proposedcoring systems for chronic liver diseases. The Metandrishalsystens aremost
commonly used for grading and staging viral hepaitidautoimmune hepatiti€l23, 124)

The Metavir grade represents the degree of inflammation, which is evaluated by the
combination of the degree of piecemeal necr¢ska interface hepatitifscale 63) and
lobular necrosis (scale-®) (Table 1.1). The Metavir stage represents the degree of fibrosis,
which is scaled from 0 té. The Ishak system is a more complex system that grade the degree
of inflammation scaled from 0 to 18 and fibrosis staging scaled from60(T@ble 1.2).
NAFLD is usually scorethy the NAFLD activity score and staging systda25). NAFLD
activity score $ the sum of the separate scores for steato§y (6bular inflammation (€8)
andhepatocellular ballooning {B). NASH is usually defined as patiemigving a NAFLD
acti vity (Tabed.3). dAFLD fibrGss stage scores fibrosis at a scale ffoim 4

(Table 1.3.

Despite histological assessment of liver needle bidpsthe gold standard for
assessing liver fibrosis, liver biopsy as invasive procedureand has several limitations
(126-128) It onlyrepresents 1/50,000 of the liy@29)and suffers from samplingariability
and both interand intraobserver variability. According to previous studies, 0¥&% of
biopsy samples from patientstiv HCV or NAFLD have discordance in fibrosis staging
between different pathologist$30, 131) Even very large needle biopsy samples (>2.5cm)
could not exceed 75% accuracy in assessing fibrosis in patietitdH@®V (127) More

importantly, histologycannotaccuratelypredictthe risk ofa patient for fibrosis pragssion
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(132) The invasive nature and limitations of liver biopeg to the development of non

invasive methods to assess liver fibrosis.

1.5.2i Imaging methods

The most promising imaging methods &msessig liver fibrosis noninvasively are
transient electrography (Fibroscan), acoustic radiation force impulse (ARFI) imaging and

magnetic resonance electrography (MRE).
Fibroscan

Fibroscanwas the first introduced ultrasoubdsed technique to measure liver
stiffness iN2003(133). It measures the velocity of a leirequency (50Hz) elastic shear wave
propagating through the liver and the velocity is directly related to liver stiffness. This resul
range from 2.5 to 75 kilopascals, weaimormal value around-8 kilopascals and presence
of advanced fibrosis or cirrhas{Meavir fibrosis stage 3 or 4) >1D4 kilopascals(134,

135) A valid, accurate result is based on the median value of at least 10 validated
measurements, with at least 60% of success rate (the ratiodbmedisurements to the total
number of measurement) and interquartile range (IQR) less than 30% of the median value
(136) Fibroscan is currentl the most widely used and bestlidated technique for
noninvasive asses&mt of liver fibrosis. However, liver stiffness measurement confounds
with several factors such as obesity, inflammation, cholestasis, and con@&3tip®ther
important Imitations of Fibroscan include ttannot discriminate intermediate stages of
fibrosis and predict fibrosis progressi(iB88) Although Fibroscan cannot reliably predict

fibrosis progression, it is widely used to diagnose advanced fibrosis or cirrhosis in clinic.

Acoustic radiation force impulse imaging
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ARFI assesses liver stiffness by evaluating the wanapagation speed through a
region of interesin the liver usinga ultrasound scannavith a conventional probe without
external compressiofiL39). The results are usually reported in meters per second, with
advanced fibrosis >2.2 meters/sec¢b85) ARFI hasasignificantly lowerfailure rate than
Fibroscan (2.9% vs. 6.4%, p<0.001) and both have similar performance for advanced fibrosis
and cirrhosiq138, 140) However, ARFI also canndtiscriminateintermediate stages of

fibrosisnor canpredict fibrosis progressidii38).
Magnetic resonance electrography

MRE assesses the whole liver stiffness by evaluating propagating mechanical shear
waves using a conventionalagnetic resonance system with added hardware to generate
mechanical waved41) The results are usually reporiackilopascals, wittanormal value
less than 3 kilopascals and presence of advanced fibrosis or cirrhosis > 5 kilofdzfgals
142) MRE has higher applicability for patients with ascites or obesity and éiber b
performance to discriminate intermediate stages of fibrosis compared to Fib(©38an
However, MRE is too costly and timmnsuming to be used in routine prac(itg8) It also

cannot reliablypredict fibrosis progression

1.5.37 Serum biomarkers

Current serum biomarkers algorithms adoptedtimalinical setting for assessment
of liver fibrosis wsually include a combination of direct markers, whisbasureproteins
related to scar tissue compone(it38), and indirect markers, which are simple biochemical
tests that refleatlisease severity and liver functi¢t43) Many scores or algorithms have

been proposed in different r@mic liver diseases for staging liver fibrosis and they are
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summarized in Table 1.4Five are protected by patents and commercially available: the
Enhanced liver fibrosis score, the Fibrometer, the Fibrotest, the FibroSpectll, and the
Hepascorg¢Table 1.4. The advantages of serum biomarkers include high applicability, good
inter-laboratory reproducibility, and potential widespread availability {patented)144,

145) However,serum biomarkergannot reliab} predict fibrosis progressioand have
limitations such as not being livepecific, inability to differentiate intermediate fibrosis

stages, and confounder effect of liver inflammation and stedfct$

1.67 Treatments of liver fibrosis

Despite many encouraging findings of effective antifibrotic drugs in preclinical
models, currently, noneere successfully translated and appliedlinic. Theantifibrotic
therapeutic approaches can be classified into four main categories: (1) control the underlying
liver disease; (2) inhibit activation of fibrosis promoter cells; (3) inhibition of prodieincc
pathways; and (4) promote resolution of fibrqdi47) A list of antifibrotic clinical trials in
liver fibrosis searched on ClinicalTrials.gov aeemmarizedn Table 1.5 These clinical
trials are most relevant to NAFLD, dkis disease affects ov@5% of the population
worldwide and the role of underlying metabolic risk factors such as diabetes or
hyperlipidemia are recognized but several yet undefinetbgioal factors contribute to the

disease and hencdageted therapy remain elusive

1.6.11 Control the underlying liver disease

Removing the cause of liver injury is the most effective way to prevent fibrosis

progressionPrevious publishedada haveestablished that clearance of HCV, suppression of
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HBV, alcohol abstinence in ALD, and redddgid synthesis, cholesterol, and triglycerides
in NASH can prevent fibrosis progression gagsiblylead to fibrosis regressi¢a48, 149)
This strategy can reverse fibrosis at all stages. However, not all patients curetthdrom
underlying liver disease demonstrate fibrosis regression, especially patientSAHLID

due to metabolic diseases (i.e., diabetesjironosis. Reversal of cirrhosis depends on the

duration the patient has cirrhotic liver, the cellularity of the scar, the degree of vascular

remodeling, and the degree of collagen cilodsng (150) Therefore, drugs with direct
therapeutic targetef liver fibrosis have beerdeveloped and several are curreriBing

evaluatedn clinical trials(Table 1.5.

1.6.21 Inhibit a ctivation of fibrosis promoter cells

During liver injury, multiple cells of the liver contribute to activation of
myofibroblastghatstimulae fibrosis deposition Activated HSCs are the primary source of
liver myofibroblasts and therefore inhibit activation of HSCs is a &gyectto prevent
fibrosis progressiol65). Several antifibrotic drugs were developed to inhlstivation of
HSCs such as Elafibranor, Pamreviumab, aneM@&R02 (Table 1.5 (107, 151, 152)These
drugs can inhibit activation of HSGsd haveother biological effects to reduce fibrosis.

Elafibranor is gperoxisome proliferateactivated receptealpha anddeltaagonist that has

hepatoprotective effects by regulation of metabolic homeostasis, inflammation, and cell

differentiation This drug is currently ina phase Il clinical trial for NASH(153)
Pamrevilumab is a CTGF agonist tlkanreduce activation of HSCs and ECM deposition
(107). GR-MD-02 is a Galectit8 agonist that reduce inflammanti, fibrosis and the number

of galectin3-positive macrophaggd51)
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1.6.3i Inhibition of profibrogenic pathways

The major molecular pathways inveld in fibrogenesis were discusseddnapter
1.4.2. Drugs in this category include Selonsertib, Oltipraz, and-B88263 (Table b).
Selonsertib is an inhibitor @poptosis signalegulating kinase (ASK1) that is currently in
aphase lll clinical triaifor NASH. Activation of ASK1 mediateghosphorylation o€-Jun
N-terminal kinaseand p38 mitogeractivated kinasewhich leads to hepatocyte apoptosis,
hepatic inflammation, and myofibroblast activati@b4) Oltipraz is anuclear factor
(erythroid-derived 2)like 2activator that inhibBT GF b 1 i n a s(i156)ynaphmaset HS C
[ clinical trial with HBV and HCV patients
significant histological improvement in fibrogis56) BMS-986263 is a vitamin Aoupled
lipid nanoparticle containing a small interfering ribonucleic acid that inhiéproduction
of heat shock proteid7 (HSP47) in HSC§157) Inhibition of HSP47 was discovetdo
inhibit collagen deposition and collagen fibril formation in preclinical mo@&8) This
drug is currently in a phase Il clinical trial recruiting patients that are cured of HCV with

advanced liver fibpsis.

1.6.47 Promoteresolution offibrosis

Promote resolution of fibrosis could be achieved by préwerdollagen cross
linking. Crosslinking of collagen is largely mediated by lysyl oxiddde® molecule 2
(LOXL2) (159) Simtuzumab, a humanized monoclonal antibody targeting LOXL2, can
promotethe degradation of fibrosiin different preclinical models by preventing collagen
crosslinking (160). This drug was further tested in advanced fibrosis patients with different

chronic liver diseases (NASH, HCV, PS)able 1.5. Despte the encouraging results in
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the preclinical models, Simtuzumab was ineffective to reduce fibrosis in NASH, HCV, and
PSC(161-163) This reflects inhibiting LOXL2 may be insufficient to reduce fibrosis as

there are other LOX isoforms thatayalso mediate collagen crebskage(164)

1.77 Molecular studies of liver fibrosis in humans

The understanding of molecular mechanisms underlying liver fibrosis has greatly
advancedn the recent 20 years. These understandedjtothedevelopment bbiomarkers
to assess liver fibrosis awiscovery ofnewantifibrotic drugtargets. However, very limited
findings in preclinical models were successfuibrislated and applied to the clinithis is
because there lack of singe, highly relevant anial modelof human liver fibrosig165).
Commonly used rodent models such as ¢ €bmmon bile duct ligation, and methionine
cholinedeficient diet are effective in establishing advanced fibrosis, but they do not
faithfully represent key elements fitbrosis progressioin humans These models usually
result in cirrhosisn a few weeks, whereas it takes yeardecadefor a patient with chronic
liver diseasé¢o progress to cirrhosisind the animal models do not simulate the comorbidities
experiened by humang166) Therefore, there is a need to understand ifntlokecular
findings of liver fibrosisthrough access to highly annotated liver biopsy specimens from
various stages of the disease trajectong access to publicly available data sets help
reanalyze different end points, not effectively addressed in the original study cGluorent
methods of genomwide transcriptomic and genomngde association studies potentially
offer a holistic approacho understand the heterogeneity and underlying biological
mechanisms of liver fibrosis. Gene expression profiling and genetic association studies of

sampled liver biopsies or blood samples at various stages of fibrosis may help delineate
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MRNAs that are diérentially expressed andeveal gene variants (single nucleotide
polymorphism[SNP]). Several previoustudies analyzed the global transcriptomic changes
associated with fibrosis in human livers. However, most of them addressesorgie type

of liver disease. Here, | will summarize the important findings of gene expression profiling

and genetic variants of liver fibrosis in humans with chronic liver disease.

1.7.17 Non-alcoholic fatty liver disease

Gene expression profiles of advanced fibrosis

The first gene expression profiling study to delineate the gene expression patterns of
advanced fibrosis in NAFLD was conducted by Moylan et al. in 2064) They usedavhole
genome transcriptomics approa@hffymetrix microarray$ to characterize differentially
expressed genes in liver needle biopsies between mild NAFLD (no or mild fibrosis, n=40)
and severe NAFLD (advanced fibrosis, n=32). They identified @et¥e expression
signature thadistinguistesNAFLD patients with advanced fibrosis from those with no or
mild fibrosis with 93% accuracy for histologyproven advanced fibrosis. This égene
signaturewas validated in a second, independent cohort (n=17), with 82ctUracyfor
histologyprovenadvanced fibrsis. Limitation of this studwasthey had a small validation
set and their findings were not yet replicated by other growgrsioes these findings address

other liver diseases culminating in fibrasis
Genetic variants of advanced fibrosis

In 2008, Rome@nd colleagues analyz#tie association between 9229 coding SNPs
and liver steatosis in 2111 adults of diverse ethnicifi€8) They discovered a strong

association between a common ssymonymous polymorphism (rs738409 C>G) in the
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patatinlike phospholipase domain containing 3 (PNPLA3) and NAFLD. This finding was
replicated by several other groups dheyextended the associatiari this SNPto NASH,
fibrosis, and cirrhosig169-173) This finding was one of the most robust discoveries in the
field of genetic predispositioof cirrhosis in NAFLD. Later in 2014, &zlitina et al. did an
exomewide association study and analyzed the association of 138,374 SNPs and hepatic
triglyceride content in 2,736 adults of diverse ethnicifie&t) They verified the sequence
variant of PNPLA3 (rs738409) and discovered a new common-Syoionymous
polymorphism (rs58542926 ¢.499 C>T) in the transmembrane 6 superfamily 2 (TM6SF2)
was strongly associated with hepatic triglyceride contenst discoverywas replicated by

Liu et al and heyfoundthisvariant was also associateith fibrosis progression in NAFLD

(175).

Despite the strong and reproducible association between these two gene variants and
advanced fibrosis in patients with NAFL@¥hether these markers can serve as a potential
predictor for advanced fibrosisn clinical practice is unknown. The strong association
between gene variants and advanced fibrosis was basetbdcs ratio(OR) greater than 2
per risk allele, which is arpminent magnitude for a common vari&h?6) However, large
ORs do not necessarily assure that the variants are clinically releeara single variant
associated with disease can explain the multitude heinptypes associated with the
polygenic diseas€l77) The premise of SNP association studies is that multiple variants,
each conferring a small but fteirisk with disease or phenotype may eventually help explain
the heritable basis for risk but do not address the environmental factors nor the gene
environmental interactions in conferring the risk. The SNP based association studies help

identify hithertounidentified and uncharacterized genes in capturing the heritable component
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of the disease. Population based SNP association studies and fine mapping of disease loci
may help identify the causal gene(s) in polygenic diseases which are not amenabégo link

or pedigreebased association studies which are appropriate for monogenic diseases.
Therefore, other classification parameters such as sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), and area under the eecgerator
characteristicurve (AUROC) are needed to test the predictive value of a genetic variant
(177, 178) MoreoversinceNAFLD as explained abovie a multisystem diseasandit is

unlikely that twoSNPs aloneanaccurately predict advanced fibrosgisall patient(179).
Combination of other genetic variants and environmental factors are needed to generate a
good predictive model. Danfoahd colleagueaseda combination of age, genetic variants

of PNPLA3 and TM6SF2, and insulin resistance to build a nfodeldvanced fibrosis using

177 NAFLD patients with various fibrosis stag@80). The model had an AURDof 0.82

for advanced fibrosis.

1.7.21 Chronic viral h epatitis B

Gene expression profiles of advanced fibrosis

Wang and colleaguesonducteda gene expression profilingtudy to identify
differentially expressed genes in HBV patients with various fibretsige$181). They found
the expression of nt egr i n subunit =051, pkokoel), doubledolinGBL 1)
domain containing 2 (DCDC2) (R2=0.49, p<0.001), platetrived growth factor D
(R?=0.48, p<0.00), and ETS homologous factor (EHF) %R.48, p<0.001)were
significantly correlated wih histological fibrosis stagesHowever, the diagnostic

performance of these genfes advanced fibrosis or cirrhosis were neported
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Genetic variants of advanced firosis

Despite a remarkablgrogressn understanding the natural history of chronic HBV,
the hog genetic factor(sassociated with fibrosis progressioncbfonic HBV arenot well
addressed. Eslaand colleaguesonducted a large cohort of study thatuned 555 chronic
HBV patients and they discover&MNP (rs12979860) in the intronic region of interfeesd
was significantly associated with progression to advanced fibr¢s&2) However, the
results have royet beerreplicatedby other groups and the predictiperformanceof this

SNPfor fibrosis progressiois currently unknown.

1.7371 Alcoholic liver disease

Gene expression profiles of advanced fibrosis

The first gene expression profiling study to delite gene expression patterns of
advanced fibrosis in ALD was conducted by Seth et al. in 2083) They usegbreselected
genes represented dmman 6K cDNA glass microarraysd not whole genome arr&y
chaacterize differentially expressed genes in liver biopsies betweemliseased donor
livers (n=7) and explant ALD cirrhotic livers without other liver dissage=7). They
discovered several fibrotic associated gefe§MA, collagen type IV, CTGF, tissue
inhibitor of metalloproteinase 2 [TIMPRJvere significantly upregulated in cirrhotic livers.
As these differentially expressed genes were gendogiteaimparing betweehbiopsies with
very extreme phenotypes, it is unknown if these gemesapplicabldéor advanced fibrosis

in patients with ALD.
Genetic variants of advanced fibrosis

In 2009, Tian and colleaguesnducted large candidate gene study in 1221 heavy
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drinkers at various stagef ALD (184). They found rs738409[G] in PNPLABasstrongly
associated with alcoholic cirrhosis. This association was further replicatesther
independent cohorts of patientsth ALD (185, 186) In 2015, Buch et al. conducted a
genomewide association study comparing 1426 heavy drinkers without liver injury to 712
patients with alcoholic aihosis(187). Theyconfirmed PNPLA3 and identifiedM6SF2
polymorphism, the same loci in NAFLDjereassociated with alcoholic cirrhosi3espite

the strong and reproducible association between these twovggarts and cirrhosis in
patients with ALD, whether these markers can serve as a potential predictor for advanced

fibrosis or cirrhosis in clinical practice is unknown.

1.7471 Chronic viral hepatitis C

Gene expression profiles of advanced fibrosis

In 2003, Smith and colleagues conducted the first gene expression profilingtstudy
identify differentially expressed genbstweerHCV-infected cirrhotic liver explants (n=8)
andnondiseased livers (n=4)L88). In this limited sample sizehéyfound 87 genes were
significantly upregulated in cirrhosi andthese genes were mostly involved in ECM
remodeling, activated lymphocytes and macrophagesthAgienes were generatday
comparing betweehiopsies withextremephenotypes, the performancetbése genes for

advanced fibrosis in patients with HG¥unknown

Later in 2006, Smith and colleagues conducted another gene expression profiling
studyanalyzingliver tissues froml3 liver transplanpatients (11 infecteednd 2 uninfected
with HCV) and identified fibrotic genes by comparing patientth and withoutfibrosis

progression(189). They identified 21 genes wereregulated in patients who had fibrosis
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progressiorcompared to nosprogressors in the firgtear posttransplantation. Of thel
genes, 15vereencoded for markersf myofibroblasts and myofibldast cells. Their data
suggest that early fibrosis progression may be associated weitlaction of quiescent HSCs
and increased number of myofibrobkike cells. Due to the small sample siemed lack of
independent replication of findingthe performancef thesegenedor fibrosis progression

is unknown.
Genetic variants of advanced fibrosis

Variants in the PNPLA region were also analyzed in patients with HGV
significant association of rs738409[G] with advanced fibrosis were found in several
European cohorts after adjustment for other known environmental fec®¢$92). Despite
the strong association of PNPLAS variant with fibrosis, gadormanceof this variant for

advanced fibrosign HCV is unknown.

In 2006, Huang and colleagues analyzed 24,832 putative functional SNPs in 916
patients with HCV from two centg(193). They identified a missense SNP in DEAD box
polypeptide 5 gene was associated with an increased risk of advanced fibrosis in both cohorts
(OR=1.8 and 2.0). Moreover, thefpund a carnitine palmitoyltrasferase gene was
associated with a decreased risk of advanced fibrosis indeotiers(OR=0.3 and 0.6).
However, no classification parameters were reported in this dtathrin 2007, Huang et
al. identified and validated a sevgane cirrhosis riskcore (seven SNPs combined into a
scoring system) is strongly associated with progression to cirrhosis in patients with HCV,
with 0.75and 0.73f AUROC in the training cohort (n=420) aadindependent validation
cohort (n=154)respectivel\{194) The severgene cirrhosis risk score was further validated

in 271 HCV patients with initiallyjmo or minimal to moderate fibros@d the patients were
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follow-up for at least 60 montt{&95) They foundthe meansevengene cirrhosis risk score
was significantly higher (p3005) in patients with fibrosis progression compaoguhtients
without fibrosis progression However, this study did not report thdassification

performance of the sevegene cirrhosis risk score for fibrosis progression.
1.7.51 Autoimmune hepatitis

Several candidate genefissociation studiesereperformed inpatients with AlH,
mostly focused on predicting treatment outcomes or identifying gene tsaaasociated
with AIH (196-:199) One study found a SNP in the FAS gene at posi@0 was associated
with cirrhosis at presentatiqt97) This study analyzetl49 AIH patientswith 179 matched
controls, patients with adenosine/adenosine or adenosine/guanine genotypdsdiet
prevalence of cirrhosis at presentation than in those with the guanine/guanine genotype (29%

Vs 6%). However, the results have not ye¢treplicated

1.81 Thesis overview and objectives

1.8.17 Rationale

Liver fibrosis causes significant morbidity and mortality worldwide. Liver damage
due to a variety of etiologies may result in advanced fibrosis, which is the common final
pathway of dferent chronic liver diseases. Furthermore, advanced liver fibrosis is the major
prognostic factor driving poatlinical outcomesHowever, thenatural history of fibrosis
progression variesvith a high degree of heterogeneity among patiditits.factos thatdrive
this diversityare unknownt is alsounclearif there is a common molecular signature of

progressive liver fibrosis independent of its etiolddgderstanding the common molecular
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signature of progressive liver fibrosis can help to develsureogate biomarker test to
accurately identifypatientsthat are ahigh-risk for progressive fibrosis. This biomarker test
can identify patients who maenefit from drug treatments to prevémttherliver damage

and poor clinicaloutcomes Stratificaton of patients who are at higisk for progressive
liver fibrosis by incorporating molecular biomarkers may help better clinical trial designs.
This thesis aims to identify common molecular signature associated with advanced fibrosis
that is shared bglifferentchronicliver diseases in humayasnd to translate this knowledge

to developasurrogatebiomarker test for clinical use.

1.8.21 Hypothesis

Biological mechanisms underlying liver fibrosis induce a common multiple gene
expression signature in man livers and quantitative measurement of this multigene
signature in liver biopsy tissues identifies fibrosis progressiorpaadclinicaloutcomes in

patients withchronic liver disease

1.8.3i Objectives

To test thénypothesis, this research propofies specificobjectives:

1. To di scover and validate a mol ecul ar fibr

with a ohrorityg Ilolifyenowiedwméecasesr rays

This topic is covered ilChapter 2, whereinl studied publicly availableanome
wide Affymetrix microarrays of fresh human liver tissues with diffecdmonic liver
diseases and various fibrosis stages to discover and validate a common molecular

signature for advanced liver fibrosis.
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2. To transl ate and valit dafeer imfail @ endno-pac alf &r

embedded i(vFeFrP En)e eudslien §aihahpBstire sng pl at f or m

This topic CihaptetheBed ni nt handleyamsedi l ity
expression analysis iom MRNRRBD Slit ir vremegd ratelela [ce n

measured gene expression between paired f

3.To investigate if the molecular fibrosis

patiwanths di fferent chronic |liver diseases.

This topic Cihsa pstdeyv e5,e,dvdhirechebn t he mol ecul a
signature was used to predict Pprogressi Vve

Al H, and NAFLD, respectively.

4. To i nvestigatfei bhrfostihse smod reactudraer can predi

in pamiitenntdsi fdrereni c | i ver di seases.

This topic Cihsa pstdev e5,e,dvdhirechebn t he mol ecul a
signature was used to predict poor clinic

Al H, and NAFLD, respectively.

5. To analyze i f thhefptboeeimol exptassifobrosi s

progressive fibrosis and poor <clinical ou

This topicChaptceorwh®edi hnt he protein expre
fibrosis signature was measured,i mnldi ver

NAFLD that wera pstdrea |5u,,d eadreds peect i vel y.
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Table 1.1 Metavir grading and staging system

Activity grade Fibrosis stage

A0 PMN=0 and LN=0 FO No fibrosis

Al PMN=0 and LN=1 F1 Portal fibrosis without septa
PMN=1 and LN=61

A2 PMN=0 and LN=2 F2 Portal fibrosis with rare septa

PMN=1 and LN=2
PMN=2 and LN=01
A3 PMN=2 and LN=2 F3 Numerous septa without cirrhosis
PMN=3 and LN=62
F4 Cirrhosis

PMN, piecemeal necrosi®, none; 1, mild; 2, moderate; 3, severe; LN, lobular ner
0, no or mild; 1, moderate; 2, severe; A, histological actigrade:0, none; 1, mild; 2
moderate; 3, severBeference (123).
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Table 1.2Ishak grading and staging system

Activity grade

Fibrosis stage

Periportal or periseptal interface hepatitis

Absent 0
Mild (focal, few portal areas)L

Mild/moderate (focal, most portal area2)

Moderate (continuous around <5Q9%)

Severe (continuous around >50%): 4
Confluent necrosis

Absent 0

Focal 1

Zone 3 necrosis in some areas

Zone 3 necrosis in most are8&s

Zone 3 necrosis + occasionalCPbridging: 4

Zone 3 necrosis + multiple-@ bridging: 5

Panacinar or multiacinarerosis 6

Focal lytic necrosis, apoptosis and foca

inflammation
Absent 0
One focs or less per ¥ objective 1
Two to four foci per 18 objective 2
Five to ten foci per 1% objective 3
More than ten foci per 200bjective 4
Portal inflammation
None O
Mild, some or all portal areas
Moderate, some or all portal are@s
Moderate/marked, all portal are&s
Marked, all portal areag

Stage 0
No fibrosis

Stage 1
Fibrous expansion of some portal aree
with or withaut short fibrous septa

Stage 2
Fibrous expansion ahostportal areas
with or without short fibrous septa

Stage 3
Fibrous expansion ahost portal areas
with occasional AP bridging

Stage 4
Fibrous expansion ahost portal areas
with marked PP and PC bridging

Stage 5
Marked RP and PC bridging with
occasional nodules

Stage 6
Cirrhosis

P-C, portal to cetral. PP, portal to portal. Reference (124).
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Table 1.3. NAFLD activity scoringnd fibrosis staging system

Activity score Fibrosis stage
Steatosis Stage 0
<5%: 0 No fibrosis
5-33%: 1
34-66%: 2
>66%: 3
Lobular inflammation Stage 1
None: 0 Zone 3 perisinusoidal fibrosis
<2:1 T Mil d: 1la
2-4: 2 9 Moderate: 1b
>4: 3 f Portal/perip
Hepatocyte ballooning Stage 2
None: 0 Both perisinusoidal and porta
Few ballooned cells: 1 periportal fibrosis

Many ballooned cells: 2
NAFLD activity score (sum of steatosis, lobular Stage 3

inflammation, and hepatocyte ballooning) Bridging fibrosis
<3: not NASH
O5: NASH
Stage 4
Cirrhosis

Reference (125).
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Table 1.4 Serum biomarkers for assessing liver fibrosis

Name Formula Etiology Ref
AST :gtﬁ)'ate'et AST (ULN)/PLT (10/L) X100 HCV  (200)
(BMI 028 = 1: AST/ALT
BARD score 1: score O2. odds rat NAFLD (201)
Enhanced liver  Patented formula combining age, hyaluronate ..
fibrosis score MMP3, and TIMP1 Mixed — (202)
I 1.7380.064 x PLT (1&mm?®) + 0.005 x AST
Fibroindex (IU/L) + 0.463 x (gamma globulin [g/d1] HCV  (203)
Patented formula combining PLT, prothroim
Fibrometer i n d e x , -2-rAasrdglobulth, hyaluronate, urei Mixed (204)
and age
Fibrosis 10.929 + (1.827 x In[AST]+ (0.081 x age) +
probability (0.768 x past alcohol use*) + (0.385 x HOMR) HCV  (205)
index i (0.447 x cholesterol)
Patented f or r2umaaoglcbalimb
Fibrotest 2GT, apolipoprotein HCV  (206)
bilirubin, age and gender
. Patent ed f or nr2umlaaoglabalimb
FibroSpectll hyaluronate and TIMEL HCV  (207)
i age (year) x AST (U/L)/(PLTIQ%L) x (ALT HIV -
FIB-4 [U/L] )12 HCV (208)
. 7.8117 3.131 x In(PLT) + 0.781 x In(GGT) +
Forns index 3.467 x In(age) 0.014 x(cholesterol) HCV  (209)
Goteborg
university AST x prothrombiri’ INR x 100/PLT HCV  (210)
cirrhosis index
-3.667 0.00995 x PLT (18&ml) + 0.008 x sam
HALT-C model TIMP-1 + 1.42 x log(hyaluronate) HCV  (211)
Patented formula combining bilirubin, GGT,
Hepascore hyal ur -@-mactoglgbulit) age and gende HCV  (212)
. 3.148 + 0.167 x BMI + 0.088 x bilirubin 0.151 x
Hui score albumini 0.019 x PLT HBV  (213)
. -5.567 0.0089 x PLT (1&mn?) + 1.26 x
Lok index AST/ALT ratio = 5.27 x INR HCV  (214)
-1.675 + 0.037 x age ¢@) + 0.094 x BMI (kg/m2)
NAFLD + 1.13 x IFG/diabetes (yes =1, no = 0) + 0.99
fibrosis score  AST/ ALT ratioi 0.013 x PLT (x18L) i 0.66x VAFLD  (215)
albumin (g/dl)
0.5903 x log(PHINP [ng/ml])i 0.1749 x
MP3 log(MMP-1 (ng/m) HCV  (216)
-3.84 + 1.70 (1 if HA 4485 ng/ml, O otherwise) + HIV -
SHASTA index 3.28 (1 if HA >85 ng/ml, 0 otherwise) + 1.58 HCV (217)

(albumin <3.5 g/dl, O otherwise)1.78 (1 if AST
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>60 IU/L, O otherwise)

-13. 995 + -Bmar@dbulino+d3.096
Zeng score log(age) + 2.254 log(GGT) + 2.437 HBV  (218)
log(hyaluronate)

* Graded as @.

Abbreviations: AST, aspartate aminotransferase; ALT, alanine transaminase
gammaglutamyl transferase; HA, hyaluronic acid; HIV, human immunodeficiency v
HOMA-IR, homeostasis model assessment of insulin resistdNé®; international
normalized ratip MMP, matrix metalloproteinase?llINP, type Il procollagenPLT,
platelet;Ref, referenceTIMP, tissue inhibitor of metalloproteinases.
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Table 1.5. Selected antifibrotic trials registered at ClinicalTrials.gov

Type of

N of

Drug (drug trial Drug target (drug disease atients Drug trial Antifibrotic
identifier) mechanism) (phase) I?n trial resuts strategy

Candesartan Angiotensin Il Improvement Inhibit activation
(NCT00990639) receptor, type 1 ALD (1/2) 85 in fibrosis of fibrosis

(AGTR1 inhibitor) (219) promoter cells
Recruited
Losartan Angiotensin Il NASH (3) 45 insufficient  Inhibit activation
(NCT0108L219, receptor, type 1 patienty(220) of fibrosis
NCT00298714) (AGTR1 inhibitor) HCV (4) 20 No change in  promoter cells
fibrosis(221)

Irbesartan Angiotensin Il Inhibit activation

(NCT00265642) receptor, type 1 HCV (3) 166 Pending of fibrosis
(AGTRL1 inhibitor) promoter cells
Timolumab Amine oxidase coppel Inhibit activation
containing 3 (AOC3  PSC (2) 41 Pending of fibrosis
(NCT02239211) S
inhibitor) promoter cells
C-C Motif chemokine - o
Cenicriviroc receptor 2,5 NASH (3) 2000 Pendin Inhlc?fltﬁ%?g\s/iztlon
(NCT03028740) (CCR2/CCR5 9
AR promoter cells
inhibitor)
Pamreviumab Connetive tissue Inhibit activation
growth factor (CTGF HBV (2) 114 Pending of fibrosis
(NCT01217632) Lo
inhibitor) promoter cells
BMS-986036 Fibroblast growth ~ NASH (2) 160 Pending Control the
(NCT03486899, factor 21 (analogue of . underlying liver
NCT03486912) FGF21) NASH(2) 100 Pending disease
Tropifexor Farnesoid X receptor NASH (2) 200 Pendin unfj:gntricr)]I trlli(\e/er
(NCT03517540) (FXR agonist) 9 d.y 9
isease
Improvement
. . . NASH (2) 283 in fibrosis
Obeticholic acid Farnesoid X receptor (222) Contr_ol th_e
(NCT01265498, ; underlying liver
NCT02548351) (FXR agonist) Improvement disease
NASH (3) 2370 in fibrosis
(223)

GR-MD-02 Galectin 3 (LGALS3 NASH (2) 30 Pending Inhibit activation
(NCT02421094, inhibitor) NASH (2 162 Pendi of fibrosis
NCT02462967) @) ending promoter cells

No change in
. NASH(2) 222 g sis(161)

Simtuzumab No change in
(NCT01672866, Lysyl oxidaselike NASH (2) 259 fibrosis (1961) Promote
NCT01672879, molecule 2 (LOXL2 No chanae in resolution of
NCTO01707472, inhibitor) HCV (2) 18 fibrosis(1962) fibrosis
NCT01672853) No change in

PSC2) 235 fihrosis(163)
. Improvement

Selonsertib L .

(NCT02466516,  Apoptosis signal ~ VASH(@) 72 in E'ltgz)s's Inhibition of
NCT03449446, regulating kinase 1 . profibrogenic
NCT03053063,  (ASKLinhibitor)  Naeh 8 o ﬁggg:gg pathway
NCT03053050) NASH(3) 808 Pending
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Nuclear factor

Oltipraz (erythroidderived 2) HBV and 81 No change in I?ohflilz;:l(?nez]icc
(NCT00956098) ke 2 (NFE2L2 HCV (2) fibrosis(156) P 9
) pathway
activator)
Peroxisome
) oroliferator activated Inhibit activation
Elafibranor . . :
(NCT02704403) receptor alphaand NASH (3) 2000 Pending of fibrosis
delta (PPARA and promoter cells
PPARDagonist)
Peroxisome Inhibit activation
Farglitazar proliferator activated HCV (2) 265 No change in of fibrosis
(NCT00244751) receptor gamma fibrosis(224) romoter cells
(PPARGagonist) P
StearoyiCoA Control the
Aramchol NASH . S
(NCT02279524) desa'\tur.asd (SCD @/3) 247 Pending underlymg liver
inhibitor) disease
Volixibat Solute carrier family Control the
10 member 2 NASH (2) 197 Pending underlying liver
(NCT02787304) 5| c10A2 inhibitor) disease
L Inhibition of
BMS-986263 Heat shock protein 47 . ' .
(NCT03420768)  (HSP47 inhibitor) ~ Hev (@) 165 Pending profibrogenic
pathway
Metadoxine 5-Hydroxytryptamine Sazgﬁg?ed Control the
(NCT02541045) recep_tor_ZB (BHT2B NASH (3) 108 finance underlymg liver
inhibitor) disease
resources)

Abbreviations: ALD, alcoholic liver disease; HBV, hepatitis B virus; HCV, hepatitis C virus; NAFLD,
alcoholic fatty liver diseasMASH, nonalcoholic steatohepatitis; PSC, primary sclerosing cholangitis.
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Right lobe Left lobe Left lobe Right lobe
Right (part of) liver Left (part of) liver Left (part of) liver Right (part of) liver
Right Left Left Left Left Right
anterior medial lateral |ateral rmedial anterior
section section section section section section

Umbilical fissure
(Falciform ligament)

Cantlie's line

Anterior view

Umbilical fissure
(Falciform ligament)

Cantlie's line

Posterior view

Figure 1.1 Couinaud classification of the liver
Reprinted from BodyParts3D/Anatomographngtiys:/lifesciencedb.jp/bp3dgeneratec

by Database Center for Life Sciendgts://dbcls.rois.ac.jp/indesgn.htm). This figure
is licensed under Creative Commons Attribut®mareAlike
(https://creativecommons.org/licensesfa/2.ljp/deed.eh
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Figure 1.2 Microscopic anatomy of theliver.
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Figure 1.5 Histopathology of cirrhosis
Reprinted from
https://commons.wikimedia.org/wiki/User:Nephron/Gallery#/media/File:Cirrhosis_h
mag.jpgcreated by Nephror{tps://commons.wikimedia.org/wiki/User:Nephjomhis
image is licensed under Creative Commons AttribuSbare Alike 3.0 Unported
(https://creativecommons.org/licensesia/3.0).
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2.17 Introduction

The burden of liver disease is rising worldwide. Currently, there are more than two
billion patients worldwide who stér from chronic liver diseaqé, 2). Most common causes
are noralcoholic fatty liver disease (NAFLD), viral hepatitis B, alcoholic liver disease
(ALD), and viral hepatitis C (HCV) with prevalence rates of 25.24%, 3.61%, 2.05%, and
1.68% worldwide, respively (1, 3, 4) Advanced fibrosis is the common final pathway of
different chronic liver diseases, leading to cirrhosis {&iage liver fibrosis) angboor
clinical outcomegliver decompensatigmeed for liver trandantation, premature degitb).
Despite being the cardinal pathology consequence of a variety of chronic liver diseases, it is

unknown if there is @aommon molecular pathway for advanced liver fibrosis in humans.

Although several previoushole genome transcriptomiad identified hepatic gene
expression profiles for advanced liver fibrosis in humans, most addressedsomgyeliver
diseasata time,and therefore, their fibrosis gene signatures may not Healple to other
liver disease$6-10). Of these studies,nty one conducted whole genome transcriptomics
study in patients with different chronic liver diseases (55 with chronic HC¥,with
NAFLD, and 2 wih ALD) at a time(10). They identifiedexpression ofL2 fibrosis genes
were significantly correlated with serum enhanced liver fibrosis scce0(89-0.50) (10).
However,80% of samples were chronic HC¥nd thus iiis questionable if the genes they
discovered can represent the common fibrosis genes in different chvenidiseases, or
only specifically to chronic HCV. There is a need for a comprehensive analgkiding a
larger sample size anddaverse types athronic liver diseases to identify a common fibrosis

gene signature for advanced fibrosis in humans.
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There is a significant diversity in outcomes among patients with chronic liver
diseasesApproximaely 20-30% of patients with chronic liver disease progress to advanced
fibrosis/cirrhoss, whereas others remain stafild-13). Cirrhosis is responsible for 1.03
million deaths each year and this is wihgcent guidelines strongly recommended
consideration of pharmacotherapy in patients with advanced fibrogighmut advanced
fibrosis butat high-risk for fibrosis progressio(14, 15) Although currently there iso Food
and Drug Administration(FDA) approved drug for liver fibrosis, there are several liver
antifibrotic drugs in phase 3 or 4 clinical trials, of which some are expected to tieport
initial study results around021 (16). These therapeutic approacha® most relevant to
NAFLD, as there is no cureor a unified approacto entrely eliminate the underlying
metabolic risk factors such as diabetes or hyperlipidemia. Since there is a huge heterogeneity
for disease outcomes, there is an unmet clinical need for a surrogate biomarker test to
accurately identify highrisk patients whanay benefit from upcoming drug treatments to
prevent liver damage and adverse outcomemnscriptomics of sampled liver biopsies with
different liver diseases at various stages of fibrosis may help delineate genes (mMRNA level)

that are differentially exjgssed and what pathways they might regulate.

This chapteraim to discoveand validatea common molecular signature associated
with advanced fibrosis that is shared by different liver diseases in huisiaga systematic,
unbiased multi-centered micraarray based transcriptomianalysis of normal livers and

livers with different chronic liver diseases.
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2.217 Materials and methods

2.2.11 Search for microarrays of human liver tissue

| conducted a webased search using the National Center for Biotdolyyo
|l nformati on Gene Expression Omnibus datasets
identified files fromAffymetrix Human Genome U133 Plus 2.0 Arrays of normal or chronic
liver disease adult human liver tissues with individoatient levelof histological fibrosis
stagingin October 2014Figure2.1). Liver tissues with hepatocellular carcino(heCC) or
dysplastic nodules were excluded. Based on these criteria, five independent studies
(GSE49541, GSE7741, GSE17548, GSE6764, GSE286@jdenified and includedor
a totalof 140 microarrays of livers from 148 patient$ese raw microarrayfiles were
downloadedrom National Center for Biotechnology Informatioe@ Expression Omnibus
dataset$6, 7, 17-19). After data preprocessing, 140 microarrays were separated equally and
randomly based on disease label and fibrosis stage into a discovery set (n=70) and an
independent validation set 1 (n=70) (blinded to the molecular results). A common molecular
signature for advanced fibrosis was defined in the discovery set and validated in validation
set 1. To analyze if the common molecular signature can be validated in different batches of
microarrays from the same and different microarray platforms, twiti@ual series of liver
gene expression datset from 91 patients with viral hepatitis (GSE84044, platform:
Affymetrix Human Genome U133 Plus 2.0 Array) and 73 patients with ALD (GSE103580,
platform: Affymetrix Human Genome U219 Array) were includeduse asanindependent

validation set 2 andalidation set 3, respective(9, 20)

Microarrays were characterized into two groups based on the severity of fibrosis: no
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or mild fibrosis and advanced fibrosis. Mo mild fibrosis was defineas histological
examinatiorwithoutfibrosis or any degree of fibrosis without bridging fibrosis and advanced

fibrosis was defined as the presence of bridging fibrosis or cirrhosis.

2.2.21 Data preprocessing

Microarrays in tle discovery set and validation set 1 were pooled in one batch and
preprocessed using robust muidtray averaging metho&igure 2.2. Validation set 2 and 3
were processed independently using robust raattly averaging method. Probe sets with
less variaility across the microarrays in each batch were remosgaty the procedure as

follows (21):
Step 1. Calculate the median expression value of each probe set in each batch.

Step 2. Divide each probe set exgmien value by the median expression value to

obtaina fold-change value.

Step 3. If less than 20%f microarrays hava >1.5 or <1.5 foldchange value, the

probe setvasexcluded.

Next, to select the best probe set for a gene, the maximally exprmasded set

measuredby average intensity in a batch was ugetepresent the gene.

2.2.37 Machine learning classifiers development, crosgalidation, and external

validation

To avoid the idiosyncrasies of any particular machine learning method, seven
different machine learning method€ompound Covariate Predictor, Diagonal Linear

Discriminant Analysis, INearest Neighbor Predictor,-Nearest Neighbors Predictor,
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Nearest Centroid Predictor, Support Vector Machine Predictor, and Bayesian Compound
CovariatePredictor)were appliedo build classifiers for identifying histologicalyroven
advanced fibrosis using the discovery @). Thethreshold of predicted probability for a
sample being assigned to a clas8ayesian Compand Covariate Predictor was Q33).
Diagnostic performance of classifiers in discovery set was obtained usifodd1€ross
validation and validated in validation setTihe 106fold crossvalidation method was used

as follows:

Step 1. Microarrays in the discovery set were randomly partitioned into 10 equal

sized subsets.

Step 2. A single subset was retained as the validation data. The remaining nine

subsets were used to develop classifd predict the retained single subset.

Step 3. Repeat step 2 ten timEsch of the 10 subsets was predicted exactly once,
so that by the end of the procedure, all the microarrays in the discovery set had a single

prediction result.

2.2.47 Performance measurements of the classifiers and biomarker tedor

advanced fibrosis

Sensitivity, specificity, positive predictive value, negative predictive value, accuracy,
and area under the receiver operating characteristic curveQ&) valueswere calculated

for the classifiers and biomarker test

2.2.51 Pathway and functional enrichment analysis

Pathway andunctional enrichment analysis were conducted usiegDatabase for
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Annotation, Visualization and Integrated Discovery (véhitp://david.abcc.ncifcrf.goy/

and Ingenuity Pathways Analysis (Ingenuity systems, Inc., Redwood City, CA,

WWW.ingenuity.con.

2.2.61 Molecular interaction analysis

ConsensusPathDBhitp://cpdb.molgen.mpg.de/wvas usedto analyze thehigh

confidence protenprotein interactions, gene regulatory interactions, biochemical reactions,
and drugtarget interactions. ConsensusPathDB combines 32 public databases
interactions and interactions curated from peer reviewed literainadyzed results were

visualized using Cytoscaybkttp://www.cytoscape.ory/

2.2.71 Cellular origin of the molecular fibrosis signature

The molecular fibrosis signature was linked to liver cell types using two human liver
cell atlasewia single cell RNA sequencin@4, 25) One atlas contained nine normal liver

tissues littp://humanrliver-cell-atlas.iefreiburg.mpg.de/ and the other contained five

normal liver tissues and five cirrhotic liver tissues (2 with NAFLD, 2 with ALD, and 1 with

primary biliary cholangitis)tttp://www.livercellatlas.mvm.ed.ac.9k/

The atlas of nine normal liver tissues comprises clusters of major liver cell types
including hepatocytes, EPCAM+ cells and cholangiocytes, liver sinusoidal endatk#tial
macrovascular endothelial cells, hepatic stellalés (HSCs) and myofibroblast&upffer
cells, and nature killer, nature killer T, and T c€4). A gene was labeled as-uggulated
in a specific aister of cell type if the gene expression was significanthregpolated

(BenjamintHo ¢ h b e r g 6 gvaluec0.05pwhen eanpared to all other clusters of cell
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types.

The atlas with normal and cirrhotic liver tissues comprises clusters of majazdiver
types including B cells, cycling cells, endothelial cells, epithelial cells, innate lymphoid cells,
mast cells, mesenchymal cells, mononuclear phagocytes, plasmacytoid deredistic
plasma cells, and T celf&5). They conducted differential gene expression anabgtiseen
single cell types from cirrhotic versus normal livesing the standard ARIOC classifier to

assess significance.

2.2.81 Statistical analysis

Continuous variables were presented aame standard deviation and categorical
variables were presented as nundo@d percentagdll data were compared betweerogps
using independenitest,MannWhitney U-test or Wilcoxon signedank testor continuous
variables where appropriatgnd Fiher 6 s exact test Hvaluesforat egor i
multiple testing were corrected by Benjamitho c hber gés met hod to cor
discovery rate at 5% orrelations between variables were evaluated using Spearman's rank
correlation coefficientAll tests with twasidedp-value <0.05 were considered significant.
All analyses and figures were performgeheratedising the SPSS 25 statistical software
(IBM, Armonk, NY, USA), Excel 2010 (Microsoft Corporation, Redmond, WA), BRB

ArrayTools (version 4.0 - stable) (http://linus.nci.nih.gov/BRBArrayTools.htn), or R-

program (version 3.3.2http://www.r-project.org with the following packages: ggplot2,

gplot, pPROC and corrplot.
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2.37 Results

2.3.171 Clinical characteristics of the study population

A total of 304 microarrays of livers from 312 patients with different liver diseases
were analyzedThe® microarrays included 72 NAFLD, 88 AL[L22 viral heptitis, 5
cryptogenic hepatitisand 17 normal livers (Figurl and 23, Table2.1). Of 312 livers,
262 were obtained by needle biopsy and 50 by resection. Each microarray was hybridized
with one RNA sample of a liver from a patient except for the thmeeoarrays from center
2 (Figure 23). Of these three microarrays, two were hybridized with a pool of liver RNA
samples from four patients and one was hybridized with a pool ofRiMé&r samples from
three patient$6). The liver tissues that were pooled together were in the same histological
fibrosis group. Of total 304 microarrays, 127 had no or milcb§ils and 177 had advanced

fibrosis (Figure 23).

2.3.2 i Development and validation of machine learning classifiers for

identifying advanced fibrosis

Seven different classifiensere developetb identify advanced fibrosis in discovery
set and thetthe chssifierswerevalidated in validation set (Figure 24). To avoid bias in
gene selection, two sets of genes were used to develop classifiers: all 6,951 genes that passed
data preprocessing and 1,294 differentially expresse@sybetween advanced andamno
mild fibrosis (independent-test, p<0.001) in the discovery setn the discovery set
classifierswith 1,294 differentially expressed genes had significantly higher acctwacy

histologyprovenadvanced fibrosis comparéalclassifierswith 6,951 gers (mean83% vs.
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74%accuracyrespectivelyp=0.018) (Figure 2.b In validation set 1dassifierswith 1,294
differentially expressed genes also had significantly higher acctwadystologyproven
advanced fibrosis comparéal classifierswith 6,951 genes ihean83% vs. 75%accuracy,
respectively,p=0.016) (Figure 26 Among the severifferent classifierswith 1,294
differentially expressed genes, tiBipport Vector Machind’redictor had the highest
accuracy for histologyproven advanced fibrosis ihoth the discovery set (94%) and

validation set 1 (94%)

2.3.31 Use of classifiers to develop a biomarker test for advanced liver fibrosis

Despite the robust performance of machine learning classifiers, it may be difficult
and costly to measuthe expresion of 1,294 genes in a clinical biomarker test. To shorten
the gene listl identified a top 5@ene subset of the most differentially expressed genes (top
50 genes with smallest Benjamidioc hber gbés f al se dpwleedbvery
between advarmed vs.no or mild fibrosis in the discovery set (TaBl@). Of these 50 genes,

48 were upregulated and two were dowagulated in advanced fibrosis. To achidwebest
performancefor advanced fibrosis| analyzed three different subsets of genes: t@p 5
differentially expressed genes (mggulated and dowregulated), top 48 upegulated
differentially expressed genes, and top 51 to 100 differentially expressed genes (HBigure 2
A molecular scorevas assignetbr each sample by calculating geometriean expression

of the genes in each subsBe 48 upregulated genes had the best diagnostic performance
(AUROC =0.994) for advanced fibrosis (Figure 2)6compared to the top 50 differentially
expressed genes (ROC = 0.993) (Figure 2A&) and the top b to 100 differentially
expressed genes (ROC =0.987) Figure 2.8\). Unsupervised hierarchical analysisio#

48 upregulated genes clustered patients into advanced fibrosis or no/mikldituitch high
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accuracy (Figure 2.6A and BR A 48-gene signaire score cutoff (Youdeimdex= 6.185)

for advanced fibrosis was derived by the receiver operating characteristic curvesanalysi
the discovery set (Figure Ap This cutoff (geometric mean expression of 48 genes = 6.185)
had 95% sensitivity, 97% spécity, 98% positive predictive value, 93% negative predictive
value, 96% accuracy, and 0.994 ROC (95% confidence interval 0.983000) for
advanced fibrosis. Based on the selected cutoff, only 3 out of 70 (4%) samples were
misclassified comparet the histological label. (Figure 2@®). The 48gene signature had a
better performance (AROC = 0.994)for histologyprovenadvanced fibrosis than any 48

individual genes in thdiscoveryset(AUROC range 0.894.982)(Table2.2).

2.3.41 External validation of the biomarker test

The molecular score cutoff of three subsets of genes derived in the discovery set were
validated in validation set 1. Validated results showed thgef® had the best diagnostic
performance AUROC = 0.994, Figure 2.9A) fadvanced brosis when compared to the
top 50 differentially expressed genes (ROC =0.992,Figure 2.B) andthetop 51 to 100
differentially expressed genes (ROC =0.991, Figure 2.B). Unsupervised hierarchical
analysis of 48 upegulated genes clustered patients advanced fibrosis or no/mild fibrosis
with high accuracy (Figur@.9A and 2.8). The 48gene signature score cutoff (6.185)
derived in the discovery set had 95% sensitivity, 97% specificity, 98% positive predictive
value, 93% negative predictive valud6% accuracy, and 0.994 ROC (95% confidence
interval 0.9831.000) for advanced fibrasin validation set 1 (Figure 229. Based on
discovery set derived cutoff, only 3 out of 70 (4%) samples were misclassified corgared
the histological label (Figre 2.9C). The 48gene signature had a better performance

(AUROC = 0.994)for histologyprovenadvanced fibrosis than any 48 individual genes in
87



thevalidationset 1(AUROC range 0.79%.985)(Table2.3).

The 48gene signature was further validated indation set 2 (91 patients with viral
hepatitis) and validath set 3 (73 patients with ALD) and haobust performance for
histologyprovenadvanced fibrosign both setgvalidation set 2AUROC = 0.964, 93%
accuracy, Figure 2.10Ajalidation set 3AUROC = 0.993, 99% accuracy, Figure 2B)0
The robust performance of the-g8ne signature fdristologyprovenadvanced fibrosis in
all three validation sets with different chronic liver diseases supported that -tpend8
signature is a common molecular satyre for advanced liver fibrosis and independent to

the etiologis.

2.3.51 Pathway and functional enrichment analysis

Gene Ontology identified the 4§ne signature was enriched in a variety of
biological functions, mostly involved with extracellular tmvg, such as extracellular matrix
organization in the biological process category, extracellular matrix in the cellular
component category, and the extracellular matrix structural constituent in the molecular
function category (Tabl2.4). Collagens, whib play an important role in liver fibrosis, were
involved in almost all biological functions. The only function without a collagen gene was
calcium ion binding, whictwasequally important in cellular signaling cascades and may
play a prominent role in filosis. Kyoto Encyclopedia of Genes and Genomes pathway
analysis indicated that the4f@ne signature was most significantly enriched for extracellular

matrix-receptor interaction (Tab@5).

Ingenuity Pathways Analysisas usedo identify the biologicaprocesses thatere

overrepresnted in the 48ene signatur€Table 2.9. All of the 48 genes were associated
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with cancer and 36 were associated with liver hptasia/hyperproliferation. Thisvas
reasonable because advanced liver fibrosis is known agoa nsk factor forHCC and
cirrhosis is characterized by regenerative liver cell nodufegenuity Pathways Analysis
identified thattransforming growth facteb 1 (T G F ) dn important fibrogenic mediator,
wasa significant upstream regulator in the-@géne signaturgp€l.57 x 10°) (Figure 2.1).
All these results supported that the-ghe signaturevas significantly involved in liver

fibrogenesis.

2.3.61 Protein and transcription factors interaction analysis

To investigate the mechanisms that retpuldne protein functions of the 4fene
signature, the proteiprotein interactions were analyzed via consensusPattifire

2.12A). Overall, the corresponding protein of thegeéhe signature interaxtwith proteins

thatwereinvolved in liver fibrogensis, such as hepatic stellate cells (HSCs) activation or

prdiferation (SAAl, HABP2, PDGFB}26, 27)1 i ver f i brogenesi s
SERPINEZ2, collagen genef)8, 29) collagen crosdinkage (LOX) (30), and hepaioyte
proliferation (hepassocir{3l). These results supportéthatthe 48gene signature plagan
important role in liver fibrogenesis at protein dev

| also analyzed gene regulatory interactions and biochemical reactions ofgbeet8
signatureand foundmicroRNA 29 (hasmiR-29) members reaetl with severalcollagen
genes in the 48ene signaturgFigure 2.1B). hasmiR-29 members could silence dh
expression of collagen genes and were known to be significantly-ceguiated in advanced
liver fibrosis(32). This gavean insight thahasmiR-29 might be a potential biomarkéor

advaned liver fibrosisand activatindhasmiR-29 may reduce liver fibrosis.
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2.3.771 Cellular origins involved in hepatic fibrosis

The proposedcellular source of extracellular matrix accumulation during chronic
liver injury aredriven by a heterogeneous population of cellshim liver, majority from
HSCs and hepatic progenitor cells (HP(33, 34) However,most of the data were derived
from rodent or in vitro experimental models, thus cellular origins of liver fibrosis in humans
remains elusiveHere,| investigated the correlation between the expression of 14 HSC and
10 HPC markers (literatwigelectedlvs. the expression tieeight collagen genes the48-
gene signature (TabR7). Two HPC markers, CD24 and KRT7, whislerein the48-gene
signature, had high correlation (r > 0.7) with the geometric mean expression of 8 collagen
genes in all four datasets (discovery set, validation set 1, validation set 2, validation set 3).
Interestingly none of the HSC markers haidh corelation(r>0.7)with the geometric mean
expression ofthe collagen genes. Some w#hown HSC markers (desmin, GFAP,
synaptophysin) were eluded after data preprocessing émdmeanthe expression of these
markers did not alter in different fibrositages (Table.7). Specifically,| compared the
expression of eaatellular originmarker genewith each collagen gene and fouhdtCD24
and KRT7 had significant positive correlation with all eight individual collagen genes in all
four datasets (Tabl2.8). Corelation heatmaghowedthe expression of HPC markers had
significantly higher correlation with the collagen genes than HSC markers in the discovery
set (mean correlatior®.575 + 0.183 vs. 0.232 + 0.404, p<0.001), validation sehdafg
correlation0.664 + 0.205 vs. 0.225 + 0.393, p<0.001), validation sehea correlation
0.629 £ 0.141 vs. 0.369 * 0.296, p<0.001), and validation seear( correlatio®.422 +
0.213vs. 0.193 £ 0.370, p<0.0(E)gure2.13. These resultsuggesthatHPC prolifeation

may play anajorrole in human liver fibrogenesis and HPC markers such as CD24 and KRT7
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mayserve apotential biomarkertor advanced fibrosis, independent of etiologies.

2.3.81 Cellular origins of the 48-gene signature

The 48 fibrosis genesereanalyzedn a humarsingle liver cell RNA sequencing
atlasderived fromnormal liver tissues and a HSC gene signateperted by Zhang et al.

(24, 35) Of the 48 fibrosis genes, most of the genes wenegphted in EPCAM cells and
cholangiocytes (35%), followed by HSCs and myofibroblasts (27%), macrovascular
endothelial cells (21%), sinusoidal endothelial cells (13%pfteucells (2%), nature killer,
nature killer T, and T cells (2%), and hepatocytes (@gure 2.14Table 2.9.

The 48 fibrosis genes were also analyzed in another hsmgte liver cell RNA
sequencingtlas constructed using five normaldfive cirrhotic liver tissue@5). Of the 48
fibrosis genes, most of the genes were significantlyagulated in epithelial cells (19%) in
cirrhotic livers, followed bymesenchymal cells (vascular smooth muscle cells, HSCs,
fibroblasts) (186), andendothelial cells (10%)Higure 2.15Table 2.10.

These rsults support the correlation analyses in section 2.3.7 that single cell RNA
data suggest that HPCs followed by myofibroblasts/HSC and endothelial cells are the major

cellular origin of the 48ene signature of advanced liver fibrosis.

2.3.917 The expresson of liver antifibrot ic drug targets in the datasets

Currently, no animal models can faithfully represent the hepatic features of human
liver disease anthere islack of molecular data of liver fibrosis in human. Téxplains the
positive findings froman antifibrotic therajes developeth animal modelsbut same drugs
were not effectivén humans. Transcriptomic analyses in human liver tissues may overcome

this gapto identify drugs that are already in trials and see if any of these drugs can be
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repurpsed or to offer explanation as to why certain drugs failed to prevent fibrosis in a
clinical setting Here | selected antifibrotic drugs searched on ClinicalTrials.gov that had a
primary molecular target and showed theleculartarget gene expressionldechanges
between advanced and no or mild fibrosis in NAFLD, viral hepatitis, and ALD saripies
was useds a representative of human hepatic fibrosis molecular data (Tamjel 2ound

the expression of CCR2 and CCR5 (molecular target of Cenaxjvan antifibrotic drug in
phase 3 trial for treatgh nonalcoholic steatohepatitis [NASH]were significantly
upregulatedn NAFLD samples with advanced fibrosis. Tfad-changefor CCR2 and
CCR5 wasl.33 =0.002) and 1.17p£0.016), respectively (Tabl211). The expression of
CCR2 and CCR5 were also significantly-tggulated in viral hepatitis samples with
advanced fibrosis, with a folchange of 1.16p<0.001) and 1.15p&0.001), respectively.
These results supported tHA€R2 and CCR5 wergignificantly upregulatedn advanced

fibrosis and could be a driver for fibrosis progression in both NAFLD and viral hepatitis.

The expression of several antifibrotic drug targetdASH phase 3 trials (Losartan,
Obeticholic acid, Selonsertib, Elafibranor, Aramol, Metadoxine) had no significant
difference between advanced and no or mild fibrosik@eMNAFLD samples (Table.21). |
also found the expression of LOXL2, the molecular target of Simtuzumab, was not
significantly upregulated in viral hepatitampés withadvancedibrosis andthis may be
the reasorf Simtuzumab was ineffective in decreasing liver ffisan a phase 2 clinical
trial of patients with HCV, as the expression of LOXL2 was similar between advanced and
no or mild fibrosiq36). However, LOXL2 was significantly upregulated in NAFLD samples
but Simtuzumab waalsoineffective in decreasing liver fibrosis a phase 2 clinical trial

(87). Thiscouldbe explained as althougf®XL2 was significantly ugregulated in advanced
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fibrosis,inhibition of LOXL2 wasinsufficient to reduce liver fibrosis.

2.3.1071 Multicenter impact of the 48-gene signature

The 48gene signature with the same liver disease drddis group from different
centers was assessed foulticenter impactOnly normal andviral hepatitis samplewere
compared because they were analyzed by the same microarray platfohradasamples
from multiplecenters. The 48ene signature in botlormal and viral hepatitis samples were
similar across different center&igure 2.16).This showedthat the 48gene signature was

not impacted by different centers.

2.471 Discussion

This is the first comprehensive collection of gene expression signdbatedrives
advanced liver fibrosis in the context of various commarses of liver disease in humans
| analyzed 304 microarrays of livers from 312 patiearididentified a 48gene signature
associated with advanced liver fibrosis that is shared byelffehronic liver diseases. The
48-gene signature was identified in a discovery set and validated in three independent
validation sets with over 93% accurafiyy advanced fibrosis. Pathway and functional
enrichment analysis revealed the-géhe signaturés significantly involved in hepatic
fibrosis, HSCs activation, andiCC. Molecular interaction analysis also revealed thgdie
signature is involved in HSCs activation and HPCs proliferation. These respfterted
that the 48gene signature s comma molecular signature fadvanced fibrosis in different

chronic liver diseases

During the search in the National Center for Biotechnology Information Gene
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Expression Omnibug,found six other human liver studies that used different microarray
platformsto andyze the relatiorof gene expession and different severity of fibrogg& 38

42). These microarraysere not included asaexternalalidation set irthis chapterdue to
small sample size. Three stuslidentified differentially expressed genes between advanced
and no o mild fibrosis in patients with HC\(8, 38, 41) The fibrosis genes that they
discovered had no overlap withe 48-gene signature. This nhgbe caused by the small
sample size (n=9,8, 16 patnts analyzed in reference 8, 38, andré&pectively) with less
than 10 patients in eadlbrosis sulgroup when identifyinglifferentially expressed genes
and resulted in limitedtatisti@l power (8, 38, 41) Two studies identified differentially
expressed genes betweenmal and cirrhotic liver tissuegl0, 42) As they compared
normal vs. cirrhotic liverd, would expectollagen geneas thetop differentially expressed
genss in their gendist. Howeverno collagen genewere preserin bothstudies. This could
also be caused by small sample sized@h 22 @tients analyzed in reference 40 and 42
respectrely), whichcause limited statistical powgt0, 42) One study identified genes that
were differentially expressed between normal and diffeemardrgty of NAFLD in 63 patients
(39). However, they did nohave patients withadvanced fibrosig EB). Due to the

abovementiongdhese datasets were not used to valittetd8-gene signature.

Of the 48 fibrosis gene85 were previouslgssociated withiver fibrosis and 1&re
novel targets (Tabl2.2). In our studyKRT7, CD24 and EPCANre amag top upregulated
genesn advanced fibrosiand they are known to be expressed by HPCs and biliary epithelial
cells When the liver is injured, the expression of HPC markeag be increasedue to
ductular proliferationas ductular reaction has beepaged in some forms of chronic liver

disease and is a common feature in nonbiliary type of cirridsiover.the expression of
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thesethree genes were significantly and highly correlated withettpression otollagen
genssin all discovery and validain sets Table 2.7) Currently, it is yet unknown if matrix
depositionis beneficial forHPC-associated regenerative responsevbether fibrosis is
exacerbated by thdPC activation33). The significant correlation between the expression
of HPC markes and collagen genssggestshatHPC activatiormay causexacerbation of

fibrosis and this is a shared featuraiferentchronic liver diseases in humans

Il n upstream aasa bignificars ypstréa@ Fdgdlator in the-géne
signatureg(Figure 2.1). There are antifibrotic drug trials targeting mediatortheT GF b 1
signaling pathway to inhibit fibrogenesis in liver fibrosis (clinical trial ideetif
NCT01217632) andidiopathic pulmonary fibrosis (NCT01371305, NCTO03573505).
Targeingme di at or s may be am &fedhive antifibrotic strate@pgcause it is an

upstream regulator of mampathways involved itiver fibrogenesis.

MiRNAs canregulatethe expression ahultiple gene transcript$n the molecular
interaction analysidisamiR-29 emerges as amportantregulator molecule fahe 48gene
signature(Figure 2.1B). Downregulation ofhsamiR-29 was reported to inducelSC
adivation and liver fibrogenesig32). Hence,hsamiR-29 might be apotentialtherapeutic
target for liver fibrosisA hsamiR-29 mimic, MRG-201, is tested in a phase 1 clinical trial

as an antifibrotic therapy for skin fiboregiNCT02603224).

The 48gene signature could be used to stratify patients as predictive or surrogate
biomarker test irantifibrotic drugclinical trials Individually, the48 genes coul@lso be
explored asargetsfor novel therapeutics developmelt phase 3 clinical trials for treating
NASH, Farnesoid X receptdFXR) andapoptosis signalegulating kinase {ASK1) were

selectively targeted by Obeticholic acid and Selonsertib, respectivelynd the expression
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of FXR and ASK1 had no significant difence between advanced and no or mild fibrosis
samples witiNAFLD (Table 2.10) irthis chapterin a NASHphase 2 trial, NASH patients
with diabetes treated with Obeticholic acid laaignificant fibrosis improvement (odds ratio
[OR] = 4.6, 95% confidencanterval [CI] 2.0-10.6, p=0.0003), but not in patients without
diabetes QR = 2.0, 95% CI 0-8.7, p=0.12)43). Of the NAFLD samplesn this chaptey

only 37.5% (27 of 72) had diabet€§, and this could be the reasorvdiy FXR expression
was similarbetween advanced and no or mild fibrosisal8elonsertib phase 2 trial, 43%
(13 of 30) of NASH patients treated with 18 mg of Selonsertib daily had improvement in
fibrosis compared to 30% (8 of 27) treated with 9 mg of Selonsertib and26P4.0) in the
placebo groufg44). However, the improvement was not statistically significant. Based on
the expression of FXR and K3 in the NAFLD samplesincluded in this chaptethese
drugs may nobe effective enough to yield a significant therapeutic resptmseduce
fibrosis. In phase 2 clinical trials, Simtuzumab, an LOXL2 inhibitor, was ineffective for
patients with NASH, H®, andprimary sclerosing cholangit{86, 37, 45) The expression

of LOXL2 wassimilar between advanced and no or mild fibrasigiral hepatitis samples

but significantly upregulated in NAFLD samples witthvanced fibrosis. This could reflect
expression levels of LOXL2ncrease in NAFLD patientsvith advanced fibrosis but
inhibiting LOXL2 wasinsufficient to reduce fibrosis as there are other LOX isoforms that
mediate collagen crodmkage. Moreover, fibrds progression in NAFLD has diverse
mechanisms €.g. modulation of different metabolic pathways, different inflammatory
cascades, myofibroblast activation, collagen ctiodsge) of liver injury that differ between
individuals but may present with a sianl histological phenotype. Therefore, single

antifibrotic therapy isunlikely to be effective in all patientaith NAFLD. Combining
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therapies that engage different targets which were significantly upregulated in advanced

fibrosis may provide a synergisamtifibrotic benefit.

The 48gene signature has the potential to develop novelmasive biomarkers as
surrogates for liver biopsy to assess liver fibro€iarrentserumbasedappoaches lack
specificity, asthey could detect fibrogenic activity in @horgansas well Diagnostic
performance of these approaches could vary in patients with different chronic liver diseases
and had onl AUROC scores of ~0.8r advanced fibrosig}6). The48-gene signature could
reflect changes of fibrogenic activity inifiérent chronic liver diseased he 48-gene
signature hd at least 0.9\ UROC for advanced fibrosis in three validation sets, which was
better than any previous reported riowasive approaches. The-g8ne signature could be
further tested on specimenathcan be obtained noninvasively, such as serum samples, to
assess which gene is able to translate to protein and which of these proteins are detectable in

blood circulation to accurately reflect liver tissue pathology.

Despite its meritghis chaptethada limitationthatis important to acknowledge. The
samplesnalyzed in this chaptéiad extreme histology phenotype {F0 versus F3F4) and
lack of samples witintermediate level of fibrosis (F2). Fibrosis samplesvere excluded
becaus¢heyhave mixe molecular phenotype and excluding them could incrémegmower
to identifyamore significant fibrosis gene signatufais line of reasoning also has its merits
in that extremes of phenotypes are often preferrsthigie nucleotide polymorphis(®NP)
based association studies, and gene exprebsiged studies are no exceptidowever the
concern if the 48ene signaturés also effective irfibrosis progression ichronic liver
disease patients with F2 fibrossill needs to be addressedherefore | presat a

multicenter, longitudinal studgf total 299 patients witlhecurrent HCV(posttransplant,
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Chapter 4), autoimmune hepatitis (Chapter 5), and NAFLD (Chaptesti®)all fibrosis

stageqFO to F4) to validatéheresults.

In this chaper, | identified and validated aommon48-gene signature thalrives
advancediver fibrosisin various chronic liver diseasebhis new understanding defines a
guantitative surrogate biomarkfer advanced liver fibrosisThe 48-gene signaturean be
beneficial f incorporated into future clinical studies of the natural history of liver fibrosis

and therapeutic intervention
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Table 2.1. The condition of microarrays irttliscovery and validation sets

Discovery set Validation set 1 Validation set 2 Validation set 3
Condition Noor  \qvanced N2O  advanced "N2O  agvance NOO'  advanced  Total
mild : X mild . X mild . i mild . ;

i . fibrosis . . fibrosis . . dfibrosis .. . fibrosis

fibrosis fibrosis fibrosis fibrosis
Normal, n 8 0 9 0 0 0 0 0 17
NAFLD, n 20 16 20 16 0 0 0 0 72
A_Icohollc liver 0 8 0 v 0 0 6 67 33
disease, n
Viral hepatitis, n 1 14 0 16 63 28 0 0 122
Cryptogenic 0 3 0 2 0 0 0 0 5
hepatitis, n
Total 29 41 29 41 63 28 6 67 304

99



Table 2.2. The list afop 50 differentially expressed gereedd foldchangedetween
advanced and nar mild fibrosisin the discovery set

Gene Official gene name Function Fold Corrected AUROC Ika tp
change p-value fibrosis
BicC family RNA binding . . - . 5 Previously
BICC1 protein 1 Whnt signaling g 4. 2.08x10 0.982 reported(7)
NALCN Sodium leak channel, nen lon transporter 92. 5 960x10°  0.976 Previously
selective reported(7)
. Contribute to the structura Previously
/ 4
THBS2 Thrombospondin 2 integrity of the ECM ¥y 3 1.27x10* 0.976 reported(7)
Doublecortin domain . . . - 3 Previously
DCDC2 containing 2 Whnt signaling g 4. 7 2.63x10 0.966 reported(7)
Latent transforming gmwth Contribute to the structura _ 1 Previously
LTBP2 factor beta binding protein 2 integrity of the ECM y1.7 8470 0.960 reported(10)
. . R - Previowsly
3
ITGBL1 Integrin, betdike 1 Integrin binding g 3.1 4.92x10 0.958 reported(7)
Contribute to the structura . Previously
/ 2
COL4A4 Collagen, type IV, alpha 4 integrity of the ECM y 2 8.74x10" 0.955 reported(s)
Contribute to the structura 3 Previously
COL1A1 Collagen, tpe |, alpha 1 integrity of the ECM g5. C 222x10* 0.954 reported(s)
EPCAM Epithelial cell adhesion Cell prollfergtl_on and 07 ¢ 628xi0" 0.954 Previously
molecule differentiation reported(7)
MAP1B Microtubuleassociated Microtubule binding ~ § 2. ¢ 240xi10% 0954  reviously
protein 1B reported(7)
cD24 CD24 molecule Cellproliferation and ¢+ 76603 ogsp  reviously
differentiation reported(7)
L . _ Previously
2
CXCL6 Chemokine ligand 6 Inflammatory response  § 6 . 7 7.15x10" 0.944 reported(7)
SRY (sex determining Cell proliferation and - . o Previously
SOX9 region Y)box 9 differentiation y3.: 110a0 0.944 reported(7)
. Cell proliferation and - Previously
KRT7 Keratin 7 differentiation g3.(C 117x10° 0.943 reported(10)
Chromosome 1 open readir N o Previously
Clorf198 frame 198 Unknown g 2.1 3.68x10 0.942 reported(7)
ANTXR1 Anthrax toxin receptor 1 Interact with collagen g 2. ¢ 1.05x10" 0.940 Previously
reported(7)
HEPH Hephaestin lon transporter g 1. & 1.44x104 0.940 Novel
SLC38A1 Solute carrier family 38, Amino acid trasporter g 3. E 1.09x10%° 0.939 Novel
member 1
Contribute to the structura Previously
/ 1
COL1A2 Collagen, type |, alpha 2 integrity of the ECM v 3 6.38x10" 0.937 reported(7)
Calcium channel, voltage
CACNA2D1 depene@nt, alpha 2/delta lon transporter 2. C 1.20x10° 0.936 Novel
subunit 1
Contribute to the structura o Previously
COL6A3 Collagen, type VI, alpha 3 integrity of the ECM g 2.1 1.03x10 0.935 reported(7)
TMEM200A gg%r/'fmembra”e protein Unknown g2. 2 186x1° 0934 Novel
- Contribute to the structura . 0 Previously
FBN1 Fibrillin 1 integrity of the ECM §g 2. 2 4.06x10 0.932 reported(7)
SH3YL1 SH3 gnq SYLF domai Regulation of ruffle g2. ¢ 34110 0.932 Novel
containing 1 assembly
S - Previously
Y
C7 Complement component 7 Complement activation vy 2 1.23x10° 0.931 reported(7)
Contribute to the structural c Previously
COL4A1 Collagen, type IV, alpha 1 integrity of the ECM g2. 5 1e67x10° 0.931 reported(7)
Dickkopf WNT signaling . . - 1 Previously
DKK3 pathway inhibitor 3 Whnt signaling 2. ¢ 1.37x10 0.929 reported(7)
. Cell proliferation and - . o Previously
AQP1 Aquaporin 1 differentiation 4. 2z le62x10 0.928 reported(7)
EPHA3 EPH receptor A3 Inflammation g 3. ¢ 1la7xio¢ 0.925 Previously
reported(7)
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Microtubuleassociated . . . o Previously
MAP2 protein 2 Microtubule binding g 2. (C 3.71x10 0.924 reported(10)
. . - Previously
C 10
DTNA Dystrobrevin, alpha Dystrophin ¥y 2. ¢ 299x10 0.923 reported(10)
EGF containing fibulidike . .
. . Contribute to the structura > Previously
EFEMP1 (1extracellular matrix protein integrity of the ECM g 5. € 7.52x10 0.923 reported(7)
Contribute to the structura . Previously
/ 0
COL3Al Collagen, type llI, alpha 1 integrity of the ECM y 2 1.25x10 0.920 reported(7)
Cadherin 11, type 2, OB Contribute to the structura R o
CDH11 cadhein integrity of the ECM y3.£ L7900 0918 Novel
NAV3 Neuron navigator 3 Microtubule binding g 1. ¢ 230x10° 0.917 Novel
RCAN2 Regulator of calcineurin 2 Nucleic acid binding g 2. E 5.63x10° 0.917 Novel
JAGL Jagged 1 Medla_tlon Qf Notch §2.F 44810 0916 Previously
signaling reported(7)
- Contribute to the structura Previously
/ 0
LAMB1 Laminin, beta 1 integrity of the ECM vy 2 6.28x10" 0.915 reported(47)
Contribute to the structura . . Previously
COL14A1 Collagen, type XIV, alpha 1 integrity of the ECM g2. 2 207x10° 0.910 reported(7)
Contribute b the structural Previously
COL4A2 Collagen, type IV, alpha 2 integrity of the ECM g 2. € 537x10° 0.909 reported(s)
FAM169A  -2mily with sequence Unknown g2.¢ 110x1°  0.909 Novel
similarity 169, member A
FATL FAT atypical cadherin 1~ CPithelialtomesenchymal o o 45 g0 905 Novel
transition
EHF Ets homologous factor Epithelial to r.n.esenchymal g 2. € 359510° 0.903 Previously
transition reported(7)
. Contribute to the structura Previously
LUM Lumican integrity of the ECM 2. € 260a0 0.903 reported(7)
Insulin-like growth factor Contribute to the struatal - Previously
IGFBP7 binding protein 7 integrity of the ECM 2. 0 17040 0.902 reported(7)
GPRC5B G proteincoupled receptor, Signal transduction g 2. ( 4.85x10° 0.898 Novel
class C, group 5, member B
MOXD1 Y'Oﬂooxyge”ase' DBttike lon binding g2. % 741x10°  0.898 Novel
GSN Gelsolin Regulation of apoptosis ¢ 2 . € 1.97x10° 0.894 Novel
THOP1 Thimet oligopeptidase 1 Peptide degradation Z0. 5 3.22x10° 0.107 Novel
cypaciyg  Cytochrome P45, family 2, lon binding Z0.1 1.90x1¢  0.101 Novel
subfamily C, polypeptide 19
S0-gene §2.66  <0.00f  0.993
signature
4&gene §2.88  <0.00f 0994
signaturé

! Unadjustedp-value ? The 48 upregulated genes in advanced fibrosis
Abbreviations: AUROC, area under the receiver operatiagacteristic curve. ECM, extracellular matri

101



Table 2.3Thearea under theeceiver operator characteristic cu(¢¢JROC) of the 48gene signature for advanced fibrosis in tF
validation sets

. Validation set Validationset Validation set
Gene Official gene name

1 AUROC 2 AUROC 3 AUROC
ANTXR1 Anthrax toxin receptor 1 0.949 0.769 0.769
AQP1 Aquaporin 1 0.950 0.925 0.925
BICC1 BicC family RNA binding protein 1 0.985 0.965 0.965
Clorf198 Chromosome 1 open reading frame 198 0.936 0.918 0.918
C7 Complenent component 7 0.950 0.980 0.980
CACNA2D1 Calcium channel, voltagdependent, alpha 2/delta subunit 0.944 0.910 0.910
CD24 CD24 molecule 0.976 0.882 0.882
CDH11 Cadherin 11, type 2, OBadherin 0.968 0.781 0.781
COL14A1 Collagen, type X1V, alpha 1 0.901 0.876 0.876
COL1A1 Collagen, type |, alpha 1 0.927 0.813 0.813
COL1A2 Collagen, type |, alpha 2 0.897 0.846 0.846
COL3Al1 Collagen, type lll, alpha 1 0.937 0.846 0.846
COL4A1 Collagen, type IV, alpha 1 0.948 0.915 0.915
COL4A2 Collagen, type IValpha 2 0.897 0.970 0.970
COL4A4 Collagen, type IV, alpha 4 0.873 0.726 0.726
COL6A3 Collagen, type VI, alpha 3 0.911 0.756 0.756
CXCL6 Chemokine ligand 6 0.947 0.866 0.866
DCDC2 Doublecortin domain containing 2 0.944 0.828 0.828
DKK3 Dickkopf WNT signhaling pathway inhibitor 3 0.966 0.761 0.761
DTNA Dystrobrevin, alpha 0.899 0.928 0.928
EFEMP1 EGF containing fibulidike extracellular matrix protein 1 0.984 0.940 0.940
EHF Ets homologous factor 0.936 0.799 0.799
EPCAM Epithelial cell adhesion molate 0.958 0.908 0.908
EPHA3 EPH receptor A3 0.939 0.935 0.935
FAM169A Family with sequence similarity 169, member A 0.839 0.734 0.734
FAT1 FAT atypical cadherin 1 0.893 0.801 0.801
FBN1 Fibrillin 1 0.927 0.887 0.887
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GPRC5B G proteinrcoupled receptoglass C, group 5, member B 0.944 0.861 0.861

GSN Gelsolin 0.881 0.784 0.784
HEPH Hephaestin 0.951 0.697 0.697
IGFBP7 Insulin-like growth factor binding protein 7 0.902 0.908 0.908
ITGBL1 Integrin, betdike 1 0.950 0.787 0.787
JAG1 Jagged 1 0.931 0.9 0.928
KRT7 Keratin 7 0.929 0.841 0.841
LAMB1 Laminin, beta 1 0.837 0.893 0.893
LTBP2 Latent transforming growth factor beta binding protein 2 0.940 0.970 0.970
LUM Lumican 0.976 0.960 0.960
MAP1B Microtubule-associated protein 1B 0.958 0.915 0.915
MAP2 Microtubule-associated protein 2 0.900 0.873 0.873
MOXD1 Monooxygenase, DBHike 1 0.947 0.886 0.886
NALCN Sodium leak channel, neselective 0.982 0.704 0.704
NAV3 Neuron navigator 3 0.926 0.863 0.863
RCAN2 Regulator of calcineurin 2 0.795 0.886 0.886
SH3YL1 SH3 and SYLF domain containing 1 0.897 0.749 0.749
SLC38A1 Solute carrier family 38, member 1 0.836 0.960 0.960
SOX9 SRY (sex determining region ¥jox 9 0.953 0.965 0.965
THBS2 Thrombospondin 2 0.970 0.945 0.945
TMEM200A Transmembrane ptein 200A 0.927 0.597 0.597
48-gene 0.994 0.964 0.993
_signature
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Table 2.4. The significant biological functions associated with thge#@ signature

Gene Gene Ontolo Number of genes
Ontology d L gy involvedin a Genes -log (p)*
escription : : _
category biological functia
i’g{ﬁ‘;e”“'ar 15 COL4A4, COL4A2, COL14AL, COL4AL, LUM, COL3AL, oo
L COL6A3, FBN1, COL1A2, COL1A1, SOX9, LAMB1 '
organization
Collagen COL4A4, COL4A2, COL4AL, COL3AL, COL6AS, COL1A2
. 7 5.52
catabolic process COL1A1
Cell adhesion 10 FAT1, IGFBP7, COL6A3, COL1A1, CD24, LAMB1, THBSZ 357
ITGBL1, EPHA3, CDH11 '
Collagen fibril 5 COL14A1, LUM, COL3A1, COL1A2, COL1AL 3.48
organization
Biological  Skeletal system 6 COL3A1, FBN1, COL1A2, COL1A1, SOX9, CDH11 263
process development
Cellular response
to transforming 4 COL4A2, FBN1, COL1A1, SOX9 1.76
growth factor
beta stimulus
Cellular response
to amino acid 4 COL4A1, COL3A1, COL1A2, COL1AL 1.75
stimulus
Cellular response 4 COL1A1, SOX9, AQP1, EPHA3 1.37
to retinoic acid
Extracellular COL4A2, COL4A1, LTBP2, LUM, IGFBP7, FBN1,
matrix 14 EFEMP1, COL3A1, COL14A1, COL6A3, COL1A2, 10.46
cellular COL1AlL, LAMB1, THBS2
component COL4A4, C7, COL4A2, COL4AL, LUM, IGFBP7, COL3A1,
P Extracellular 21 FBN1, EFEMP1, JAG1, CXCL6, EPHA3, I'TBL1, DKKS, 7 47

region

COL14A1, GSN, COL6A3, COL1A2, COL1A1, LAMB1,
THBS2
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Endoplasmic

COL4A4, COL4A2, COL14A1, COL4A1, COL3A1L,

reticulum lumen 8 COL6A3, COL1A2, COL1A1 4.74

E)r((t)rfégﬁﬁlea?rus o COL4A4, COL14A1, LTBP2, LUM, COL6A3, EFEMPL, 408
: FBN1 COL1A2 :

matrix

Extracellular LTBP2, LUM, IGFBP7, COL3A1, FBN1, EFEMP1, CXCLS,

- 15 GPRC5B, DKK3, COL14A1, GSN, COL6A3, COL1A2, 4.06

P COL1A1, LAMB1
Collagen trimer 6 COL4A4, COL14A1, COL3A1, COL6A3, COL1A2, COLIA  4.04
C7, COL4A2, CACNA2D1, LTBP2, LUM, IGFBP7, FBNL,
Extracellular )1 EFEMP1, GPRC5B, AQP1, EPCAM, COL14A1, GSN, 397
exosome KRT7, FAT1, COL6A3, COL1A2, ANTXR1, SLC38AL, :
LAMB1, CDH11

tcr:i?r']'g‘?e” type IV 3 COL4A4, COLAA2, COL4AL 2.03

Basement 4 COL4A1, FBN1, LAMB1, THBS2 1.93

membrane

Collagen type | 2 COL1A2, COL1A1 1.32

trimer

iﬁ{ﬁ;i’:ﬂi{um 10 COLA4A4, COLAA2, COL14A1, COLAAL, LUM, COL3AL, 1, o
\ FBN1, COL1A2, COL1AL, LAMB1 :

constituent

Molecular Plateletderived
function growth factor 4 COL4A1, COL3A1,COL1A2, COL1AL 3.97

binding

Calcium ion o LTBP2, GSN, FAT1, EFEMP1, FBN1, JAG1, THBS2, L a1

binding CDH11 '

IFisher exact test Be-njamihi oc hber go svaloes are shawh ) (pp
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Table 2.5. The significant pathways associated with thgef@ signatre

Number of genes

KEGG description involved in a pathway Genes -log (p)*
Extracellular matrix 9 COL4A4, COL4A2, COL4AL1, COL3A1, COLBA3, COL1AZ, 3.30
receptor interaction COL1A1, LAMB1, THBS2 '
Protein digestion and 8 COL4A4, COL4A2, COL14A1COL4AL, COL3AL, COLBAS, 6.90
absorption COL1A2, COL1A1 '
Focal adhesion 9 COL4A4, COL4A2, COL4AlL, COL3AL, COL6A3, COL1A2, 579
COL1A1L, LAMB1, THBS2 ’
Amoebiasis 7 COL4A4, COL4A2, COL4AL, COL3A1, COL1A2, COL1AL, LAMB. 5.16
PI3K-Akt signaling 9 COL4A4, COL4A2,COL4AL, COL3A1, COL6A3, COL1A2, 431
pathway COL1Al, LAMB1, THBS2 '
Small cell lung cance 4 COL4A4, COL4A2, COL4AL, LAMBL1 1.81

IFisher exact test Benjamikio c h b e r g 6 p-values are shawh dhady (p).
KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 2.6. Ingenuity Pathways Analysis

Top diseases and biological functions p-valuet Genes (n)
Diseases and disorders
Cancer 4.85 x 1017 5.53 x 1¢? 48
Connective tissue disorder 4.85x 107 4.83 x 17 19
Organismal injury and abnormalities 4.85x 107 5.53 x 17 48
Reproductive system disease 4.85x 107 5.10 x 1¢ 43
Endocrine systerdisorder 1.46 x 10117 5.21 x 1¢? 31
Molecular and cellular functions
Cellular movement 6.06 x 10°71 5.21 x 1¢ 24
Cellular assembly and organiiat 7.79x 106071 4.83 x 107 14
Cellular function and maintenance 7.79x10°71 4.83 x 1¢7 17
Cellular development 4.22 x 10¢1 5.21 x 17 16
Physiological system development and function
Tissue development 4.22 x 10¢1 5.21 x 17 20
Embryonic development 1.47 x 17 5.21 x 1¢ 11
Hair and skin development and function 1.47 x 107 4.83 x 17 7
Top toxicological functions
Hepatotoxicity
Liver hyperplasia/hyperproliferation 1.93 x 16°7 1.11 x 10 36
Hepatoellular carcinoma 9.91 x 16° 9
Top canonical pathways
GP6 signaling pathway 1.51 x 10/ 8
Hepatic fibrosis / hepatic stellate cell activation 2.02x 1 7

IFi sherdos exact t esHo cohdremtapdisas dsedty calButatgmaum to mdentify statistically significar
overrepresentation of the 4@ene signature involved in a specific function or pathway.
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Table 2.7 Correlation betweethe geometric mean expression of 8 collagen gamescdular origin markers in the discovery anc
validation sets

Celliular Gene Gene full name Discovery Validation Validation Validation Mear! Ref
origin symbol set set 1 set 2 set 3 correlation
CYGB Cytoglobin 0.431* 0.226 0.585* 0.100 0.336 (48)
DES Desmin NA NA -0.158 -0.242* -0.200 (48)
FAP Fibroblast Activation Protein Alpha 0.728* 0.652* 0.307* 0.670* 0.589 (48)
GFAP Glial Fibrillary Acidic Protein NA NA NA -0.142 -0.142 (48)
HGF Hepatocyte Growth Factor 0.610* 0.634* 0.707* 0.757* 0.677 (49)
LHX2 LIM Homeobox 2 -0.236* -0.261* NA -0.132 -0.210 (49)
Hepatic LRAT Lecithin Retinol Acyltransferase -0.504* -0.395* 0.126 -0.374* -0.286 (48)
stellate cell NGFR Nerve Growth Factor Receptor NA NA NA 0.463 0.463 (48)
NTF3 Neurotrophn 3 NA NA NA -0.040 -0.040 (48)
NTRK3  Neurotrophic Receptor Tyrosine Kinase 3 NA NA NA -0.258* -0.258 (48)
EDGFR Platelet Derived Growth Factor Receptor Beta NA NA 0.400* 0.714* 0.557 (48)
RBP1 Retinol Binding Protein 1 0.292* 0.178 NA 0.491* 0.320 (48)
SYP Synaptophysin NA NA NA -0.205 -0.205 (48)
VIM Vimentin 0.538* 0.666* 0.736* 0.813* 0.688 (50)
CDh24 CD24 Molecule 0.843* 0.794* 0.799* 0.776* 0.803 (51)
CD109 CD109 Molecule 0.211 0.175 0.622* 0.354* 0.341 (52)
EPCAM Epithelial CellAdhesion Molecule 0.756* 0.791* 0.761* 0.586* 0.724 (53)
Hepatic KIT KIT P_rot(}Oncogene Receptor Tyrosine Kinase NA NA NA 0.072 0.072 (52)
progenitor KRT7 Kerat!n 7 0.814* 0.886* 0.728* 0.712* 0.785 (54)
cell KRT19 Keratin 19 _ 0.616* 0.806* 0.576* 0.366* 0.591 (54)
NCAM1  Neural &Il Adhesion Molecule 1 0.565* 0.644* 0.345* 0.206 0.440 (48)
PROM1 Prominin 1 0.697* 0.804* 0.702* 0.525* 0.682 (55)
PTPRC  Protein Tyrosine Phosphatase, Receptor Type C NA NA 0.747* 0.428* 0.588 (52)
THY1 Thy-1 Cell Surface Antigen 0.636* 0.784* 0.707* 0.759* 0.722 (52)

High positive correlation (>0.4Ayasshaded grey. * Significant correlatiop<0.05).
NA, not applicable. The gene was excldddter data preprocessing.
Ref, reference.
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Table 2.8Correlation between thexpression 08 collagen genes in the 4f&ne signature and cellular origin markers in the

discovery and validation sets

Dataset __ Cellular origin Gene symbol COLIAL COL1A2 COL3AL  COL4Al  COL4A2 COL4A4  COL6A3  COLL4AL
CYGB 0517%  0.446*  0367*  0254* 0339 0374  0.44a* 0.380*
DES NA NA NA NA NA NA NA NA
FAP 0626 | 0721* 0685 | 0761* = 0701* @ 0473*  0.680* 0.532*
GFAP NA NA NA NA NA NA NA NA
HGF 0.465*  0521*  0598%  0590*  0.448*  0.656*  0.593* 0.560*
LHX2 -0.144  -0.380*  -0.133  -0.421*  -0.429*  -0.094 -0.204 0.011
. LRAT .0.506*  -0.561*  -0.382*  -0.524*  -0.587*  -0.343*  -0.520  -0.237*
Hepatic stellate cell NGFR NA NA NA NA NA NA NA NA
NTE3 NA NA NA NA NA NA NA NA
NTRK3 NA NA NA NA NA NA NA NA
_ PDGFRB NA NA NA NA NA NA NA NA
Discovery RBP1 0.102 0.196 0310+  0.288* 0.194 0.337* 0.210 0.244*
set SYP NA NA NA NA NA NA NA NA
VIM 0.345*  0.653*  0.467*  0.585*  0.644*  0.328*  0.444* 0.358*
CD24 0.751* 0747 0.791* __ 0856*  0.772* _ 0.708* _ 0.760% 0.664*
CD109 0.254* 0.049 0.432*  0.243* -0.007 0.205 0.172 0.366*
EPCAM 0.606* [0.735% " 0615+ 0714 0699+  0.659* |0.714* 0.591*
KIT NA NA NA NA NA NA NA NA
Hepatic progeior cell KRT7 0697 | 0811* 0678 0.793*  0.841*  0.631*  0.746* 0.606*
KRT19 0.458*  0.685*  0.456*  0.691*  0.726*  0.418*  0.557* 0.371*
NCAM1 0473* 0510 0527  0501* 0509  0.472*  0.591* 0.430*
PROM1 0549  0.664* 0537  0.643*  0.694* 0519+  0.685* 0.600*
PTPRC NA NA NA NA NA NA NA NA
THY1 0579  0.691* 0539  0.649* 0677  0.401*  0.581* 0.515*
CYGB 0.246* 0.065 0.234 0.174 0.129 0.334* 0.233 0.236
DES NA NA NA NA NA NA NA NA
FAP 0617  0.669*  0.647*  0.652*  0.669*  0.473*  0.664* 0.508*
GFAP NA NA NA NA NA NA NA NA
HGF 0.574* 0585  0.637*  0.649*  0553*  0.546*  0.585* 0.593*
Validation | LHX2 0214  -0.396*  -0.252*  -0.315*  -0.323*  -0.092  -0.241* -0.139
el Hepatic stellate cell LRAT -0.453*  -0.440  -0.329*  -0.438*  -0.441*  -0.156  -0.380*  -0.308*
NGFR NA NA NA NA NA NA NA NA
NTE3 NA NA NA NA NA NA NA NA
NTRK3 NA NA NA NA NA NA NA NA
PDGFRB NA NA NA NA NA NA NA NA
RBP1 0.079 0.173 0.231 0.243*  0.244* 0.194 0.130 0.064
SYP NA NA NA NA NA NA NA NA
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VIM 0.575* 0.801* 0.576* 0.673* 0.805* 0.428* 0.603* 0.430*
CD24 0.790* 0.707* 0.847* 0.831* 0.705* 0.631% 0.764* 0.703
CD109 0.195 -0.019 0.349* 0.263* -0.006 0.186 0.196 0.236*
EPCAM 0.740* 0.730* 0.790* 0.776* 0.700* 0.691* 0.749* 0.721*
KIT NA NA NA NA NA NA NA NA
. . KRT7 0.836* 0.829* 0.871* 0.848* 0.789* 0.759* 0.865* 0.765*
Hepatic progenitor cell KRT19 0.740* 0.811* 0.781* 0.820* 0.786* 0.674* 0.805* 0.606*
NCAM1 0.603* 0.599* 0.604* 0.543* 0.572* 0.621* 0.655* 0.639*
PROM1 0.761* 0.746* 0.742* 0.711* 0.702* 0.735* 0.820* 0.794*
PTPRC NA NA NA NA NA NA NA NA
THY1 0.714* 0.754* 0.760* 0.804* 0.776* 0.643* 0.717* 0.655*
CYGB 0.645* 0.535* 0.498* 0.525* 0.481* 0.628* 0.548* 0.546*
DES -0.215* -0.016 -0.103 -0.156 -0.010 -0.261* 0137 -0.193
FAP 0.433* 0.263* 0.270* 0.366* 0.248* 0.334* 0.233* 0.368*
GFAP NA NA NA NA NA NA NA NA
HGF 0.749* 0.606* 0.617* 0.650* 0.604* 0.731* 0.658* 0.683*
LHX2 NA NA NA NA NA NA NA NA
Hepatic stellate cell LRAT -0.010 0.166 0.159 0.063 0.172 0.052 0.163 0.0
NGFR NA NA NA NA NA NA NA NA
NTF3 NA NA NA NA NA NA NA NA
NTRK3 NA NA NA NA NA NA NA NA
PDGFRB 0.229* 0.482* 0.412* 0.370* 0.539* 0.254* 0.394* 0.375*
Validation RBP1 NA NA NA NA NA NA NA NA
set 2 SYP NA NA NA NA NA NA NA NA
VIM 0.631* 0.862* 0.821* 0.703* 0.781* 0.503* 0.608* 0.715*
CD24 0.855* 0.778* 0.766* 0.785% 0.762* 0.671% 0.676% 0.710
CD109 0.611* 0.533* 0.565* 0.616* 0.525+ 0.565* 0.650* 0.636*
EPCAM 0.843* 0.702* 0.692* 0.732* 0.672* 0.707 0.667* 0.708*
KRT7 0.674* 0.793* 0.742* 0.708* 0.795* 0.555+ 0.619* 0.632*
Hepatic progenitor cell KRT19 0.539* 0.696* 0.632* 0.579* 0.680* 0.401* 0.458* 0.542*
KIT NA NA NA NA NA NA NA NA
NCAM1 0.377* 0.201 0.276* 0.351* 0.246* 0.388* 0.347* 0.359*
PROM1 0.645* 0.645* 0.680* 0.678* 0.677* 0.595* 0.754* 0.661*
PTPRC 0.788* 0.711* 0.740* 0.692* 0.638* 0.640* 0.663* 0.772*
THY1 0.767* 0.706* 0.712* 0.696* 0.619* 0.605* 0.581* 0.649*
CYGB 0.080 0.150 0.085 ~0.006 0.054 0.051 0.432* 0.379*
DES -0.197 -0.126 0.264*  -0.290* 0.176 -0.252* 0.098 0.146
Validation _ FAP 0.597* 0.600* 0.616* 0.664* 0.724* 0.390* 0.614* 0.578*
set3 Hepatic stellate cell GFAP -0.167 -0.052 -0.145 -0.228 -0.198 -0.138 0.228 0.184
HGF 0.710* 0.750* 0.684* 0.686* 0.744* 0.420* 0.646* 0.649*
LHX 2 -0.069 -0.071 -0.015 -0.191 -0.173 -0.027 -0.073 0.028
LRAT -0.197 -0.230 -0.150 .0.388*  -0.439*  -0.315*  -0.295* -0.132
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NGFR 0.420* 0.431* 0.491* 0.383* 0.366* 0.287* 0.405* 0.414*
NTF3 -0.072 -0.012 -0.009 -0.159 -0.094 -0.021 0.043 0.203
NTRK3 -0.275* -0.289* -0.251* -0.201 -0.058 -0.200 -0.119 -0.167
PDGFRB 0.609* 0.694* 0.627* 0.604* 0.686* 0.454* 0.731* 0.709*
RBP1 0.504* 0.517* 0.544* 0.496* 0.431* 0.227 0.518* 0.449*
SYP -0.290* -0.217 -0.321* -0.301* -0.190 -0.037 0.109 -0.015
VIM 0.734* 0.782* 0.700* 0.740* 0.803* 0.494* 0.674* 0.656*
CD24 0.720* 0.703* 0.737* 0.813* 0.867* 0.412* 0.461* 0.481*
CD109 0.234* 0.302* 0.189 0.337* 0.401* 0.334* 0.296* 0.271*
EPCAM 0.475* 0.524* 0.502* 0.549* 0.630* 0.394* 0.413* 0.480*
KIT 0.091 0.113 0.108 0.115 0.082 -0.046 0.250* 0.263*
Hepatic progenitor cell KRT7 0.614* 0.684* 0.602* 0.673* 0.762* 0.418* 0.615* 0.615*
KRT19 0.319* 0.391* 0.281* 0.348* 0.465* 0.146 0.556* 0.421*
NCAM1 0.045 0.158 0.048 0.088 0.141 0.276* 0.336* 0.222
PROM1 0.412* 0.476* 0.447* 0.459* 0.581* 0.335* 0.555* 0.559*
PTPRC 0.454* 0.428* 0.483* 0.409* 0.387* 0.173 0.181 0.292*
THY1 0.651* 0.741* 0.701* 0.679* 0.708* 0.472* 0.716* 0.737*

High positive correlation (>0.7) was shaded grey.

NA, not applicable. The gene was excluded after data preprocessing.

111



Table 2.9Genes in the 48ene signature that were-tggulated in a specific cell type when compared to other cell types in nol
livers

N out of 48
Cluster of cell type genesin a Genes
cluster (%)

AQP1, BICC1, C1orf198, CD24, CXCL6, DCDC2, DTNA, EHF, EPCAI
FAT1, GPRCS5B, JAG1, KRT7, LAMB1, MAP2, SH3YL1, SOX9
ANTXR1, COL14A1, COL1A1, COL1A2, COL3A1, CHAL, COL4AZ,
COLG6AS, GSN, LAMB1, MAP1B, RCANZ2, THBS2

AQP1, COL3A1, COL4AlL, COL4A2, DKKS, GSN, IGFBP7, JAG1,

EPCAM+ cells and cholangiocytes  17/48 (35%)

HSCs and myofibroblasts 13/48 (27%)

Macrovascular endothelial cells 10/48 (21%) LAMBL, MAP1B

Sinusoidal endothelial cells 6/48 (13%) C7, COL4Al, COL4A2, IGFBP7, LAMB1, MAP1B
Kupffer cells 1/48 (2%) GSN

Hepatocytes 1/48 (2%) GSN

NK, NKT, and T cells 1/48 (2%) SLC38A1

CACNA2D1, CDH11, COL4A4EFEMPL, EPHA3, FAM169A, FBN1,
HEPH, ITGBL1, LTBP2, LUM, MOXD1, NALCN, NAV3, TMEM200A
HSC, hepatic stellateel; NK, nature killer; NKT, nature killer T

Unknown cell type 15/48 (31%)
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Table 2.10Genes in the 48ene signature that were-ogpgulated in a specific cell type in cirrhotic livers when compared to nor

livers

Cluster of cell type

N out of 48 genes
in a cluster (%)

Genes

Epithelial cells
Mesenchymal cells
Endothelial cells

B cells

Cycling cells

Innate lymphoid cells
Mast cells

Mononuclear phagocytes
Plasmacytoid dendritic cells
Plasma cells

T cells

9/48 (196)
6/48 (13%)

5/48 (10%)

0/48 (0%)
0/48(0%)
0/48 (0%)
0/48 (0%)
0/48 (0%)
0/48 (0%)
0/48 (0%)
0/48 (0%)

BICC1, CD24, CXCL6, DCDC2, EHF, EPCAM, KRT7, SH3YL1, SOX9
COL1A2, COL3A1,GSN,LUM, MAP1B, RCAN2
AQP1, COL4A1, COL4A2, GSN, IGFBP7
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Table 2.11 Fold-change of gene expressioh antifibrotic drug targt between advanced fibrosis and no or mild fibrosis in
NAFLD, viral hepatitis, and ALD samples

b q ol T ¢ N of Fold change of gene expression
ﬂil(?e(ntirflijgr)ma Drug target (drug mechanism) d)i/sp:age patients Drug trial results (advanc fibrosis/no or mild fibrosis)
in trial NAFLD Viral hepatitis ALD?
Candesartan Angiotensin |l receptor, type 1 I .
(NCT00990639) (AGTRI inhibitor) ALD 85 Improvement in fibrosig56) 0.91 1.23 1.21
Losartan . . Recruited insufficient
NASH 45 .
(NCT01051219, A”g'o(tAegST'g '1' {fﬁ%‘i’ttgr;' type 1 patients(57) 0.91 109 191
NCT00298714) HCV 20 No change in fibrosié8)
Irbesartan Angiotensin Il receptor, type 1 .
(NCT00265642) (AGTRL inhibitor) HCV 166 Pending 0.91 1.2% 1.21
Timolumab Amine oxidase copper containin .
(NCT02239211) 3 (AOC3inhibitor) PSC 41 Pending NA NA NA
Cenicriviroc C-C Motif chemokine receptor . CCR2: 1.33** CCR2: 1.16*** CCR2: 1.72***
(NCT03028740) 2,5 (CCR2/CCRS5 inhibitor) ~ VASH 2000 Pending CCR5:1.17* CCR5:1.15%*  CCR5: 1.09
Pamreviumab Connective tissue growth factor . ek x x
(NCT01217632) (CTGF inhibitor) HBV 114 Pending 1.73 1.44 2.43
BMS-986036 - NASH 160 Pending
(NCT03486899, F'b(r;’r?;"’l‘gt Sgot‘)’f'; éa;;‘f) 21 _ 1.04 1.03 0.81
Tropifexor Farnesoid X receptor (FXR . v
(NCT03517540) agonist) NASH 200 Pending 0.9 1.3% NA
&%ﬁg?gg@j&d Farnesoid X receptor (FXR NASH 283 Improvement |r-1 fibrosig43) 05 L35 A
NCT02548351) agonist) NASH 2370 Pending
GR-MD-02 NASH 30 Pending
(NCT02421094, Galectin 3 (LGALS3 inhibitor) . 1.48** 1.21%* 1.92*
. NASH 222 No change in fibrosié37)
Simtuzumab
(NCT01672866, . ; NASH 259 No change in fibrosi§37)
NCT01672879, Lysyl ‘E’gg’(al‘_sze'.'kﬁ.g‘to'ecu'e 2 1.34% 114 1.97%
NCT01707472, ( inhibitor) HCV 18 No change in fibrosi€36)
NCT01672853) o
PSC 235 No change in fibrosi§45)
Apoptosis signategulating NASH 72 Improvement in fibrosig44)
kinase 1 (ASK1 inhibitor) NASH 250 Pendng 0.98 0.9 0.7
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Selonsertib NASH 883 Pending

(NCT02466516,
mg$8§gggggg NASH 808 Pending
NCT03_053050) _
(N C?glopgrgéo%) NL;):!(IEHTL ?%ﬁ;ézrlﬁh;%ﬁzg’sd :2\6 81 No change in fibrosi§s9) 0.95 1.68** 0.87

. Peroxisome oroliferator activate! . . . "
ey et (PR WK 00 peang  CONCHN PATMOM Coaos
(Ng%go";ii%l) rzggi‘frc;gﬁqﬁ{g"(fs;a/:‘;{;g%‘r‘]’gtt?‘ HCV 265 No change in fibrosiés0) 0.93 1.09 NA
(NCATrng“ZC;'géM) Stearoy'coiﬁh‘?gﬁsg”ase’ (SCD  NasH 247 Pending 1.01 1.02* 0.75
oy S ey T s o7 v w v
ey el hov s
N i = A I

Genes that are significantly (p<0.05) upregulated in advanced fibrosis are highlighted in grey.

lIncluded only ALD samples in validation set 3.

2 The gene did not pass data preprocessinglidation set 2.

*p<0.05, **p<0.01, ***p<0.001

Abbreviations: ALD, alcoholic liver disease; HBV, hepatitis B virus; HCV, hepatitis C virus; NAFLDalumholic fatty liver diseasMASH, noralcoholic steatohepatitis
PSC, primary sclerosing cholangitiSA, not applicable, target gedé not passlata preprocessing.
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Identification and validation of a common molecular signature for advanced fibrosis

Gene Expression Omnibus microarrays search
- Searched keywords:fil i ver 0 or Afi brosisodo in October 20
- Included only Affymetrix Human Genome U133 Plus 2.0 Arrays of normal or chronic liver disease
adult human liver tissues with histological fibrosis staging
- Arrays of liver tissues with hepatocellular carcinoma or dysplastic nodules were excluded

v

140 microarrays of livers from 148 unique patients were included and preprocessed in one batch

v v

70 microarrays for molecular
signature identification and
molecular score derivation

70 microarrays for molecular
score validation

Discoveryset Validation set1

External validation of the common _molecular _signature in independent series of
microarrays

Series ID: GSE84044 (Affymetrix Series ID: GSE103580 (Affymetrix
Human Genome U133 Plus 2.0 Array) Human Genome U219 Array)
91 microarrays of livers from 91 unique 73 microarrays of livers from 91 unique
patients patients
Validation set2 Validation set3

Figure 2.1.ldentification and validation of the common fibrosis gene signature.
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Data preprocessing for the 140 microarrays in discovery set and validation set 1

140 microarrays were pooled in one batch

[ Robust multi-array averaging ]

2

- Filter out uninformative

probe setst
QBOS probe sets

v

Select the best probe set for a gene
Use the maximally expressed probe set measured by average intensity across all 140
microarrays to represent the gene

Data preprocessing for the Data preprocessing for the
microarrays in validation set 2 microarrays_in validation set 3
91 microarrays were pooled in one batch 73 microarrays were pooled in one batch
[ Robust multi-array averaging ] [ Robust multi-array averaging ]
\Z v
Filter out Filter out
—>| uninformative —>| uninformative
probe sets?! probe sets?!
C,B?Q probe sets <23,511 probe SD
v v
Select the best probe set for a gene
Use the maximally expressed probe set Use the maximally expressed probe set
measured by average intensity across all 91 measured by average intensity across all
microarrays to represent the gene 73 microarrays to represent the gene

A\

< 4,329 genes> <12,008 genes>

Figure2.2.Dat a preprocessing flowchart

luninformative probe sets were removed using tleeguiure as follows: 1. Calculate t
median expression value of each probe set in each batch. 2. Divide each pr
expression value by the median expression valwbtaina fold-change value. 3. If les
than 20% microarrays haee>1.5 or <1.5 foldchange value, the probe set is exclude
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Discoveryset(n=70)

Center? 1

Condition

Fibrosis
group

Center? 1

Condition

Fibrosis
group

Validation set2 (n=91)

Center

Condition

6

Fibrosis

group
Validation set 3 (n=73)
Center 7
conaivon f AR A RRRRRRERRREE A RRRRREERRRAR N
Fibrosis
group
Condition Fibrosis group
|:|Norma| .Viral hepatitis |:|No or mild fibrosis
|:| NAFLD . Cryptogenic hepatitis .Advanced fibrosis

.Alcoholic liver disease
Figure 2.3 Condition of the microarrays.
For the three microarraysom center 2two were hybridized with a pool of liver RN,
samples from four patients and one was hybridized with a pool of liver RNAesfigm
three patientsThe liver tissues that were pooled together were in @ngeshistological
fibrosis group NAFLD, nonalcoholic fatty liver disease.
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Use discovery set to select genes
Set 1: All 6,951 genes that passed data preprocessing
Set 2: 1,294 differentially expressed genes (p<0.001)

\ 4
Use discovery set to generate seven classifiers

Validate in validation set 1

v
Set 1: 71-93% accuracy
Set 2: 80-94% accuracy

Shorten the gene list
in gene set 2

Generate machine learning classifiers

Use discovery set to select genes

SetA: Top50di fferentially exprle

SetB: Top 48 upregulated genes in advanced fibrosis
Set C: Top 51-100 differentially expressed genes

Biomarker development (discovery set)

Validate in validation set 1

SetA: 0.992 AUROC, 96% accuracy
SetB:0.994 AUROC, 96% accuracy
Set C: 0.990 AUROC, 90% accuracy

Validate the 48-gene signature
in validation sets 2 and 3

A\ 4

Validation set2 : 0.964 AUROC, 93% accuracy
Validation set3 : 0.996 AUROC, 99% accuracy

Generate and validate a clinical biomarker test for advanced fibrosis

Figure24.Dat a anal ysis fl owchart

The wupward pointiogegul atweadne e dalnhkhrs
downward pointimdgowmnmegoivat edr s e aldl @ehrea
under the receiver operating characteristic curve.
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Performance ofthe classifiers using all 6,951 genes

Validation set 1

Discovery set

A

93%
Accuracy

87%
Accuracy

= Sensitivity
= Specificity
m Accuracy

"PPV
uNPV

10}01pald dMeLeA0D
punodwo) ueisakeg
1019Ipald BuyIeN
10109 1oddns
Jj0101paid
plonua) 1sareaN

Jojoipaid
JoqubIaN 1sarean-g

J0101paid
JoqubIaN 1sareaN-T

100

100

sisAfeuy JueUILLOSIQ
reaur] feuobeiq

J10101pald
arewRAOD pUnodwiod

R~° (62=U)
(Ty=u) sisoiqy paoueApy SIS0.4ql pjiw 10 ON

sisoubelp [ealbojoisiH

% 60
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Performance ofthe classifiers using 1,294

differentially expressedgenes

Validation set 1

Discovery set

94%
Accuracy

94%
Accuracy

100

100

® Sensitivity

= Sensitivity

= Specificity

% 60

= Specificity

uPPV

= PPV

u NPV
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Figure 25. Development and validation of machine learning classifiers for identifying

advancedliver fibrosis.
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(Figure 2.5 continued)l used(A) all 6,951 genes that passed data preprocessing ar
1,294differentially expressed genes<(h001) between advanced and no or mild fibr
in the discovery set. The bar graph skdihe sensitivy, specificity, positive predictive
value (PPV), negative predictive value (NPV), and accumicyach classifierfor
histologyprovenadvanced fibrosisThe performance of the classifierghediscovery set
was obtained using #old crossvalidation.The predicted fibrosis groupr each sample
was demonstrated on the heatm@pthe seven classifierdy¢ Support Vector Machin
Predictor had the best accuracy for advanced fibrosis when using 1,294 differe
expressed genes in both discovery 8484) and validation set 1 (94%)
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A ROC curve for advanced fibrosis B Hierarchical clustering of 48 genes
48-gene signature score to T Advanced dff"?lr‘éi'.i = B e
g o identify advanced fibrosis:
5 AUROC=0.994
&, p<0.001
Sensitivity 95% PPV 98%
.|  Specificity 97% NPV 93%
Accuracy 96%
DGI]I] DIZ EII4 DIE I]IS 10
1 - Specificity
* Cutoff for advanced
fibrosis molecular score miﬁgj
=6.185 == Alcoholic liver disease
= \/iral hepatitis
= Cryptogenic hepatitis
C 48-gene signature score for samples in the discovery set

9.0 Histological diagnosis
* Advanced fibrosis

8.5 No or mild fibrosis
o ' .
o o+ » ! L
o 80 » 3‘ & Advancedvs. no
@ ; * * ** * e ormild fibrosis p-value
L 751 * *
= e » * g All samples <0.001
g 20 . » . @
[e)) * * - NAFLD <0.001
‘B & i‘ & * * ‘
265 ,-‘. :‘ -: *
% e R g y=6.185
o5 6.0 " .
J

5.57

5.01

All Normal NAFLD  Alcoholic Viral Cryptogenic
samples livers liver disease hepatitis  hepatitis

Figure 2.6. The performance of the 48gene signaturefor advanced fibrosisin the
discovery set

(A) A 48-gene signature score cutoff (6.185) was derived using the Youden inde:
the receiver operating charactadgROC) curve analysis. (B) Unsupervised hierarch
clustering of the 48 genes showed samples in the same fibrosis group were
clustered together. Red was used to denote genes that wergulgted, and green fc
genes that were downegulated. Tie cluster was created using the Euclidean dist
method. (C) The relationship between thegé®e signature score and the histolal
diagnosisof each sample. The black dashed line is the molecular score cutoff (i
derived from the ROC curve fodeanced fibrosis. PPV, positive predictive value; NF
negative predictive value.
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Discovery set

Histological diagnosis

* Advanced fibrosis
No or mild fibrosis

1.0
9.0 Advancedvs. no
f—l ormild fibrosis | P-value
.| Discoveryset (N=70) 085 Allsamples | <0.001
. . = NAFLD 0.001
Molecular score to identify 8801 ¢ P = ot . .
. . [%2] * * g
_ o @dvanced fibrosis: 75| o W . R .
s | AUROC=0.993 RN RS . *t oo
2, P<0.001 e & . . :
o 6.5 %t . * *
Sensitivity 95% PPV 98% Al W, - Y & S S S y=6.245
- o -
..| Specificity 97% NPV 93% 26.0° $ e
Accuracy 96% 551
00 T T T T 5.01
0.0 0.2 0.4 06 0.8 1.0 . T T T T T
1 - Specificity *Cutoff for advanced All Normal NAFLD  Alcoholic Viral  Cryptogenic
fibrosis molecular samples livers liver disease hepatitis  hepatitis
score=6.245
B Validation set 1
WDr‘_I 90
R Advancedvs. no
. or mild fibrosis | P-value .
| Validation set1 (N=70 85 + | Alsamples | <0001| ,
" ( . ) . s oty NAFLD <ooor|® ¢ te
Molecular score to identify 5807 . . L
1 e * *
2] advanced fibrosis: L7571 g0 - - )
i AUROC=0.992 @70, b Py 37 *
.. P<0.001 2 ‘:: W3 * .
o 6.51
Sensitivity 95% PPV 98% g ‘-“: ,,,,,,,,,,,,,,, DL TR S S oo y=6.245
»2| Specificity 97% NPV 93% 2607 4
Te)
Accuracy 96% 5.51
0% 2] 04 06 o8 10 5.0
1 - Specificity All Normal ~ NAFLD  Alcoholic Viral  Cryptogenic
Discovery set derived cutoff samples livers liver disease hepatitis  hepatitis
foradvanced fibrosis
molecular score =6.245
Figure 27.The perfor mance of top 50f aaidfvfae
fibrionsitshe (A) discovery.set and (B)
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Histological diagnosis

* Advanced fibrosis

A No or mild fibrosis
Discovery set
1.0
757 JAdvanced vs. no|
. ormid fibrosis | P-value
.| Discoveryset (N=70) o Allsamples | <0.001
Molecular score to identify § ' . NARLD =0.001 . .
. P i * *
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% AUROC=0.987 § .:: . .' o
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o e :' *s » * .
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o C55). Wke 4 o * e . y=5.40
o Specificity 90% NPV 100% 3
ro)
Accuracy 96% 5.07
0.0 T T T T
00 02 04 06 08 10 45
1 - Specificity *Cutoff for advanced " " ! T N ' )
fibrosis molecular All Normal NAFLD  Alcoholic Viral  Cryptogenic
score = 5.4 samples livers liver disease hepatitis  hepatitis
B
Validation set 1
1.0
757 Advancedvs. no
iy g h -value
A _ ., or mild fibrosis | P~V& .,
| Validation set1 (N—.70) . o | Allsamples | <0.001] . .
Molecular score to identify g7 o NAFLD <0.001| * s ot
| advanced fibrosis: g sl ° . * e
£ | AUROC=0.991 2 % . 5. .
| p<0.001 Seol . 4 . i
? 0 T ‘® .*3 +* 3 *
Sensitivity 98% PPV 87% @ -~ 'Y
e ©55 . M L an A P — _
..l Specificity 79% NPV 96% > y=5.40
o
Accuracy 90% RS
0.0 T T T T
00 02 04 06 08 10 4
1 - Specificity 45 T - T T T T
* . All Normal NAFLD  Alcoholic Viral  Cryptogenic
Discovery setderived cutoff samples livers liver disease hepatitis  hepatitis

foradvanced fibrosis
molecular score=5.4

Figure 28. The @remdnce oX0O0t ogpi fFlerenti ad | §
advancedi fitbheos(iA) discovery. set and
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ROC curve for advanced fibrosis

10 T
05 Va“datlon setl (N:70) 2Gelle e?(prelslonz

48-gene signature score to T pdvanced fibrosis _ -

No or mild fibrosis

identify advanced fibrosis:
AUROC=0.994
p<0.001
Sensitivity 95% PPV 98%

| Specificity 97% NPV 93%

- Accuracy 96%
" - D14- SpeciﬁciDt: - b
* Discovery setderived cutoff

for advanced fibrosis Normal L 1 N N

- NAFLD
molecular score = 6.185 = Alcohalic liver disease
= Viral hepatitis
== Cryptogenic hepatitis

Hierarchical clustering of 48 genes

o
@
1

Sensitivity

o
-
1

C 48-gene signature score for samples in the validation set 1
] Histological diagnosis
9.0 g g
4 * * Advanced fibrosis
L * L * e .
85 L 3 FTY . No or mild fibrosis
[ » »
5 i [ B * [ ]
'5) 8.0 * L ]
n P * Advancedvs. no
o] . . ormid fiorosis | Pvaue
575 « % ™
=z s 5N » L S * All samples <0.001
o ) ) .
70 . * * ™ NAFLD <0.001
0 b %
L5 e .:{ ) .
o) o Mhe L T
D1 e v & y=6.185
o 6.0
<
557
5.0
All Normal NAFLD  Alcoholic Viral  Cryptogenic
samples livers liver disease hepatitis  hepatitis

Figure 29. External validation of the 48gene signaturefor advanced fibrosisin
validation set 1

(A) Application of the discovery set derived cutoff (6.185) in receiver opera
characteristic (ROC) curve analysis showed 96% of accuracy and 0.994R®D@\tbr
advanced fibrosis. (B) Unsupervised hierarchical clustering of the 48 genes s
samples in the same fibrosis gpowere mostly clustered together. Red was used to de
genes that were uggulated, and green for genes that were dgulated. The cluste
was created using the Euclidean distance method. (C) The relationship between
gene signature and histgioal diagnosiof each sample. The black dashed Ishe 48
gene signature score cutoff (6.185) derived from the discovery set for advanced f
PPV, positive predictive value; NPV, negative predictive value.
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ROC curve for advanced fibrosis
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Figure 2.10. External validation of the 48gene signaturefor advanced fibrosisin (A)
validation set 2 and (B) validation set 3.
Validation set 3 was analyzed on a different microarray platform (Affymetrix Hu
Genome U219 Array). Thus, the cutoff derived in the discovery set wagpplatcato
validation set 3. Despite different microarray platforms, thee® signaturgvasstill

significantly upregulated in advanced fibrosis with excellent performance to discrin
advanced and no or mild fibrogis validation set 3. This showebe 48gene signature
was capable to identify advanced fibrosis across different microarray platforms.
positive predictive value; NPV, negative predictive value. ROC, receiver ope
characteristic.
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= Leads to activation

« « « Effect not predicted
@ Urreouiated
W Predicted activation

Figure 211.T G F fwasa significant upstream regulator in the 48-gene signature.
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——  Protein interaction Gene regulatory interaction

Interaction color

Biochemical reaction

A

Figure 2.12. Molecular interaction analysis.
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(Figure 2.12 continued) Rednode labels denote genes in thegé®ie signature and blac
node labels denote intermediate nodes (potential upstream regulators arft

participants in pathwaythat interacts with the 48enesignature). (A) Protehprotein
interaction information of the 48ene signatutelhe analysis was carried ausing only
high-confidence binary interactions and a default intermediate nesese threshold of
20. (B) Biochemical reaction and gene regulatory interaction of thged8 signature
This analysis was carried ousing a default intermediatedes zscore threshold of 20.
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HSC markers vs. collagen genes HPC markers vs. collagen genes
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Figure 2.13. Correlation heatmap of the expressionof hepatic stellate cell (HSC)
markers vs. collagen genes anthe expression ofhepatic progenitor cell (HPC)
markers vs. collagen genes.
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Figure 2.14.The percentageof genes in the 48ene signature that were ugregulated
in a specific cell type when comared to other cell types in normal livers.
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Figure 2.15. The percentageof genes in the 48ene signature that were significantly
up-regulated in a specific cell type in cirrhotic livers when compared to normal
livers.
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Normal liver Viral hepatitis with no or mild fibrosis
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Figure 2.16.The 48genesignature in samples with the same liver disease and fibros
group had no significant difference among different centers.

NAFLD samples were not shown because all NAFLD samples weredirugte center
(center ). Alcoholic liver disease samples were nbbwn because the samples frc
center 5 and 7 were analyzed by different microarray platforms. Data for cryptc
hepatitis were not shown because these samples are heterogeneous and the sa
(n=5) is too small to make an interpretatitann-Whitney test?KruskatWallis test.
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Chapter 3: A Robust and Reproducible Method for
Quantitative Measurement of Multigene Signatues in

Clinical Liver Biopsies
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3.17 Introduction

Advanced liver fibrosis is the common final pathway of all chronic liver diseases,
leading to cirrhosis angboor clinical outcome (liver decompensation, need for liver
transplantationpr premature death(L). Histopathological assessmentadfver biopsy is a
cornerstone in the evaluation and management of patients with chronic liver disease, but it
lacks predictive ability for fibrosis progresion andclinical outcome (2, 3). Clinically
available imaging and laboratory test based approaches alsannot predict fibrosis
progressior(4). Gene signature studies of clinidader biopsieswith chronic liver disease

may allow us to gain more insighnto the biology of disease heterogeneity.

Previousresearchers reportédatgene expression signatuiadresh human lives,
comparedwith histopathology, couldprovide betterpredicion of prognosisincluding
fibrosis progression anborclinical outcomsin patients with chronic liver disea(5-11).
However, translating these multiplex gene exprespiaiiling into clinical practiceis a
challenging task. The major obstacle is the limited availability of fresh cliniealrspngo
analyze these gene signatuie2). All clinical liver biopsies are processedfagnalin-fixed,
paraffirembedded (FFPE3pecimens since this is the best standard for histopathology
assessment. It is well known that RNA degradation is common in FFPEngpscdue to
formalin fixation and thus mostmethods ofmultiplex gene expression analysis (e.g.
microarray3$ do not reliably work in FFPE tissue specimébg, 13) Moreover, there is
usually limited amount oheedle biopsy specimelheft for gene expression analysafter
paraffin sectioning for histological diagnostic purposgs.take these gene expression

signatures into clinical applicatiprelinical laboratories require a reliabknd feasible
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method fomultiplexed gene expression quantification fronmisculeleftover clinical liver

biopsy specimens.

Recently, a highthroughput digital system tmeasurethe expression of a large
number genescalled NanoString nCounter Analysis System (NanoString Teobied,
Seattle, WA)has become available for digital quantificatainmultiplexed target molecules
(14). It uses colorcoded molecular barcodes (each barcode corresponds to a gene of interest)
and microscopia@naging to capture and count up to 800 individual mMRNA transcripts in one
hybridization reaction without the ne&mt amplification of the cellular RNA or the need for
reverse transcription reactiong14). Seweral peerreviewed publications have shown
NanoStringnCounter Analysis System is more sensitfjgmaller limit of detectionthan
microarray and similar in sensitivity to quantitative polymerase chain reactionRNA
detection(14-18). Gene expression measured by NanoString is highly consistent across
matchedfresh, frozen, and FFPE tissu@ds®, 17, 19) As an example of its potential for
clinical application, th&anoString system has been Food and Drug AdministréfioA)-
cleared for gene expressibased risk stratification and treatment planning in breast cancer
patients using climal FFPE breast tumor specimgi2f). Despite the robustness of the
NanoString technology for multiplex gene expression analysisg FFPE specimens
previous studies, to the best mfy knowledge, nostudy has evaluated the robustness of
NanoStringnCounter Analysis Systemhen analyaig clinical liver biopsies and how much

of tissue is needed.

This chapteaimsto establish a methddr multiplex gene expression quantification
for clinical liver biopsyusingNanoStringtechnology anevaluatehow much clinical liver

biopsy is neededof NanoString gene expression assay. To evaluate the methodological
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robustness and feasibility of NanoString nCounter Analysis Sy&i8niepatic fibrosis
associated geng€48 fibrosis genge from Chapter 2, 16 literatuselected fibrosigenesand

four housekeeping genegjereanalyzed irB48clinical liver biopsies and 15 explanted liver
tissues from 15 patients. Each explanted liver tissue was divided into two pieces: one piece
was placed in RNAlater (fresissug and the othein formalin and paraffiembeddedFFPE

tissue) Transcript counts in paired fresh. FFPE explant livers were analyzed to evaluate

if transcript counts measured in FFREsuesusing NanoString are reliableThe results
supported thalNanoString nCounter Analysis System is faalde for multiplex gene
expression quantification using clinical liver biopsies based upon reproducibility, robustness,

ease of use, experimental hatmfstime, and utility for clinical application.

3.27 Material and methods

3.2.17 Sample collection

Single core needle biopsies were obtained under ultrasound guidanceghuded
springloaded needleF.heNanoString assawas usedo analyze 348 clinical liver biopsies
with different liver diseases, which include 78 autoimmune hep@itid) , 94 nonalcanolic
fatty liver diseaséNAFLD), 149posttransplantecurrentviral hepatitis C(HCV), and 27
normal livers Table3.1). The 27 normal livers were composed of 15 allograft livers with no
significant histological abnormality and 12 native livers, of \whicree were donor livers
and nine were livers with no significant histological abnormaktycore tissue from 15
explanted livers (total lpatectomy specimensyas collectedand each core tissugas
dividedinto two pieces: one piece was immediately ifitzdgl in RNAlater (Thermo Fisher

Scien i fic, Waltham, MA), kept at T4AC for 24
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and one piece fixed in 10% neutral buffered formalin and embedgedaffin (Figure 3.1)
Each piece had a size of approximately 1 cm x 1 cm x Tbia.study was appred by the

institutional review board of the University of Alberta.

3.2.21 Histopathological assessment of clinical liver biopsies

Liver biopsy specimens aformalliver, AIH, and recurrenHCV were staged for
fibrosis accading to METAVIR classificationsystem(21). Liver biopsy specimensof

NAFLD were staged fdiibrosis according to Brundlassificationsystem(22).

3.2.31 RNA isolation from fresh samples

Following homogenization in 2 ml of Trizol reagent (Invitrogen, Carlsbad, CA), total
RNA from fresh explant livers was isolated and purified using the RNeasyKMi®iagen,
Ontario, Canada) according to manufacturer recommend&tenipitated and driecRNA
was dissolvedn DNaséRNasefree distilled wateand the concentration amgiality were

measured by NanoDrop 2000 spectrophotometer (Thermo Fisher Sciéltftham, MA).

3.2.47 RNA isolation from FFPE samples

Reeda Gill assisted with the RNA isolatioom FFPE sample3 he length of clinical
liver biopsy in FFPE block was measured before cutting sections for RNA isolation. Three
to eight consecutive 20m thick sections were obtained from each FFPE block with
equipment sterilization with RNase away reagent (Ambion, Carlsbad, CA) and microtome
blade replacement between blocks. Sections were immediately put into steniid 1.5
DNase/RNase free microcentrfer tubes for RNA isolation using RecoverAll Total

Nucleic Acid Isolation Kit (Ambion, Carlsbad, CAPRrecipitated and drieRNA was
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dissolvedin DNaséRNasefree distilled water. The concentration andality of RNA was
measured by NanoDrop 2000 spechrojpmeter (Thermo Fisher Scientific, Waltham, MA).
RNA integrity was assessed on an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA).
Detailed protocols for DNA/RNA free preparation of FFPE tissue sectioning and RNA
isolation are available iAppendix A and Appendix B, respectivelirReeda Gill assisted with

completingAppendix A and Appendix B.

3.2.51 Gene expression quantification using NanoString nCounter System

| analyzed8 hepatic fibrosimssociated genedq fibrosis genes fromitapter2, 16
literature-selected fibrosis geneand four housekeeping gen&s)his chapter(Table 3.2.
The 16 literatureselectedfibrosis genes wereselectedby gene expression profiling in
microarray datasetsr Chapter 2and genes with an area under the receiver Gpgra
characteristic curv®0.7 for advanced liver fibrosis ithe discovey set and validation set 1
(23-27). Gene expression was quantified usm@Counter Elements assay (NanoString
Technologies). Oligonuebtide probe sequences (Table)3axgre designed and synthesized
by Integrated DNA Technologies (Coridle, I1A). Each probe contained probe A and a
probe B and were designed to hybridize specifically to each mRNA target (Bigurérobe
A containeda capture tag attached &biotin that enables to capture on streptavichated
surface imacartridge and probe B contaitha reporter tag linked to a colooded molecular
signatureghat was specific to each gemeRNAs were hybridized (without amplifiion) to
the probes for the measured genes. Hybridimatiwere carried out in a singlgée for each
sample for 18 hours at 67C. After hybridization, excess probes were removed and
hybridized probes were immobilized and aligned on the cartridge byGbenter Prep

Station (NanoString Technologies, Seattle, WA). Transcript counts were quantified by the
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nCounter Digital Analyzer (NanoString Technologies, Seattle, WA).

3.2.61 NanoString quality control and data preprocessing

Quality control and preprocgisg of raw NanoString data were performed using
nSolver Analyss Software version .8 (NanoSting Technologies, Seattle, WA) with
manufacturerecommended default parameters for quality control and normalization
flagging. The parameters for quality contiftagging include imaging (field of view <75%),
binding density (<0.05 or >2.25), positive control linearity (Rlue <0.95), angositive
contr ol l imit of detection (0.5fM positive ¢
the negative controlsBackground noise was adjusted by subtracting the geometric mean
transcript count®f six internal negative controls of each sampdRNA with transcript
counts less than the geometric méamscript count®f the six internahegative controls
were floored to a value of 1. Next, to adjust the variations in hybridization and purification
efficiency,apositive normalization factor feach sample was calculated from the geometric
meartranscript countsf the six internal positive controls (spikeoligos) across all samples
divided by the geometric mearanscript countsf the six internal positive controls of each
sample. The posve normalization factor for each sample was multiplied to each mRNA
transcript counts after background noise correc{with default flagging of positive
normalization factors <0.3 or >3.0After positive control normalizatiortp adjust the
variationsin different RNA input quantitiess housekeeping gene normalization factor for
each sample was calculated from the geometric meamscript countsof the four
housekeeping genes across all samples divided by the geometri¢ramsanipt countsf
the four housekeeping genaseach sample. The housekeeping gene normalization factor

for each sample was multiplied tbe measurednRNA transcript courst after positive
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control normalizationwith default flagging ofhousekeeping geneormalization factors

<0.1 or >10.0)

3.2.71 NanoString reproducibility experiments

RNA titration experiment was performed with repeat runs of RdWA samplesrom
four unique clinical liver biopsiewith four different RNA quantities: 50, 100, 200, and 400
ng. Intraoperatorreproducibility experiment was performedth repeat runs of siRNA
samples from sixunique clinical liver biopgs in different days Interoperator
reproducibility experiment waserformedwith repeat runs of fouRNA samples from four
unique clinical iver biopsie by two different operators: a molecular pathology technologist
(Shalawny Miller)and a graduate studefrhe) Interlot reproducibility experiment was
performed with repeat runs of tiRNA samples from twainique clinical liver biop®s in

three different lots of nCounter Elements reagents

3.2.81 Statistical analysis

Continuous variables were presented as mean * standard deviation and categorical
variables were presented asmber and percentag®annWhitney Utest was used for
contnuoudat a compared between two groups. Fi she
variablescompared between groups A Wel chds ANOVA f-ldow¢llowed by
post hoc test was used to determine differeacesnghistorical fibrosis stages (H&4) vs.
molecular gene signature. Correlations between variables were evaluated using Spearman's
rank correlation coefficientAll tests with a two-sided p-value <0.05 were considered
significant. All analyse andfigureswere performeénd generatedsing SPSS 25 dtatical

software (IBM, Armonk, NY, USA), Excel 2010 (Microsoft Corporation, Redmond, WA),
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or R-program (version 3.3.2ttp://www.r-project.org with the following packages: corrplot

and ggplot2

3.37 Results

3.3.171 The quantity and quality of RNA isolated from clinical liver biopsies

Table 3.1 summarizd the characteristics of 348 clinical liver biopsies that were
analyzed. Adequate RNA (050 ng) was isol ate
biopsies. The348 successfully isolated clinical liver biopsies yielded a mean of 1703 ng
(range: 68 8176ng) with a mean AsdA2sospectrophotometry ratio of 1.84 (1:295).The
RNA vyield for the two samples < 50 mgere40.6 and 47.5 ng and tiesd/A2so were2.05
and 1.97, respectivelfrigure 3.3 showed theNA integrity numberof four representative

clinical liver biopsies

3.3.21 The quantity and quality of RNA isolated from explant liver tissues

Adequate RNA was isolated from all 15 paired explanted livendis for NanoString
gene expression assay. The measy/A2so Spectrophotometry ratio was 2.04 (range: 2.00

2.08) for 15 fresh liver tissues and 1.86 (127@3) for 15 FFPE liver tissues

3.3.31 Significant positive correlation between length othe core biopsy and the

amount of total RNA

| had a 99% (348 of 350) success rate to is@labeiglR NA ( O50 ng) for Nar
gene expression assay with a minimum of 1 mm core tissue length (mean: 17 mm, range: 1

- 40 mm) in theparaffinblock before cutting ssions (Figure 31A). This demonstrated only
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very little amount of tissues requiredfor the NanoStringgene expressioassay.Therewas
a significant positive correlation between the lengthhefcore biopsy andhe amount of

total RNA (r=0.281, p<0.001

To understand how much tissue is neededifeNanoStringgene expressioassay
the amount oftotal RNA was compared to number of sections obtained from the paraffin
block Although NanoString gene expression assay reguiresnum 50 nginput of total
RNA, here, 100 ngwas useds a threshold to ensugaough total RNA for NanoString gene
expression assagfter RNA quality and quantity assessmériie success rate of isolating
>100 ng of RNA witha core biopsy length > 5 mmassimilar when obtaininghree 26um
thick sections compared four to eight 26um thick sections (99% vs. 100%, p=1) (Table
3.4 . However, if the core biopsy |l ength is OF
RNA wassignificantly lower when obtaining only three-pén thick sections compardd
four to eight 26um thick sections (62.5% vs. 100%, p=0.015) (Tabd I herebre, if there
was>5 mm of core biopsy in the block, obtaining threep®d thick sectionsvould be
enough to isolatenough RNA for the NanoStriragsay If therewaD5 mm of core bi ¢

four to eight20-um thick sectionswvould be needed
3.3.47 No correlation between age of the biopsy and the amount of total RNA

lhad a 99% (348 of 350) success rate to is
gene expression assay with paraffin blocks up to 18 years old (mean: 4.79, ran8:420)5
(Figure 34B). There was no correlation between age of the paraffin blocthatotal RNA
yield (r=0.046, p=0.395)This showedtlinical liver biopsies<18 years oldvere suitable

for NanoString gene expression asdagwever, this should not be considered as an upper
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limit since FFPE specimens older than 18 years were not examined for their suitability for

NanoStringgene expressioassays

3.3.51 NanoString gene expression analysis

A total of 378 RNA samples (348 clinical liver biopsies and 30 explant liver samples
were analyzedusing NanoString gene expressi assay (Figure 3.1 Gene expression
guantitation was successful for &8 hepaticfibrosisassociated genes and all samples
passed quality and normalization controls except for 10 (2.6%) safmmte<linical liver
biopsies These 10 samples were flagged because of having a housekeeping gene
normalization fator >10, which representddese RNA sampleswere seriously degraded
and considered dgavingpoorquality gene expression profil@hese pocguality ssasmples
were removed and only the samples with Fogiality gene expression proflevere used in

further analysis

3.3.61 Transcript counts measuredby NanoString gene expression assay were

strongly correlated between paired fresh and FFPE samples

To testif the transcript counts of FFPE samples measured by NanoString gene
expression assayerereliable,the transcript counts of thé8 hepatic fibrosisassociated
geneswere measureth 15 paired fresh and FFPE explant livers. Normalized transcript
counts 6 15 paired fresh and FFPE samples eveormally distributedand strongly
correlated(r=0.944, p<0.001Figure 3.2 and 3.5B. Correlation heatmap of ghairwise
combinations of fresh vs. FFPE samples also tedestrong correlation (Figure ). To

deermine if the transcript counts measured in each individual FFPE saagpteliable |
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compared theorrelationcoefficientsbetween normalized transcript e¢us for each paired
fresh vs.FFPE sample (sampl®g/-sample comparison). The mean correlationffaient

was 0.956, with a minimum correlation coefficient of 0.900 (p<0.001) and a maximum
correlation coefficient of 0.984 (p<0.00I)able 3.5. This showedthe transcript counts

measured in FFPE samples by NanoString gene expressiomeassagliable

3.3.71 The reproducibility of NanoString gene expression assay

NandString gene expression assay hathust reproducibility across different RNA input

guantities

To understand itlifferent RNA input quantities affeanRNA transcript countsl
performeda titration experiment on fouRNA samples from four uniquelinical liver
biopsies with different RNA input quantities (50 ng, 100 ng, 200 ng, and 400 ng). Normalized
transcript counts were strongly correlated among different RNA input quafitiaks four
samples(r=0.9460.995, p<0.001Figure 3.§. Moreover, all normalized transcript counts
with different RNA input quantities were almost identical with folthnge (slope) vaks
near to 1. This demonstratetbrmalizedtranscript countswith different RNA input

guantities were comparalddter normalization

To show the NanoString gene expression assay was capable to detect fractional fold
changes of different RNA input quantitiethe transcript counts dd8 hepatic fibrosis
associated genesf the sane four samples on Figure 3\8ere preprocessedithout
housekeeping gene normalization, which was used to adjust RNA input quaFitia® (

3.7). Theslopes for all four samples were correlated closely with the expectedhaitye

values of 0.5 (100 nigputvs.50 ng input), 2 (100 ng inpws. 200 ng input), and 4 (100 ng
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input vs. 400 ng input). This indicated NanoString gene expresagsay had linear
response to different amount of RNA inputs in up to five orders of magnitude (from 1 to 10

trarscript counts).

NandString gene expression assay habust reproducibility with repeat runs by one

operator

To assess intraperator reproducibility of the NanoString gene expression assay, Six
RNA sampledrom six unique clinical liver biopgswere anatzed twice on two different
days by the same operatéidure3.8). Normalized transcript counts of repeat runs of all six
samples were strongly correlated to each ottr€.9500.990, p<0.001)This demonstrated

the methodological robustness of ti@noSring nCounter Analysis System.

To understand the precision of NanoStrgene expressioassay, evaluated how
many hepatic fibrosisassociated genesere within the 95% confidence interval of the
regressionihe in the six samples on Figure 3.®verall the precision increaseavith
expression levels, with 100% (47 47) of highly expressed genes (transcript counts >1000)
and 99% (299 of 304) of moderately expressed genes (transcript counts between 10 and
1000) werewithin the 95% confidence intervafigure 3.8. However, ony 71% (41 of58)
of lowly expressed genes (transcript counts <t®ewithin the 95% confidnce interval.
This showedgenes with transcripts counts less thamiight not be reliably quantitated by

theNanoStringgene expressioassay.

Nandstring gene expression assay hatlust reproducibility with repeat runs by different

operatorsof varying technical expertise

To assess the int@perator reproducibility aheNanoString gene expression assay,
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four RNA samples from four uniquelinical liver biopsieswere analyzed twice on two
different days by two different operators (a graduate studledta molecular pathology
technologist) of varying technical expertidgégure 3.9). Normalized transcript counts of
repeat runs of all fourasnples were strongly correlated to each otme0.0490.992,

p<0.001).This demonstrated the technicaplicability of theNanoString nCounter Analysis

System

NandString gene expression assay haxbust reproducibility with repeat runs using

different bts of reagents

To assess if different lots of NanoString reagemtaild affect gene expression
measurements, twBNA samples of two unique clinical liver biopsigvere analyzed on
threedifferent days by the same operator across three different lo@geies Figure 3.10.
Normalized transcript counts of repeat runs showed nearly prefect correlation (r=0.998
0.999, p<0.001). This demonstrated different lot of reagents did not affechRiNA

transcript counts.

3.3.81 The expression levels of the fibras genes grouped by biological function

increased progressively with histological fibrosis stages

The fibrosis genewere annotatedased on their biological functions from literature
(Table 3.9. Most ofthe fibrosis genes were involved in extracellulaatnx synthesis or
crosslinking (23 genes), inducing fibroblast or myofibroblast or hepatic stellate cell
activation (17 genes), collagen genes (8 genes), inflammation genes £, gadehepatic
progenitor celmarkers (fgenes) Table 3.7. | comparedhe geometric mean expression of

the gene set in each biological function with different histological fibrstsiges (Figure
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3.11AE). The expressionf eachgene set increased progressively with histological fibrosis
stagesinterestingly, patients with the samdnistologicalfibrosis stagdnad aheterogeneous
genesetexpression even in FO and F1 fibrosis. Timay suggest developing molecular
fibrogenesis in some of the early stage patients and may predict future fibrosis progression
To test this,| analyzed all diseased biopsies without advanced fibrosid=2FGand with
follow-upoutcome data available tmderstandf the expression dfibrosis genes can predict
progression to advancéddbrosis (fibrosis stage-@ in the initial biopsy and fibrosstage 3

or 4 in any followup biopsies or Fibroscan >10.9 kPa in follaw clinical visit) or
progression tpooroutcomes (liver decompensatigmeed for liver transplantatioor liver-
related death}28). Patients who progressed to advanced fibrosis pmor outcome had
significantly higher fibrosis gene signatundnitial biopsy withF1 orF2 fibrosiscompared

to the patientswho did not progress (both p<0.001, Figure 38)1Even patientsvho
progressedatadvanced fibrosis @ooroutcome hada marginallysignificant higher fibrosis
gene signaturia initial biopsy with FO fibrosisompared téhepatientsvhodid not progess
(p=0.057 Figure 3.1F). Thisshowedthese fibrosis genes may have the poatmti serve

as prognostic markers fpredictingprogressive fibrosis arbor outcome.

3.471 Discussion

This chaptershowedNanoString gene expression assay is technically simple and
methodologically robust for multiplex gene expression profiling ofadiriver biopsies that
were up to 18 years olith a minimum of 1 mm core tissu€he NanoString nCounter
Analysis System meets the requirements of evaluating multiplex gene expression signatures

using clinical liver biopsies in the local pathology &aiting.
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| successfully isolategénoughRNA for NanoString gene expression assay from
paraffin blocks witha minimum of 1 mm of livertissue Compared with liver resection
samples, clinical liver biopsieare extremely valuabl@asonly a small core of ssuewas
obtained.Moreover there isusually verylimited tissue left after staining of histological
sections for clinical diagnosiBue to these limitations evaluated the amount of liver tissue
that isneeded for NanoString gene expression addad a 99% (348 of 350) success rate
to isolateenoughRNA from clinical liver biopsies The two samples witho@noughRNA
had mnimal core biopsy (0 and 1 njmandnot enough sectiongere obtainedonly three
20-um thick sections To optimize theRNA isolation protocaldespite the length of the core
biopsy, only three 20um thick sectionsvere obtainedor theinitial 168paraffinblocks. The
two samples that failed to yiebhoughRNA werein thesdnitially processedamplesAfter
the RNA isolation prtocol is optimizedjn the subsequemrocedure, kut four to eight
sections 2um thick sections from thparaffinblocks witha shorter lengttof core biopsy.
Based orthefinalized RNA isolation protocolXppendix B, | had a 100% success rate to
isolae enoughRNA for the NanoStringgene expression asséym the remaining 182
sampleswith the length of core biopsyange from 1 mm t@l0 mm | showedalmost all
routineclinical liver biopsieshadenough tissue falanoString gene expression asaéter

paraffin sectioning for histological diagnosgiarposes

NanoString gene expression assay is a highly reliable method for multiplexed gene
expressionguantificationwhen analyzingarchived, clinical liver biopsieslhere wasno
correlation between age ofinical liver biopsies (up to 18 years old) atie RNA yield.

This demonstratedse ofclinical liver biopsiesrom archival specimensan be applied to

NanoStng gene expressioassay to develop diagnostic and prognostic .tdstalso
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compared normated transcript counts between paired fresH-FPE samples and found a
strong positive correlation (r=0.944). Other techniques such as Affymetrix microarray and
guantitative polymerase chain reactibave lower correlatiofetwea paired fresh and

FFPE senples(r=0.75, 0.50, respectively)l 7, 29) NanoStringgene expression assaydrea
stronger correlation between paired fresh and FFPE samples compared to microarray and
guantitative polymerase chain reactasNanoString methodioes not need amplificatiari

input RNA and thus eliminates potential artefacts inherent to amplification techniques in a
scenario wherein FFPE derived RNAs are smaller in size due to degradation in the fixation
protocols It waswell documented thaRNA isolated from FFPE tissue suffer from sttan
breaking and croglinking. Thereforethe amplification procedure ight lose amplifiable
templates. Moreover, both microarray ap@ntitative polymerase chain reactisnot very
guantitaive (measurerelative fluorescence signal intensity and quantification cycle,
respectively), whereas NanoString gives a digital readout of the transcript counts in a sample
using molecular barcodé$4). Theseadvantages madNanoString one of the most reliable
platforms for multiplexed gene expressiguantificationwhenanalyzingarchived clinical

liver biopsies.

A clinical assay needs farovide reproducible results wherasiples are repeated
analyzedn different days, by different operators, and use of different loteagfent£30).
This chaptershowed NanoString gene expression assay is highly reproducible when
performedby the sameperator and different operators of varying technical experience
(r=0.9500.990, 0.9490.992, respectively). Transcript counts in repeat runs using different
lots of reagents were almost petfg correlated (r=0.998.999) These resultindicated

NanoSting gene expression assegnprovide reproducible resulbs the samanddifferent
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operators and use of different lots of reagetitas meeting the requirements finical

implementation.

The fibrosis gene signatunmecreased progressively with rosgical fibrosis stages
and quantitatively differedbetweenhistological stages of liver fibrosis (Figure 3.}1
Interestingly, some samples with no or mild fibrosis-FAQshowed aelatively high fibrosis
gene signature. This may represent these patemeat high risk for fibrosis progression
with molecular fibrogenesis which cannot be yet identified by histal8gjy Future studies
will have to be performeth a patient cohort with followup data to further establish the
usefulness of the fibrosis gene signature to predict fibrosis progressigns covered in

Chaptes 4, 5, and 6.

This is the first study thashowedNanoString nCounter Analysis System is a
methodologically robust and febte platform for multiplex gene expression quantification
when analyzing archived clinical liver biopsi@#is researchlustrated how much tissue is
neededo isolateenoughRNA for NanoString gene expression assay. The low amount of
tissue requiremenwill allow an expanded scope of molecular pathology through
retrospective analysis of archival clinical liver biopsies that have been annotated with varied
information on disease states and outcomes, such as disease progression and
progrostidsurvival data Several human liver studies used genawide microarrays to
identify a set of genesyhich theirexpression pattern caredict disease progression in
patients with chronic liver diseag&-11). The NanoString nCounter Analysis System will
be the ideal platform for validating and translating these gene signatures for clinical
application by analyzing archived clinical liver biopsies and correlate the gene expression

with patient outcom® Moreover, the NanoString nCounter Analysis System could be
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seamlessly integrated into existing FFP&sed pathology workflow and could offer the
ability to apply molecular diagnostics to the same biopsy core reviewed under the microscope
by pathologistsThis could provide personalized prognostic risk stratification, which could

not be obtained by histopathology alone.
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Table 3.1 Characteristics of the clinical liver biopsies analyhgdNanoString

Biopsy characteristics All samples  Normal livers Nor_ralcoholic fatty Autoimm_une Recurre_n_tviral
liver disease hepatitis hepatitis C

Number of biopsies 348 27 94 78 149
Number of biopsies with
high-quality gene expression 338 26 91 76 145
profile
Number of patients 257 27 92 78 66
Age at biopsy (y), mean$D 50.4+ 14.** 40.4+21.8 51.4+13.6 42.4 +17.7 55.8+5.3
J':eé‘gth oftissue (mm), mean 174,75 1526482 17.8£6.6 14.7 £ 8.2 18.27 £ 6.6
Age of tissue (y), mean+ SD 4.8+ 3.7 38+24 25124 7948 48+26
Fibrosis stagg n (%)

0 83 (24) 21 (78) 26 (28) 6 (8) 30 (20)

1 114 (33) 6 (22) 24 (26) 21 (27) 63 (42)

2 69 (20) 0 (0) 7(7) 19 (24) 43 (29)

3 53 (15) 0 (0) 21 (22) 21 (27) 11 (7)

4 29 (8) 0 (0) 16 (17) 11 (14) 2 (1)

A Missing data from five biopsies.

B Missing datafrom two biopsies.

€ Missing data from three biopsies.

D Non-alcoholic fatty liver disease biopsies were assessed) Binnet staging classificatiof22). Normal livers, autoimmun
hepatitis, and recurrent hepatitis biopsies were assessed using Metavir fibrosis staging clas&fig¢ation

Abbreviation SD, standard deation.
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Table 3.2 The list ofthe 68-fibrosis associated genes

Gene symboGene full name Gene symkGene full name
ANTXR1 Anthrax toxin receptor 1 GSN Gelsolin
AQP1 Aquaporin 1 (Colton blood group)| HEPH Hephaestin
B2M® Beta2-microglobulin IGFBP7 Insulin-like growth factor binding protein 7
BICC1 BicC family RNA binding protein 1 ITGBL1 Integrin, betalike 1 (with EGFlike repeat
domains)
C1lorf198 %gomosome 1 open reading fran JAGL Jagged 1
C7 Complement component 7 KRT7 Keratin 7, typell
Calcium channel, voltage A .
CACNAZD1 dependent, alpha 2/delta subunit KRT8 Keratin 8, type Il
ccL Chemokine (&C motif) ligand 2 LAMB1 Laminin, beta 1
CCRS' Chemokine (€C motif) receptor 5 [ a8 Lactate dehydrogenase A
(gene/pseudogene)
CD24 CD24molecule LGALS3” Lectin, galactosidéinding, soluble, 3
CDH11 Cadherin 11, type 2, OBadherin LOXA Lysyl oxidase
(osteoblast)
CHI3L1A Chitinase dike 1 (cartilage LPARIA Lysophosphatidic acid receptor 1
glycoprotein39)
COL14A1 Collagen, type XIV, giha 1 LTBP2 Ir;?éte;:]trzansformmg growth factor beta bindin
COL1A1 Collagen, type |, alpha 1 LUM Lumican
COL1A2 Collagen, type |, alpha 2 MAP1B Microtubuleassociated protein 1B
COL3Al1 Collagen, type lll, alpha 1 MAP2 Microtubuleassociated ptein 2
COL4A1 Collagen, type IV, alpha 1 MMP2# Matrix metallopeptidase 2
COL4A2 Collagen, type IV, alpha 2 MMP74 Matrix metallopeptidase 7
COL4A4 Collagen, type IV, alpha 4 MOXD1 Monooxygenase, DBHike 1
COLG6A3 Collagen, type VI, alpha 3 NALCN Sodiumleak channel, noselective
CTGP Connective tissue growth factor | NAV3 Neuron navigator 3
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CXCL6
CXCR#4 4
DCDC2
DKKS3 inhibitor 3
DTNA Dystrobrevin, alpha
EEEMP1 EGF containing f!bullrllkg
extracellular matrix protein 1
EHF Ets homologous factor
EPCAM
EPHAS EPH receptor A3
Family with sequence similarity
FAM169A 169, member A
FAT1 FAT atypical cadherin 1
FBN1 Fibrillin 1
GPRC5B

Chemokine (€X-C motif) ligand 6
Chemokine (€X-C motif) receptor

Doublecortin domain containing 2
Dickkopf WNT signaling pathway

Epithelial cell adhesion molecule

G proteinrcouded receptor, class (

group 5, member B

RCAN2
SH3YL1
SLC38A1
SNX178
SOX9
SPP?

TAPA

TBP?
TGFBIA

THBS2
TIMP1A

TMEMZ200A

VWFA

Regulator of calcineurin 2

SH3 and SYLF domain containing 1
Solute carrier family 38, member 1
Sorting nexin 17

SRY (sex determining region ¥jox 9
Secreted phosphoprotein 1

Transporter 2, AThinding cassette, sub
family B (MDR/TAP)

TATA box binding protein

Trarsforming growth factor, beta 1

Thrombospondin 2

TIMP metallopeptidase inhibitor 1
Transmembrane protein 200A

Von Willebrand factor

A Literature selected fibrosis genes.
B Housekeeping gene.
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Table 3.3NanoString probe sequences

Gene symbol Accession number NanoString probe sequence

ANTXR1 NM 018153.3 GATGGGGGTCAGCCTGCTACGGCGGATTTGACCTGTACTTCATTTTGGACAAA
- ' TCAGGAAGTGTGCTGCACCACTGGAATGAAATCTATTACTTTGTGG

AQP1 NM 1980981 CTGGGATTCTACCGTAATTGCTTTGTGCCTTTGGGCACGGCCCTCCTTCTTTTCC
- ' TAACATGCACCTTGCTCCCAATGGTGCTTGGAGGGGGAAGAGATC

B2M NM 004048.2 CGGGCATTCCTGAAGCTGACAGCATTCGGGCGAGATGTCTCGCTCCGTGGCCT
- ' TAGCTGTGCTCGCGCTACTCTCTCTTTCTGGCCTGGAGGCTATCCA

BICC1 NM 001080512.1 CACGGTCATCATATGTCAACATGCAGGCATTTGACTATGAACAGAAGAAGCTAT
- "~ TAGCCACCAAAGCTATGTTAAAGAAACCAGTGGTGACGGAGGTCAG

CTCAACAAGCCCAATATTCCCTCCAAGTTCTTCTTGAGCTGAGGGCTGTAGGA

Clorfl98 NM_001136495.1 A TTATTGAAAGCTTCTGCCTCACTTAGTATCGTCTGGGGCCCAGCA

c7 NM 000587 2 ATGCTTTTGAAACACAGTCCTGTGAACCTACAAGAGGATGTCCAACAGAGGAG
- ' GGATGTGGAGAGCGTTTCAGGTGCTTTTCAGGTCAGTGCATCAGCAA

TCTTATGATTATCAGTCAGTATGTGAGCCCGGTGCTGCACCAAAACAAGGAGE

CACNA2DL  NM_000722.2 o A cATCGCTCAGCATATGTGCCATCAGTAGCAGACATATTACAAA

CCL? NM 002982 3 GAGGAACCGAGAGGCTGAGACTAACCCAGAAACATCCAATTCTCAAACTGAAG
- ' CTCGCACTCTCGCCTCCAGCATGAAAGTCTCTGCCGCCCTTCTGTGC

CCR5 NM 0005791 TAGGAACATACTTCAGCTCACACATGAGATCTAGGTGAGGATTGATTACCTAGT
- ' AGTCATTTCATGGGTTGITTGGGAGGATTCTATGAGGCAACCACAGG

cD24 NM 013230.2 ATAGACACTCCCCGAAGTCTTTTGTTCGCATGGTCACACACTGATGCTTAGATG
- ' TTCCAGTAATCTAATATGGCCACAGTAGTCTTGATGACCAAAGTCC

CDH11 NM 0017972 CAGGAAGCCAAAGTCCCAGTGGCCATTAGGGTCCTTGATGTCAACGATAATGCT
- ' CCCAAGTTTGCTGCCCCTTATGAAGGTTTCATCGTGAGAGTGATC

CHI3L1 NM_001276.2 GGTCTCAAAGATTTTCCAAGATAGCCTCCAACACCCAGAGTCGCCGGACTTTCA

TCAAGTCAGTACCGCCATTTCTGCGCACCCATGGCTTTGATGGGCT
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COL14A1

COL1A1

COL1A2

COL3A1

COL4A1

COL4A2

COL4A4

COLG6AS

CTGF

CXCL6

CXCR4

DCDC2

DKK3

NM_021110.1

NM_000088.3

NM_000089.3

NM_000090.3

NM_001845.4

NM_001846.2

NM_000092.4

NM_004369.3

NM_001901.2

NM_002993.3

NM_003467.2

NM_016356.3

NM_001018057.1

CTTTAAGTCCACCAAGAAACCTGAGAATCTCCAATGTTGGCTCTAACAGTGCTC
GATTAACCTGGGACCCAACTTCAAGACAGATCAATGGTTATCGAAT

CAGAAACATCGGATTTGGGGAACGCGTGTCAATCCCTTGTGCCGCAGGGCTGG
GCGGGAGAGACTGTTCTGTTCCTTGTGTAACTGTGTTGCTGAAAGAC

CCAATGGATTTGCTGGTCCTGCTGGTGCTGCTGGTCAACCTGGTGCTAAAGGAC
AAAGAGGAGCCAAAGGGCCTAAGGGTGAAAACGGTGTTGTTGGTCC

TTGGCACAACAGGAAGCTGTTGAAGGAGGATGTTCCCATCTTGGTCAGTCCTAT
GCGGATAGAGATGTCTGGAAGCCAGAACCATGCCAAATATGTGTCT

TGGGCTTAAGTTTTCAAGGACCAAAAGGTGACAAGGGTGACCAAGGGGTCAGT
GGGCCTCCAGGAGTACCAGGACAAGCTCAAGTTCAAGAAAAAGGAGA

GGCATTTCCTTGAAGGGAGAAGAAGGAATCATGGGCTTTCCTGGACTGAGGGG
TTACCCTGGCTTGAGTGGTGAAAAAGGATCACCAGGACAGAAGGGAA

TATATGGGAGTGGAAAGAAATACATTGGTCCTTGTGGAGGAAGAGATTGCTCT
GTTTGCCACTGTGTTCCTGAAAAGGGGTCTCGGGGTCCACCAGGACC

AGAGCAAGCGAGACATTCTGTTCCTCTTTGACGGCTCAGCCAATCTTGTGGGCC
AGTTCCCTGTTGTCCGTGACTTTCTCTACAAGATTATCGATGAGCT

ACCACCCTGCCGGTGGAGTTCAAGTGCCCTGACGGCGAGGTCATGAAGAAGAA
CATGATGTTCATCAAGACCTGTGCCTGCCATTACAACTGTCCCGGAG

AGTAACAAAAAAGACCATGCATCATAAAATTGCCCAGTC TTCAGCGGAGCAGT
TTTCTGGAGATCCCTGGACCCAGTAAGAATAAGAAGGAAGGGTTGGT

ATTGATGTGTGTCTAGGCAGGACCTGTGGCCAAGTTCTTAGTTGCTGTATGTCT(
GTGGTAGGACTGTAGAAAAGGGAACTGAACATTCCAGAGCGTGTA

GTCTGAAACACGGGGGGCAGCAGAAGTCCAAGAAGATGAAGATACTCAGGTTG
AGGTTCCAGTCGATCAGAGGCCAGCAGAAATAGTAGACGAGGAAGAA

AGTGAACCTGGCAAACTTACCTCCCAGCTATCACAATGAGACCAACACAGACA
CGAAGGTTGGAAATAATACCATCCATGTGCACCGAGAAATTCACAAG
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DTNA

EFEMP1

EHF

EPCAM

EPHA3

FAM169A

FAT1

FBN1

GPRC5B

GSN

HEPH

IGFBP7

ITGBL1

NM_032981.4

NM_004105.3

NM_012153.3

NM_002354.1

NM_005233.5

NM_015566.2

NM_005245.3

NM_000138.3

NM_016235.1

NM_000177.4

NM_138737.3

NM_001553.1

NM_004791.1

GTTCCCAGATCAGCCTGAGAAGCCACTCAACTTGGCTCACATCGTGCCTCCCAC
ACCTGTAACCAGCATGAACGACACCCTGTTCTCCCACTCTGTTCCC

ACCTACGACAAACAAGTCCTGTAAGTGCAATGCTTGTGCTCGTGAAGTCATTAT
CAGGACCAAGAGAACATATCGTGGACCTGGAGATGCTGACAGTCAG

ATTTAGAAAAAGGTGATGCATCCTCCTCACATAAGCATCCATATGGCTTCGTCA
AGGGAGGTGAACATTGTTGCTGAGTTAAATTCAAGGGTCTCAGATG

AGAAGAGCAAAACCTGAAGGGGCCCTCCAGAACAATGATGGGCTTTATGATCC
TGACTGCGATGAGAGCGGGCTCTTTAAGGCCAAGCAGTGCAACGGCA

GAGGCCGGAAAGATGTTACCTTCAACATCATATGTAAAAAATGTGGGTGGAAT
ATAAAACAGTGTGAGCCATGCAGCCCAAATGTCCGCTTCCTCCCTCG

AACTTGAAGACGTGCCATTTTCACAGAATGCAGGACAGAAGAATCAGTCAGAG
GAGCAGTCTGAAGCATCTTCCGAGCAACTGGATCAGTTTACACAATC

ACCCAACCAGTGGTGTGATAGTGTTAACTGGTAGACTTGATTACCTAGAGACCA
AGCTCTATGAGATGGAAATCCTCGCTGCGGACCGTGGCATGAAGTT

CACTGAAGGCAGCTTCAAATGTCTGTGTCCAGAAGGGTTTTCCTTGTCCTCCAG
TGGAAGAAGGTGCCAAGATTTGCGAATGAGCTACTGTTATGCGAAG

GCCCTCTGGGTGATGAAGTGACCATCACATTTGGAAAGTGATCAACCACTGTTC
CTTCTATGGGGCTCTTGCTCTAATGTCTATGGTGAGAACACAGGCC

GATGGGAAAATCTTTGTCTGGAAAGGCAAGCAGGCAAACACGGAGGAGAGGA
AGGCTGCCCTCAAAACAGCCTCTGACTTCATCACCAAGATGGACTACC

CCAGCGTGCCTCACCTGGATCTACCATTCTCATGTAGATGCTCCACGAGACATT
GCAACTGGCCTAATTGGGCCTCTCATCACCTGTAAAAGAGGAGCCC

CCCAGAAAAGCATGAAGTAACTGGCTGGGTGA GGTATCTCCTCTAAGTAAGG
AAGATGCTGGAGAATATGAGTGCCATGCATCCAATTCCCAAGGACAG

GGTATATTTCTGGGGAGTTCTGTGACTGTGATGACAGAGACTGCGACAAACATG
ATGGTCTCATTTGTACAGGGAATGGAATATGTAGCTGTGGAAACTG
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JAG1

KRT7

KRT8

LAMB1

LDHA

LGALS3

LOX

LPAR1

LTBP2

LUM

MAP1B

MAP2

MMP2

NM_000214.2

NM_005556.3

NM_002273.3

NM_002291.2

NM_001165414.1

NM_001177388.1

NM_002317.4

NM_001401.3

NM_000428.2

NM_002345.3

NM_005909.3

NM_031845.2

NM_004530.2

TTGCTTGTGGAGGCGTGGGATTCCAGTAATGACACCGTTCAACCTGARGTATT
ATTGAAAAGGCTTCTCACTCGGGCATGATCAACCCCAGCCGGCAGT

GGGAACCATGGGCAGCAATGCCCTGAGCTTCTCCAGCAGTGCGGGTCCTGGG(
TCCTGAAGGCTTATTCCATCCGGACCGCATCCGCCAGTCGCAGGAGT

CCGTGCGCACCCAGGAGAAGGAGCAGATCAAGACCCTCAACAACAAGTTTGCC
TCCTTCATAGACAAGGTACGGTTCCTGGAGCAGCAGAACAAGATGCT

TTGCCAGGAGCTGCTACCAAGATCCTGTTACTTTACAGCTTGCCTGTGTTTGTG/
TCCTGGATACATTGGTTCCAGATGTGACGACTGTGCCTCAGGATA

AACTTCCTGGCTCCTTCACTGAACATGCCTAGTCCAACATTTTTTCCCAGTGAGT
CACATCCTGGGATCCAGTGTATAAATCCAATATCATGTCTTGTGC

CACGGTGAAGCCCAATGCAAACAGAATTGCTTTAGATTTCCAAAGAGGGAATG
ATGTTGCCTTCCACTTTAACCCACGCTTCAATGAGAACAACAGGAGA

CGCTACACAGGACATCATGCGTATGCCTCAGGCTGCACAATTTCACCGTATTAG
AAGGCAAAGCAAAACTCCCAATGGATAAATCAGTGCCTGGTGTTCT

CCTAATGGCTAATCTGGCTGCTGCAGACTTCTTTGCTGGGTTGGCCTACTTCTAT
CTCATGTTCAACACAGGACCCAATACTCGGAGACTGACTGTTAGC

CATCTCTCCCAGCTTAGCCTCTGGCTGTAAGCTTCGGTCATTGCCTCCATGCCC
TGCTTGGCTCAAGCACCACCAATCGCTTTAATGCTTCAGCCACCG

GCCATTATCCTACTCCAAGATCAAGCATTTGCGTTTGGATGGCAATCGCATCTC
AGAAACCAGTCTTCCACCGGATATGTATGAATGTCTACGTGTTGCT

CATATAGGATTATAGATACTTAAAGGAACACGTGGGTGAGCGTGTGTGGGGGT
ACTAGAAGCTGATCTGATTGGTCCAACAGTTTGATGCTGAGTCATGC

TACTCTGTATGCTGGGATTCCGAGGTTCCAACACACTGTTACAAATCTGTGGGG
GGTTTCTTTCTTCTGATAATTCTAGAGCCTGTTACCATAGAAAGGC

CCCGGAGGGGCCTGGCAGCCGTGCCTTCAGCTCTACAGCTAATCAGCATTCTC,
CTCCTACCTGGTAATTTAAGATTCCAGAGAGTGGCTCCTCCCGGTG
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MMP7

MOXD1

NALCN

NAV3

RCAN2

SH3YL1

SLC38A1

SNX17

SOX9

SPP1

TAP2

TBP

TGFB1

NM_002423.3

NM_001031699.1

NM_052867.2

NM_014903.4

NM_005822.3

NM_001159597.1

NM_001077484.1

NM_014748.2

NM_000346.2

NM_000582.2

NM_000544.3

NM_001172085.1

NM_000660.3

GTGCCAGATGTTGCAGAATACTCACTATTTCCAAATAGCCCAAAATGGACTTCC
AAAGTGGTCACCTACAGGATCGTATCATATACTCGAGACTTACCGC

GATGCATTCCTCACCTGTGAAACTGTGATTTTTGCCTGGGCTATTGGTGGAGAG
GGCTTTTCTTATCCACCTCATGTTGGATTATCCCTTGGCACTCCAT

TGGACGTGATCGTGGCGGCTAGCAACTACTACAAAGGAGAAACTTCAGGAGG
CAGTACGACGAGTTCTACCTGGCGGAGGTGGCTTTTACAGTACTTTT

CCAGCACTTCTTCTCTTTACTCTACAGCTGAAGAAAAGGCTCATTCAGAGCAAA
TCCATAAACTGCGGAGAGAGCTGGTTGCATCACAAGAAAAAGTTGC

GTGTCCTCTAGTGGAAGAAATAGTAGGCTCCGCTATTCAGATGCAGAGCACTGC
AGCATCCAGCCTTTCAAAGCTGACTCTTCTCAATCATCTGTGGGTC

AAAGGCCTTGCAATTCTGTCTGTGATCAAAGCCGGGTTCCTGGTGACTGCCAGA
GGAGGCAGCGGGATTGTAGTGGCGCGCCTTCCAGATGGAAAATGGT

TCTATGACAACGTGCAGTCCGACCTCCTTCACAAATATCAGAGTAAAGATGACA
TTCTCATCCTGACAGTGCGGCTGGCTGTCATTGTTGCTGTGATCCT

CTTTCCTTGTCCCCTGGGCTGGCTGCACAGAGGATTGCCCCTTCTCTTTTCAGA!
CTGGCCCTCGATGCCAAATTAGCATTTAGTATTTTGCACAAAGTC

CAGTGGCCAGGCCAACCTTGGCTAAATGGAGCAGCGAAATCAACGAGAAACTG
GACTTTTTAAACCCTCTTCAGAGCAAGGETGGAGGATGATGGAGAAT

CGCCTTCTGATTGGGACAGCCGTGGGAAGGACAGTTATGAAACGAGTCAGCTG
GATGACCAGAGTGCTGAAACCCACAGCCACAAGCAGTCCAGATTATA

GGCTTCCTTTAAATGCCAATGTGCTCTTGCGAAGCCTGGTGAAAGTGGTGGGG(
TGTATGGCTTCATGCTCAGCATATCGCCTCGACTCACCCTCCTTT

ACAGTGAATCTTGGTTGTAAACTTGACCTAAAGACCATTGCACTTCGTGCCCGA
AACGCCGAATATAATCCCAAGCGGTTTGCTGCGGTAATCATGAGGA

TATATGTTCTTCAACACATCAGAGCTCCGAGAAGCGGTACCTGAACCCGTGTTG
CTCTCCCGGGCAGAGCTGCGTCTGCTGAGGCTCAAGTTAAAAGTGG
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THBS2

TIMP1

TMEMZ200A

VWF

NM_003247.2

NM_003254.2

NM_052913.2

NM_000552.3

AAACATCCTTGCAAATGGGTGTGACGCGGTTCCAGATGTGGATTTGGCAAAACC
TCATTTAAGTAAAAGGTTAGCAGAGCAAAGTGCGGTGCTTTAGCTG

CGTGGGGACACCAGAAGTCAACCAGACCACCTTATACCAGCGTTATGAGATCA
AGATGACCAAGATGTATAAAGGGTTCCAAGCCTTAGGGGATGCCGCT

CCTTGTGSTTCCTTTGCCCAACACCAGTGAATCCTTCCAGCCCGTCAGCACAGT
GCTACCAAGGAATAATTCCATTGGGGAGTCGTTGTCGAGTCAGTAC

CACCTGCAACCCCTGCCCCCTGGGTTACAAGGAAGAAAATAACACAGGTGAAT
GTTGTGGGAGATGTTTGCCTACGGCTTGCACCATTCAGCTAAGAGGA
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Table 3.4 Three 20um sectionsvere enogh to isolate at leadiD0 ng of RNA from blocks witimore tharb mm of core biopsy

Number of 26um sections obtained

Length of core biopsy in the block 3 o p-value
0-5 mm 62.5% (5/8) 100% (21/21) 0.015
>5mm 99% (298/301) 100% (20/20) 1
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Table3.5. Transcript counts 088 fibrosisassociated genegere strongly correlated between paired fresh and FFPE liver

Paired fresh and FFP

Correlation

Paired fresh and

Correlation

sample ID coefficient p-value FFPE sample ID coefficient p-value
Explantl 0.934 <0.001 Explant9 0.971 <0.001
Explant 2 0.984 <0.001 Explant10 0.982 <0.001
Explant 3 0.969 <0.001 Explant1l 0.900 <0.001
Explant 4 0.924 <0.001 Explant12 0.962 <0.001
Explant 5 0.964 <0.001 Explant13 0.964 <0.001
Explant 6 0.969 <0.001 Explant14 0.912 <0.001
Explant 7 0.954 <0.001 Explant15 0.975 <0.001
Explant 8 0.974 <0.001
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Table 3.6. Biological annotation of the fibrosis genes

Gene syBiological annot RefGene Bi ol ogical annot Ref
symbol
ANTXR1 Induce extracelllar matrix synthesis 55y | Gpresg Signal transduction (33)
or crosslinking
: . . Expressed inibroblast or
AQP1 Expressed in hepatic progenitor cel (34) | GSN myofibroblast (35)
BICC1 Wnt signaling pathway (36) | HEPH lon or amino acid transpent (37)
C1orf198 Unknown IGEBP7 Induce gxtrgcellular matrix synthesi (38)
or crosslinking
c7 Inflammation 39) |meBL1 Indyce_ fibroblast or myofibroblast (40)
activation
CACNA2D1  lon or amino acid transpet 41) |JAGL Expressed in fibroblast or (42)
myofibroblast
CCL2 Inflammation (43) | KRT7 Expressed in hepatic progenitor cel  (44)
CCR5 Inflammation (45) | KRT8 Expressed in hepatic progenitor cel  (46)
CD24 Expressed in hepatic progenitor cel (47) | LAMB1 Induce e_xtrgcellular matrix synthesi (48)
or crosslinking
CDH11 Ind.uce. fibroblast or myofibroblast 49) |LcALs3 Indyce_ fibroblast or yofibroblast (50)
activation activation
CHI3L1 Inflammation 43) |Lox Induce e_xtrgcellular matrixyathesis (51)
or crosslinking
COL14A1 Induce e_xtrgcellular matrix _syntheS| . 52) | LPAR1 Indycg fibroblast or myofibroblast (53)
or crosslinking, HSCactivation activation
COL1A1 Induce e_xtrgcellular matrix §ynthe3| 9, 52) | LTBP2 Induce e_xtrgcellular matrix synthesi (54)
or crosslinking, HSCactivation or crosslinking
COL1A2 Induce e_xtracellular matrix _synthe3| @, 52) | LUM Induce e_xtrgcellular matrix synthesi (55)
or crosslinking, HSCactivation or crosslinking
COL3A1 Induce extracellular matrix synthesi . 52) | MAP1B Expressed in hepatic progenitor ¢el (56)

or crosslinking, HSCactivation

microtubule binding
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COL4A1

COL4A2

COL4A4

COLG6AS

CTGF

CXCL6

CXCR4

DCDC2

DKKS3

DTNA

EFEMP1

EHF
EPCAM

EPHA3

FAM169A

FAT1

Induce etracellular matrix synthesis

or crosslinking, HSCactivation (9.52)
Induce extraellular matrix synthesis ©, 52)
or crosslinking, HSCactivation ’
Induceextracellular matrix synthesis ©, 52)
or crosslinking, HSCactivation ’
Induce extracellular matrix synthesi ©, 52)
or crosslinking, HSCactivation ’
Induce extracellular matrix synthesi 9, 60)
or crosslinking, HSCactivation '
Inflammation (43)
Induce fibroblast or myofibroblast

o (43)
activation
Whnt signaling (64)
Whnt signaling (66)
Dystrophin (68)
Induce extracellular matrix synthesi

o (70)

or crosslinking
Epitheliakmesenchymal transition (72)
Expressed in hepatic progenitor cel (74)
Inflammation (76)
Unknown
Epitheliakmesenchymal transition (78)

MAP2

MMP2

MMP7

MOXD1

NALCN

NAV3

RCAN2

SH3YL1

SLC38A1

SOX9

SPP1

TAP2
TGFB1

THBS2

TIMP1

Expressed in fibroblast or
myofibroblast microtubule binding
Extracellular matrix degradation,
HSC, extracellular matrix remodelin
Extracellular matrix degradation,
HSC, extracellular matrix remodelin

lon binding

lon or amino acid transpart

Microtubule binding

Expressed in fibroblast or
myofibroblast nucleic acid binding
Induce fibroblast or myofibroblast
activation regulation of ruffle
assembly

lon or amino acid transpet

Induce extracellular matrix synthesi
or crosslinking, expressed in hepatic
progenitor cell

Induce extracellular matrix synthesi
or crosslinking

lon or amino acid transport

Induce extracellular matrix synthesi
or crosslinking, HSC

Induce extracellular matrix synthesi
or crosslinking

Induce extracellular matrix synthesi
or crosslinking, HSC, extracellular
matrix renodeling

TMEM200A Unknown
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(57)
(9, 58)
(9, 58)
(59)
(61)
(62)
(63)
(65)
(67)
(69)
(71)

(73)
(75)

(77)

(9, 58)




Induce extracellular matrix synthesi
or crosslinking

Induce extracellular matrix synthesi

FBN1 o
or crosslinking

(79) |vwrF (80)

HSC, hepatic stellate cell; Ref, reference.
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Table 3.7. Biological functions of the fibrosis genes

Biological function Genes

ANTXR1, COL1A1, COL1A2, COL3A1L, COL4AL, COL4A2, COL4A4, COL6A3, COL14AlL, CTG
EFEMP1, FBN1, IGFBP, LAMB1, LOX, LTBP2, LUM, SOX9, SPP1, TGFB1, THBS2, TIMP1,
VWF

ECM synthesis or cross
linking

Fibroblast or

: CDH11, COL1A1, COL1A2, COL3A1, COL4A1, COL4A2, COL4A4, COLBA3, CTGF, CXCR4,
myofibroblast or HSC

ITGBL1, LGALS3, LPAR1, MMP2, MMP7, SH3YL1, TIMP1

activation
Collagen COL1A1, CA.1A2, COL3A1, COL4AL, COL4A2, COL4AA4, COLBAS, COL14A1
Inflammation C7, CCL2, CCR5, CHI3L1, CXCL6, EPHA3

Hepatic progenitor cell AQP1, CD24, EPCAM, KRT7, KRT8, MAP1ESOX9

ECM, extracellular matrix. HSC, hepatic stellate cell.
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350 clinical liver biopsies
obtained between year
1997 and 2016

v

Measure the length of core
biopsy in block

v

15 paired explanted livers
(15in FFPE, 15 in RNA
later)

RNA isolation

—>

Exclude two samples
with low RNA vyield

Y

348 FFPE needle biopsies
analyzed by NanoString
gene expression assay

30 explant livers
analyzed by NanoString
gene expression assay

Sg m ptle Intra-operator Inter-operator Inter-lot FFPE versus fresh
ti':paptlijon reproducibility reproducibility reproducibility samples

Figure 3.1.Study desgn.
FFPE, formalirfixed paraffirembedded.
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A B (5-6 hours) C (22-23 hours) D (2.5 hours)

Liver needle biopsy Count
routine paraffin block barcodes on
preparation for histology cartridge

A .
"ﬁi‘, Fixed in formalin
. owernight, embed

in paraffin block

[[e &6 nours an hane) ]
\
N

Deparaffinization RNA isolation
% > >
20em sections

V Probes addition and hybridization

0 (12 samples per run) Remove excess probes,
immobilize and align

hybridized probes to cartridge |

7

nCounter Prep Station (automated)

Sample (target RNA)

00000~ = Probe A Probe B\\O \M“N

0 4
Reporter tag Capture tag 4
| 4
Cartridge
D (2.5 hours)
4 Barcode Gene Count
wuyy 00000
l\\)-f' A 3
Digitally count 00000
barcodes on cartridge 0000
> ® B 2
00000
@000 C 1
nCounter Digital Analyzer (automated)

Figure3.2.2NanoString gene expression assay
From the time of clinical biopsy procurement, NanoString gene expression results
obtained within 1.5 days and only 7 hours haodgime.
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Sample 1 Sample 2
[FU] [FU]
RIN =2.2 RIN =2.3
20 | 50
10 ! ", N
{I _’ - . Lt S—— U v b - -
T T T 1 T T T T T 1 T
25 200 1000 4000 [nt) 25 200 1000 4000 [nt]
Sample 3 Sample 4
[FU] FU]
RIN=24 RIN=24
100 \ 100
50 e 50
0 T , 0 ! . N
T 1 T T T T 1 | T T
25 200 1000 4000  [nt) 25 200 1000 4000  [nt]

Figure 3.3. Representative chromatogram for four RNA samplesrom four unique
clinical liver biopsieswith respective RNA integrity number (RIN).
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Figure 3.4. Total RNA vyield was significantly correlated with the length of core
biopsy, but not with the age of paraffin block.
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total RNA yield.(B) Age of the paraffin blockid not correlate with the total RNA vyiel
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Figure 3.5. Normalized transcript counts of 68 fibrosis-associated genes in fres
biopsies were strongly correlated with 15 paired FFPE biopsies.

(A) NormalizedmRNA transcript counts in paired fresh and FFPE samples were nor
distributed. (B) Scatter plot of the normalizednscript count®f 68 fibrosisassociatec
genesobtained from 15 paired fresh vs. FFPE sampesmalized transcript counts i
fresh samplebad astrong correlation with paired FFPE samples (r=0.944, p<0.001
Correlation heatmap of the normalized transcript coah@8 hepatic fibrosimssociatec
genesn 15 paired fresh and FFPE samples.
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Figure 3.6. NanoString gene expression assay hatbbust reproducibility across

different RNA input quantities.

Four RNA samples from four unique clinical liver biopsiegere analyzedusing

NanoString with different RNA input quantities (50, 100, 200, 400 Hgg.results for 5(
(red diamond), 200{lack square), and 40@feentriangle) ng of RNA input quantitie
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amount of 100 ng. The scatter pligmonstratedormalized transcript counts 8 hepatic
fibrosis-associated genegerestrongly correlated in repeat ruwgh different RNA input
quantities.
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Figure 3.10. NanoString gene expression assay Harobust inter-lot reagents
reproducibility.
Two RNA samples from two unique clinical liver biopseere analyzed acreghree
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normalized transcript counts o068 hepatic fibrosimssociated genewere strongly
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Figure 3.11. The fibrosis gene signature increased progressively with histologic.
fibrosis stage.
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(Figure 3.11 continued) The fibrosis gene sets were grouped based on biolo
function, including (A) extracellular matrix synthesis or crlisking (23 genes)(B)

inducing hepatic stellate cell and/or fibroblast and/or myofibroblast activdtiogenes)
(C) collagen geng8 genes)(D) inflammation gene genes)and (E) hepatic progenitc
cell markers (7genes). (F) Theexpression offibrosis genes predistprogression tc
advanced fibrosignd poor outcome. Error bars represesd mean = standard error ¢
mean.
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4.17 Introduction

Currentl, there aremore than two billion patients worldwide who farf from
chronic liver disease. Thenost common causes arenalcoholic fatty liver disease
(NAFLD), viral hepatitis B alcoholic liver diseaseand viral hepatitis C (HCV)with
prevalence ratesf 25.24%, 3.61%, 2.05%, dn100% worldwide, respectively1-4).
Patients with chronic liver disease can behave as @psibow/no progressors, with time
progressionto advanced fibrosis ranging from a feways to several decadés 6) As
advanced fibrosis is the common final pathway that leagsow clinical outcomes (liver
decompensation, need for liver transplantatiand premature deajh recent clinical
guidelines strongly recommerttiat not only patients with advanced fibrosis should be
considered for lifestyle changes or pharmacotherapy, but also patignéarlyfibrosis (FO
or F1) who are athigh-risk of progressingo advanced fibrosi§7, 8) Previousstudies
identified severatommonrisk factorsof fibrosis progressiom chronic liver diseases, such
asolderage, excessive alcohol consumption, and obéityl). However, no single clinical
variablecan reliablypredict highrisk for progressionio advanced fibrosis and podmical

outcome in individual patients especiallyhen the patient iatearly stage

Histopathology assessment of liver biopsmains the gold standard for staging liver
fibrosisthatprovides clinically importantiagnostic informationbut it cannotprovide risk
stratificationfor progressingo advanced fibrosis or poatinical outcome (12). This is
because liver fibrosis is a heterogeneous condition, with intervals of progression and
regression, and thus patients with the same histological fibrosis stag@resdddifferent

histopathological changes and clinical outcorogsr time. The inherent limitations of
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histopathology have led to the development of-mwasive diagnostic tests (imaging
methods, serum biomarkers), but thessts caronly detect fibrosisf present at the time of
diagnostic tests butannot predict diseasprogressior{13). Thereforethere is an urgent
clinical need for a surrogate biomarker gredict fibrosis progressionand poorclinical

outcome in patientswith early stagehronic liver disease.

Increasing evidence indicat#tht genetic factors have a major influence on fibrosis
progression, but less is known of the relationship betweeasfi progression and gene
expression alterationgl4). Previous studieshowed thatnRNA expression of several
fibrosis genes can predict fibrosis progression in edblpgis stage$l5, 16) However,
these findings were conducted in small cohorts of patihnis remain unreplicateshd also
it is unknownif these genes can predatinical outcomeg15, 16) In Chapter 2] identified
and validated @ommon48-gene signaturgvith over 9346 of accuracyor advanced liver
fibrosis, independent of etiologies, Inyicroarraybased whole genomganscriptomics
However, the prognostivalue of the 48ene signatures unknown Patients with recurrent
HCV after liver transplantatioare known to haveacceleraté fibrosis progressignthus
sequential biopsies from recurrent HCV can serve as a human model for progressive liver
fibrosis In this chapterusingposttransplanpatients with recurrent HCYefore the era of
newdirectacting antiviral treatmentd aimto analyze if the 48ene signature can predict

progression to advanced fibrosis, liver decompensation, anerdilated detin.

4.27 Materials and methods

4.2.17 Patients

This researchusedposttransplantpatients with recurrent HCV ashamandisease
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model for fibrosis progressionPosttransplant patients with HCV recurrence from
Edmonton and Toronto between 2004 and 20&#e identified(Figure4.1). Patients were
retrospectively includeif they hadan early (median:-6honths) and late (mediarn:3years)
liver biopsy postransplantatiorwith leftover archived formaliiixed paraffirembedded
(FFPE) tissue. A total of BEdmonton patienasnd60 Toronto patients were included in the
study. The study was approved by the institutional review lodahg University of Alberta

and University of Toronto

4.2.27 Treatment of recurrent viral hepatitis C

Recurrent HCV infectin was definedsthe detection of HCV RNA in the serum
and/or liverafter liver transplantationPrior to April 2014, recurrent HCVpatients were
treated with Peginterferon and/or Ribavirin with or without BocepréMier April 2014,
recurrent HCV patients were treated with Sofosbuwwontaining regimensSustained
virologic response (SVR) was defined as undetectable serum HCV RNA at 24 weeks after
completion of Peginterferon and/or Ribavirin with or without Boceprevir thefapy For
patients who were treated with Sofosbwsantaining regimens, SVR was defined as

undetectable serum HCV RNA at 12 weeks after completion of thétapy

4.2.31 Histopathological assessment

Histopathological evaluation of representative stained slides was independently
performed byliver pathologists according to the Metavir classification system to grade and
stagerecurrent HCV diseagd8). Scoreghat were not provided as an integer were rounded
in the analysis to a higher grade or stage (e.g., stdgeds rounded to 1 and stage Wvas

rounded to 2)(19). All histopathological evaluations were blinded to the clinical and

203



molecular data

4.2.47 RNA isolation

Reeda Gill assisted with the RNA isolati@ne to three consecutive-pn sections
were obtained from eaddtinical liver biopsywith equpment sterilization with RNase away
reagent (Ambion, Carlsbad, CA) and microtome blade replacement between $tmtians
were thertakenimmediately intoa sterile 1.5mL DNaseRNase free microcentrifuge tube
for subsequenRNA extraction usinga RecoveAll Total Nucleic Acid Isolation Kit
(Ambion, Carlsbad, CA)Precipitated and drieRNA was dissolved iilDNaséRNasefree
distilled waterand the concentration anguality were measured by NanoDrop 2000

spectrophotometer (Thermo Fisher Scientific, WalthisiA).

4.2.51 NanoString gene expression quantification

This chapteranalyzed 52 genes. Of the 52 genes, 48 wpmegulatedn advanced
liver fibrosis discovered in Gapter 2 and four were housekeeping gerfésble 4.1).
Oligonucleotide probe sequemsasf 52 genes were designed and synthesized by Integrated
DNA Technologies (Coralville, IAjTable 4.1) Probes were hybridized to-A00 ng of total
RNA for 18 hours at 67 degrees. After hybridization, excess probes were removed and
hybridized probes welienmobilized and aligned on the streptavidimated cartridge by the
nCounter Prep Station (NanoString Technologies, Seattle, WA). Gene expression was

guantified by the nCounter Digital Analyzer (Nana&jrTechnologies, Seattle, WA).

4.2.67 NanoString data preprocessing

Quality control and normalization of raw NanoString transcript counts were
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performed by nSolveAnalysis Software version 4.0 (NanoString Technologies, Seattle,
WA). Background noise was adjusted by subtracting the geometric mean ofesnain
negative controls of each sample. Genes with transcript counts less than the geometric mean
of the negative controls were floored to a value oAfter background noise adjustment,
transcript counts were normalized withe geometric mean of thexsinternal positive
controls followed by normalization to the geometric mean of four housekeeping genes in
each sampleTwo lots of NanoString reagentaere utilized during the study.hus, two

consistent reference samples wanalyzed ireach lotfor lot-to-lot normalization

4.2.717 Study endpoint

The study endpointvasprogression t@adverseoutcanes, defined agprogressed to
any one of the following: advancd fibrosis, liver decompensatignneed for liver
transplantation, otiver-related deathProgession toadvanced fibrosis was defined as
Metavir fibrosis stage 3 or 4 iate oranyotherfollow-up biopsies or Fibroscan >10.9 kPa
in follow-up clinical visits(20). Liver decompensation was defined aagtiosis of anyf
the following: ascites, hepatic encephalopathy, variceal bleeding, or hepatorenal syndrome
(21). Liver-related death was defined as death caused by liver failure: nearest liver function
test wth total bilirubin > 50 umol/L andnternational normalized ratidNR) > 1.7 before

death(22, 23) The time to endpoint was calculated using the date of biopaydeent

4.2.81 Statistical analysis

Aggregate gene set expression was determined for each biopsy by calculating the
geometric mean of the normalizednscriptcounts of 48 fibrosis genes “f@ne signature).

Continuous variables were presented as median and interquartile range (IQR) anctahtegori
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variables were presented as number and percentage. All data were compared between groups
using ManAWhitney Ut e st f or conti nuous variables and
variables.Survival analyses were performed after biopsies wighkhpbri Meier method

usinga log-rank test and univariate and multivariate medeith Cox regressiomethod.

The assumption of proportional hazards over time was verified using thledographic

method and met by all covariates. Potential linearity of catesiwas investigated by
collinearity diagnostics befonaultivariate survival analysill tests witha two-sidedp-

value <0.05 were considered significant. All analyses and figures were perfamded
generatedising the SPSS 25 statistical software (IBMmonk, NY, USA), Excel 2010

(Microsoft Corporation, Redmond, WA)r R-program (version 3.3.2http://www.r-

project.org with the ggplot2 package.

4.37 Results

4.3.17 Patient characteristics

This studyanalyzed 6 Edmonton and 60 Toronto patients widturrent HCVafter
liver transplantation (Figure 4.1). Table 4.2 summarittesl clinical characteristics of
Edmonton and Toronto patients. Median age at transplantation was 54.9 and 58.1 years old
for the Edmonton ad Toronto patients, respectivelyifty (80.6%) Edmonton patients had
no or mild fibrosis (FO or F1) antR (19.4%) had moderate fibrogis2) in early biopsy
Fifty-five (91.7%) Toronto patients had no or mild fibrosis, 4%6.had moderate fibrosis
and 1 (1.7%) had advanced fibrosis (F3) in early biopskhere were no significant
differences between Edmonton and Toronto patiesitts respect to fibrosis stage both

early and late biopsies (p=0.12, 0.09, respectively). However, Edmonton patients had
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significantly longer followup period than Toronto patients (median 8.4 vs. y&ars,
p<0.001)and this resulted imore Edmonton patientgith progressiorno adverse outcomes
comparedo Toronto patients (41.9% vs. 13.3%, p=0.00)this chapterprogressed to
adverse outcomesfer todevelopment of any of the following during follewp: progression
to advancd fibrosis, liver decompensatigmeed for liver transplantation, tiver-related
death Therewas also heterogeneity between patients from twaoters with respect to
immunosuppressivéerapy and HCV genotype (Table ¥.2Zhese heterogeneities may help
to ensure thathe 48-gene signature has reabrld applicability across heterogeneous

populations of recipients with differedtug treatmentand HCV genotype

4.3.27 RNA quantity, quality and NanoString quality control

Adequate RNA was isolated from all 184 liver tissues for NanoString gene
expression assay. Tlygiality (A2e0o/A2s0 Spectrophotometry ratio) dfeisolated RNA was
between 1.65 an@.05, which memanufacturerecommended specifications. No quality
control or normalization flags were encountered during nSolver analysis for any of the

samples

4.3.37 Distribution of the histological fibrosis stageand the 48gene signature in

Edmonton early biopsies

Of 62 Edmonton patients, 32% (6 of 19) with FO fibrosis, 35% (11 of 31) with F1
fibrosis, and 75% (9 of 12) wi F2 fibrosis in early biopsy progressedttverseoutcomes
Biopsieswith a 48gene signature greater than 64.36 (the meafid&-gene signaturan 62

Edmonton early biopss) were assignedshaving ahigh 48gene signature (Figuee2A).
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Therewere significantly more gtients witha high 48gene signaturprogressed tadverse
outcomesomparedo patients with dow 48-genesignature (65% vs. 19%, p=0.001, Figure
4.2B). When only patients with FO &1l fibrosiswereanalyzedthere were also significantly
more patients witla high 48gene signaturerogressed tadverseoutcomescomparedo
patients with dow 48-gene signaire (50% vs. 21%, p=0.040, Figu4&B). However the
percentage of patients progressed to adverse outcomes were similar bebvaen F1

fibrosisin early biopsy(32% vs. 35%, p=1.00)

Of 62 Edmonton patientsrggressorgpatients who progressed to atkeoutcoms)
had significantly higher 48ene signature arfdgherhistological fibrosis stage compared
the nonprogressors in early biopgp=0.003 and 0.048, respectivelffigure 4.3A and
4.3B). Of the 50 Edmonton patients with FOFL fibrosisin early biopsy progressors had
significantly higher 48jene signature compartmnon-progressors (p=0.013, Figu4eC),
but similar histological fibrosis stageetween progressors and Ammgressorgp=0.779,
Figure4.2D). This showed histological fibris stage cannot predict adverse outceime

patients withF0 or F1fibrosis.

Of the 12 Edmonton patients with FBrosisin early biopsythere were significantly
more patients witla high 48gene signaturerogressed tadverseoutcomescomparedo
patients with alow 48-gene signatur¢100% vs. 0%, p=0.005;igure 4.2B). Moreover,
progressors had significantly higher -g¢8ne signature comparei non-progressors
(p=0.009,Figure 4.3. This showed the 48ene signature coulatccurately classifpatients
with the same histological fibrosis staigéo distinct prognostic categoriethus providing

additional prognostic information.
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4.3.47 The 48gene signature inEdmonton early biopsies with FO orF1 fibrosis

predicts adverseoutcomes, but histological fibrosis stage cannot

Edmontonpatientswith a high 48gene signature and higher fibrosis stage in early
biopsy had significantly higher probabilitf progression to adverse outcawiring the
follow-up periodwhile taking time intaccount in KaplatMeier analysiglog-rankp<0.001
and 0.001, respectivelyFigure 4.5A and 4.5B). When only the patients with FG=br
fibrosis were analyzed patients with a high8-gene signature had significantly higher
probability of progression t@adverseoutcome comparedio patients witha low 48-gene
signature (50% vs21%, logrank p=0.030, Figure 449, but histological assessment
comparisons betweeRr0 and F1fibrosis patients showed no statistically significant
differences(32% vs. 35%, logank p=0.482,Figure 4.8). This showedthe 48gene

signature can pdictadverseoutcome earlier than histology

Of the 12 Edmonton patients with EBrosisin early biopsyall patients with a high

48-gene signaturprogressed tadverseoutcome (100% vs. 0%, logank p=0.011Figure

4.7).

4.3.57 Variables associated withprogression toadverseoutcomes

Univariate and muivariate Cox regression analgseere used t@nalyzepotential
variables for progression to adverse outcaménivariate analysis revealeddmonton
patiens with older age at transplaatton, older donor agéjgher Metavir fibrosis stage and
ahigh48-gene signature in early biopsy were significantly associatedneiteased risk for
progression to adverse outcosnghereas SVR was significantly associatgth decreased
risk for progression to adverse outcanf€able 4.3. Histological activity score was not
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significantly associated with progression to adverse outs@iie=1.87; 95% ClI, 0.8@.38;

p=0.15).

Multivariate analyses includedll variables witha p-value <0.05 in univariate
analysis (ecipient ageat transplantatigndonor age, HCV treatment responsé/etavir
fibrosis stagen early biopsyand 48gene signature in early biogsypueto limited number
of patients progressed &olverse outcomes%£26), multivariate models were limited three
variablesto avoid modebverfitting. To analyzethe effect of 48yene signature predicting
progressiorto adverse outcomesix modelswere built 48-gene signature in early biopsy
with recipient agat transplantatiorandMetavir fibrosis stage early biopsymodel 1);48
gene signature in early biopsyith donor age and/letavir fibrosis stagen early biopsy
(model 2);48-gene signature in early biopsyth recipient ageat transplantatioanddonor
age(model 3) 48-gene signature in early biopsyth recipient ageat transplantatiomand
HCV treatment (model 4}48-gene signature in early biopsyith donor age and HCV
treatment(model 5);48-gene signature in early biopsyith HCV treatment and/etavir
fibrosis stagein early biopsy(model 6) (Table 4.3). A high 48gene signature was
significanty and independentlgssociated witlprogression to adverse outcomesihsix

multivariatemodels

Multivariate analysis repeated with all variables with p<QrD&nivariate analysis
provided the same conclusions as abévhigh 48gene signature was the most significant
independent predictor for progression to adverse oute@rte=4.47; 95% CI, 1.711.78

p=0.002) (Table 44
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4.3.671 Distribution of the histdogical fibrosis stageand the 48gene signature in

Edmonton late biopsies

Of the 62 Edmonton patients, 14% (1 of 7) with FO fibrosis, 19% (4 of 21) with F1
fibrosis, and 43% (10 of 23) with F2 fibrosis late biopsy had progressed @dverse
outcome. Udng thecutoff (48-gene signature = 64.3@grived in Edmonton early biopsies,
Edmonton late biopsies with a-4f@ne signature greater than 64v8&e assignedshaving
a high 48gene signature={gure 48A). Therewere significantly more patients withhigh
48-gene signaturprogressed tadverseoutcomesomparedo patients with dow 48-gene
signature(62% vs. 12%, p<0.001)Vhen only patients with F@;1, or F2fibrosis were
analyzed there were also significantly more patients wihhigh 48gene gjnature
progressed tadverseoutcomesomparedo patients with dow 48-gene signatur@8% vs.

8%, p=0.002)However, the percentage of patients progressed to adverse outcomes were
similar across FOF1, and F2fibrosis in late biopsy(14%, 19%, and 43%respectively,

p=0.149).

Of the62 Edmonton patientsyggressors had significantly higher-¢8ne signature
and histological fibrosis stage compatedon-progressors in late biopsies (both p<0.001,
Figure 4.9A and 4.9B). When only patients with-IFD fibrosis wereanalyzed progressors
had significantly higher 48ene signature comparéal non-progressors (p<0.001, Figure
4.8B), but progressors only had marginallysignificant higheristological fibrosis stage
compared to noprogressorgp=0.052) (Fgure 48C). When only patients with FO d¥l
fibrosis wereanalyzed progressors had marginallysignificanthigher 48gene signature
comparedo non-progressors (p=0.051, Figure B)3 but similar histological fibrosis stage
between progressors vs. apiogressorgp=0.780, Figure SE). These results supported
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that the 48yene signatureanpredict adverse outcorsearlierthan histology.

4.3.7 1 The 48gene signature inEdmonton late biopsies without advanced

fibrosis predicts adverseoutcomes, but histological fibrosis stag cannot

Here, @mtients with FEF2 fibrosisin late biopsywere analyzetbecause of the small
sample size and evenifsonly include patients with FO oF1 fibrosis(n=28, events=5)
Patients with digh 48gene signature had signidiatly igher probability of progressicio
adverseoutcome comparedo patients with dow 48-gene signaturevhile taking time into
account in KaplatMeier analysis(48% vs. 8%, logank p=0.0@, Figure 4.18), but
histological assessment comparisons ketw0, F1, and F2fibrosis patients showed no
statistically significant differencel4%, 19%, and 43%, respedaly, logrank p=0.208,
Figure 4.10B). Thishowedthe 48gene signature can early predaclverseoutcoms, but

histological fibrosis stageannot

4.3.87 Validation of the 48-gene signature in Toronto early biopsies

Of 60 Toronto patients, 9% (2 of 22) with FO fibrosis, 15% (5 of 33) with F1 fihrosis
and 0% (0 of 4) with F2 fibrosis in early biopsy progresseddwerseoutcome during
follow-up. Using thecutoff (48-gene signature = 64.38rived in Edmonton early biopsies,
Toronto early biopsies with a 4§ene signature greater than 64vB&e assignedshaving
ahigh 48gene signature (Figure 4 AL Therewere significantly more patientgith ahigh
48-gene signaturprogressed tadverseoutcomessomparedo patients with dow 48-gene
signaturg(27% vs. 3%, p=0.009) (Figure 4B)J1 When only patients with FOr F1 fibrosis

were analyzed therewere also significantly more patients wighhigh 48gene signature
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progressed tadverseoutcomesomparedo patients with dow 48-gene signaturé25% vs.
3%, p=0.035) (Figure 4.B). However, the percentage of patients progressed to adverse

outcomes were similar betweEf and FXibrosis (9% vs. 15%, p=0.689).

Of 60 Toronto patients, rpgressors had significantly higher-d48ne signature
comparedto the nonprogressors in early biopsies (p=0.0G2gure 4.12\), but simiar
histological fibrosis stagg=0.404, Figure 4.12B). When only patiewith FO orF1fibrosis
wereanalyzed progressors still had significantly higherg8ne signature compartexnon-
progressors (p=0.008, Figure 4Q)1 but similar histological filrosis stagebetween
progressors vs. ngporogressorgp=0.513, Figure 4.11D These walidated resultshowed

that the 48ene sigature can prediedverseoutcome in patients earlier thahistology.

4.47 Discussion

This chapteshowedfor the firsttime using patients with recurrent HCV aftierer
transplantation as a diseasedal for fibrosis progressigra 48fibrosis gene signature in
liver tissue can predictadverse outcomes (development ofadvancd fibrosis, liver
decompensatigmeed for liver transplantation, diver-related deathduring followup.
Early prediction ofadvanced fibrosis has been recognized as an effective strategy to
substantially impact prognosis in patients with chronic liver dis€24¢ However,
histopathdogy assessment of liver biopsy poorly prediatve for advanced fibrosis and
liver-related outcome in early disease stagdhis 48-gene signaturdest can provide
personalized risk stratification for fibrosis progressamal poor livetrelated outcomethat
cannot be obtained bystologyandthe testtanbe easilyimplemented ito a clinical assay
platform.
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Early prognostic prediction for patients with chronic liver diseasenportantin
clinical management as patiemtshigh-risk should be considered for lifestyle changes or
timely treatmentbefore development of advanced fibrosiBhe importance of early
diagnosing advanced fibrosis was indicated in a phase filardtic drug trial.Simtuzumab
a drug targeting LOXL2 to prevent crelgskage of collagen, was recenflyundineffective
in decreaing fibrosis in noralcoholic steatohepatitis and HCV patients with advanced
fibrosis (25, 26) One explanation of the failuretisatthese patient&eretoo advanced and
werenot amenable to fibrinolysis &ftinhibition of collagen croslinkage. Mauro et al. also
reported regression of fibrosis was unlikely in HCV patients with cirrhosis and clinically
significant portal hypertension even after successful antiviral the@f)y These results
showedhe importance of predictirgdvanced fibrosis eargndtimely clinical management
before development of advanced fibrodibe 48-gene signatureould serve as a clinical
surrogate biomarker test to early identifighirisk patients who may benefit from the
upcoming antifibrotic drug treatments to prevent progression to advanced famdgimor

liver-related outcon®

Many previous studies hadiscovered gene expression profile associated with
advanced fibrosigiiliver tissue from patients with chronic liver disea@&32). However,
to the best oy knowledge, only three studies analyzed the gene expression profile in liver
tissue withHCV to predict fibrosis progssion (15, 33, 34) Using microarray gene
expression profiling, Smith et al. found recurrent HCV patients with early progressive
fibrosis had upgregulated expression markers of myofibroblasts comparngatiemtswithout
progressive fibrosis (15). Similarly, Munshaw et al. found the expseon of

butyrylcholinesterasen hepatocyte decreased before the onset of advanced fiB38%is
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Marcolongo et al. discovered a score based on seven-singlieotide polymorphisms can
predict fibrosis progression in males with HCV, but not in fem@dé$ A major difference
betweerthis study andthe earlier onesvasthe findings in this chapter wevalidated in a
independent cohort of patients from #&etient center, rather thamly a single center study
without external validation. Thisensured thatthe 48gene signaturéhave reahworld

applicability across heterogeneous populations of patients.

This study hadwo limitations thatvereimportant to acknowledge. First, the follow
up time after transplantation for the Toronto patients is relatively short (median 3.1 years)
and thisresuted inlimited number of events. Validation imatherindependent data set with
longer followrup period should be performed to assure the confidence in the results. Second,
| used patients with recurrent HC\As a disease model becaubese patients have
accelerated fibrosis progression compared to other chronic liver diggdasésiture studies
should asess the 48ene signature in other liver diseases, especially in NAFLD, as currently
there are no baseline clinical, histologic, or biochemical variables that could pA&CD

progression and the high prevalencehid diseasglobally (36).

This chapter showedsing patients with recurrent HCV after transplantation as a
disease modédobr fibrosis pogressionthe 48gene signaturesasableto predictprogression
to advanced fibrosis and poor liveelated outconeearlier thanhistology This 48gene
signaturemaybe incorporated and validated into future clinical studies of different chronic

liver diseases for early prediction fabrosis progression
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Table4.1. The list of 48gene signaturand four housekeeping genes

Gene Official gene name Accession number Probe sequence
GATGGGGGTCCAGCCTGCTACGGCGGATTTECCT
ANTXR1 Anthrax toxin receptor 1 NM_018153.3 GTACTTCATTTTGGACAAATCAGGAAGTGTGCTGC
ACCACTGGAATGAAATCTATTACTTTGTGG
CTGGGATTCTACCGTAATTGCTTTGTGCCTTTGGGC
AQP1 Aquaporin 1 NM_198098.1  ACGGCCCTCCTTCTTTTCCTAACATGCACCTTGCTC
CCAATGGTGCTTGGAGGGGGAAGAGATC
. . o CACGGTCATCATATGTCAACATGCAGGCATTTGAC
BICC1 B;g?eifr?T"y RNADININg  \M 0010805121 TATGAACAGAAGAAGCTATTAGCCACCAAAGCTAT
b GTTAAAGAAACCAGTGGTGACGGAGGTCAG
. CTCAACAAGCCCAATATTCCCTCCAAGTTCTTCTTG
C1orf198 ffgrrr‘]’emfggme 1 openreadin¢ \ 1 001136495.1 GTGCTGAGGGCTGTAGGAATTATTGAAAGCTTCTG
CCTCACTTAGTATCGTCTGGGECCAGCA
ATGCTTTTGAAACACAGTCCTGTGAACCTACAAGA
Cc7 Complement component 7 NM_000587.2 GGATGTCCAACAGAGGAGGGATGTGGAGAGCGTT
TCAGGTGCTTTTCAGGTCAGTGCATCAGCAA
Calcium channel, voltage TCTTATGATTATCAGTCAGTATGTGAGCCCGGTGCT
CACNA2D1  dependent, alpha 2/delta  NM_000722.2  GCACCAAAACAAGGAGCAGGACATCGCTCAGCAT
subunit 1 ATGTGCCATCAGTAGCAGACATATTACAAA
ATAGACACTCCCCGAAGTCTTTTGTTCGCATGGTCA
CD24 CD24 molecule NM_013230.2  CACACTGATGCTTAGATGTTCCAGTAATCTAATAT
GGCCACAGTAGTCTTGATGACCAAAGTCC
Cadherin 11, type 2, OB CAGGAAGCCAAAGTCCCAGTGGCCATTAGGGTCCT
CDH11 it ! NM_00179.2 TGATGTCAACGATAATGCTCCCAAGTTTGCTGCCC
CTTATGAAGGTTTCATCTGTGAGAGTGATC
CTTTAAGTCCACCAAGAAACCTGAGAATCTCCAAT
COL14A1 Collagen, type XIV, alphal NM_021110.1  GTTGGCTCTAACAGTGCTCGATTAACCTGGGACCC
AACTTCAAGACAGATCAATGGTTATCGAAT
CAGAAACATCGGATTTGGGGAACGCGTGTCAATCC
COL1A1 Collagen, type I, alphal  NM_000088.3  CTTGTGCCGCAGGGCTGGGCGGGAGAGACTGTTC]

GTTCCTTGTGTAACTGTGTTGCTGAAAGAC

216



COL1A2

Collagen, type I, alpha 2

NM_000089.3

CCAATGGATTTGCTGGTCCTGCTGGTGCTGCTGGT(
AACCTGGTGCTAAAGGAGAAAGAGGAGCCAAAGG
GCCTAAGGGTGAAAACGGTGTTGTTGGTCC

COL3A1

Collagen, type lll, alpha 1

NM_000090.3

TTGGCACAACAGGAAGCTGTTGAAGGAGGATGTTC
CCATCTTGGTCAGTCCTATGCGGATAGAGATGTCT
GGAAGCCAGAACCATGCCAAATATGTGTCT

COL4A1

Collagen, type IV, alpha 1

NM_001845.4

TGGGCTTAAGTTTTCAAGGACCAAAAGGTGACAAG
GGTGACCAAGGGGTCAGTGGGCCTCCAGGAGTAC(
AGGACAAGCTCAAGTTCAAGAAAAAGGAGA

COL4A2

Collagen, type IV, alpha 2

NM_001846.2

GGCATTTCCTTGAAGGGAGAAGAAGGAATCATGG
GCTTTCCTGGACTGAGGGGTTACCCTGGCTTGAGT
GGTGAAAAAGGATCACCAGGACAGAAGGGAA

COL4A4

Collagen, type IV, alpa 4

NM_000092.4

TATATGGGAGTGGAAAGAAATACATTGGTCCTTGT
GGAGGAAGAGATTGCTCTGTTTGCCACTGTGTTCC
TGAAAAGGGGTCTCGGGGTCCACCAGGACC

COLG6AS

Collagen, type VI, alpha 3

NM_004369.3

AGAGCAAGCGAGACATTCTGTTCCTCTTTGACGGC
TCAGCCAATCTTGTGGGCCAGTTCCCTGTTGTCCGT
GACTTTCTCTACAAGATTATCGATGAGCT

CXCL6

Chemokine ligand 6

NM_002993.3

AGTAACAAAAAAGACCATGCATCATAAAATTGCCC
AGTCTTCAGCGGAGCAGTTTTCTGGAGATCCCTGG
ACCCAGTAAGAATAAGAAGGAAGGGTTGGT

DCDC2

Doublecortin domain
containing 2

NM_016356.3

GTCTGAAACACGGGGGGCAGCAGAAGTCCAAGAA
GATGAAGATACTCAGGTTGAGGTTCCAGTCGATCA
GAGGCCAGCAGAAATAGTAGACGAGGAAGAA

DKKS3

Dickkopf WNT signaling
pathway inhibitor 3

NM_001018057.1

AGTGAACCTGGCAAACTTACCTCCCAGCTATCACA
ATGAGACCAACACAGACACGAAGGTTGGAAATAA
TACCATCCATGTGCACCGAGAAATTCACAAG

DTNA

Dystrobrevin, alpha

NM_032981.4

GTTCCCAGATCAGCCTGAGAAGCCACTCAACTTGG
CTCACATCGTGCCTCCCAGACCTGTAACCAGCATG
AACGACACCCTGTTCTCCCACTCTGTTCCC

EFEMP1

EGF containing fibulidike
extracellular matrix protein 1

NM_004105.3

ACCTACGACAAACAAGTCCTGTAAGTGCAATGCTT
GTGCTCGTGAAGTCATTATCAGGACCAAGAGAACA
TATCGTGGACCTGGAGATGCTGACAGTCAG
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ATTTAGAAAAAGGTGATGCATCCTCCTCACATAAG

EHF Ets homologous factor NM_012153.3 CATCCATATGGCTTCGTCAAGGGAGGTGAACATTG
TTGCTGAGTTAAATTCCAGGGTCTCAGATG
e . AGAAGAGCAAAACCTGAAGGGGCCCTCCAGAACA
EPCAM r':;]‘(’)'ltgce&'g cell adhesion NM_002354.1  ATGATGGGCTTTATGATCCTGACTGCGATGAGAGC
GGGCTCTTTAAGGCCAAGCAGTGCAACGGCA
GAGGCCGGAAAGATGTTACCTTCAACATCATATGT
EPHA3 EPH receptor A3 NM_005233.5  AAAAAATGTGGGTGGAATATAAAACAGTGTGAGC
CATGCAGCCCAAATGTCCGCTTCCTCCCTCG
. AACTTGAAGACGTGCCATTTTCACAGAATGCAGGA
FAM169A Family with sequence NM_0155662 CAGAAGAATCAGTCAGAGGAGCAGTCTGAAGCAT
similarity 169, member A -
: CTTCCGAGCAACTGGATCAGTTTACACAATC
ACCCAACCAGTGGTGTGATAGTGTTAACTGGTAGA
FAT1 FAT atypical cadherin 1 NM_0052453  CTTGATTACCTAGAGACCAAGCTCTATGAGATGGA
AATCCTCGCTGCGGACCGTGGCATGAAGTT
CACTGAAGGCAGCTTCAAATGTCTGTGTCCAGAAG
FBN1 Fibrillin 1 NM_000138.3  GGTTTTCCTTGTCCTCCAGTGGAAGAAGGTGCCAA
GATTTGCGAATGAGCTACTGTTATGCGAAG
. GCCCTCTGGGTGATGAAGTGACCATCACATTTGGA
GPRC5B ga‘;?tce":;gﬂg'%d rfgri%tgrr’B NM_016235.1  AAGTGATCAACCACTGTTCCTTCTATGGGGCTCTTG
: : CTCTAATGTCTATGGTGAGAACACAGGCC
GATGGGAAAATCTTTGTCTGGAAAGGCAAGCAGGC
GSN Gelsolin NM_000177.4  AAACACGGAGGAGAGGAAGGCTGCCCTCAAAACA
GCCTCTGACTTCATCACCAAGATGGACTACC
CCAGCGTGCCTCACCTGGATCTACCATTCTCATGTA
HEPH Hephaestin NM_138737.3  GATGCTCCACGAGACATTGCAACTGGCCTAATTGG
GCCTCTCATCACCTGTAAAAGAGGAGCCC
. CCCAGAAAAGCATGAAGTAACTGGCTGGGTGCTGG
IGFBP7 nsutinike growin factor n\y_001553.1  TATCTCCTCTAAGTAAGGAAGATGCTGGAGAATAT
9p GAGTGCCATGCATCCAATTCCCAAGGACAG
GGTATATTTCTGGGGAGTTCTGTGACTGTGATGAC
ITGBL1 Integrin, betdike 1 NM_004791.1  AGAGACTGCGACAAACATGATGGTCTCATTTGTAC

AGGGAATGGAATATGTAGCTGTGGAAACTG
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TTGCTTGTGGAGGCGTGGGATTCCAGTAATGACAC

JAG1L Jagged 1 NM_000214.2  CGTTCAACCTGACAGTATTATTGAAAAGGCTTCTC
ACTCGGGCATGATCAACCCCAGCCGGCAGT
GGGAACCATGGGCAGCAATGCCCTGAGCTTCTCCA
KRT7 Keratin 7 NM_005556.3  GCAGTGCGGGTCCTGGGCTCCTGAAGGCTTATTCC
ATCCGGACCGCATCCGCCAGTCGCAGGAGT
TTGCCAGGAGCTGCTACCAAGATCCTGTTACTTTAC
LAMB1 Laminin, beta 1 NM_002291.2  AGCTTGCCTGTGTTTGTGATCCTGGATACATTGGTT
CCAGATGTGACGACTGTGCCTCAGGATA
. CCTAATGGCTAATCTGGCTGCTGCAGACTTCTTTGC
LTBP2 ]':;‘Ctg;tgre"’t‘gsgﬁfmg grr‘(’)"t‘gihn , NM_001401.3  TGGGTTGGCCTACTTCTATCTCATGTTCAACACAGG
9p ACCCAATACTCGGAGACTGACTGTTAGC
CATCTCTCCCAGCTTAGCCTCTGGCTGTAAGCTTCG
LUM Lumican NM_000428.2  GTCATTGCCTCCATGCCCTTGCTTGGCTCAAGCACC
ACCAATCGCTTTAATGCTTCAGCCACCG
. . GCCATTATCCTACTCCAAGATCAAGCATTTGCGTTT
MAP1B '\"r'gtr;tr“’?‘geassoc'ated NM_002345.3  GGATGGCAATCGCATCTCAGAAACCAGTCTTCCAC
P CGGATATGTATGAATGTCTACGTGTTGCT
. . CATATAGGATTATAGATACTTAAAGGA ACACGTGG
MAP2 “’:‘g{;ﬁ’g”'eassoc'ated NM_005909.3  GTGAGCGTGTGTGGGGGTACTAGAAGCTGATCTGA
P TTGGTCCAACAGTTTGATGCTGAGTCATGC
GATGCATTCCTCACCTGTGAAACTGTGATTTTTGCC
MOXD1 Monooxygenase, DBHlke 1 NM_001031699.1 TGGGCTATTGGTGGAGAGGGCTTTTCTTATCCACCT
CATGTTGGATTATCCCTTGGCACTCCAT
. TGGACGTGATCGTGGCGGCTAGCAACTACTACAAA
NALCN Secl’gg:ir\j‘e'eak channel, nen 1 0528672  GGAGAAAACTTCAGGAGGCAGTACGACGAGTTCT
ACCTGGCGGAGGTGGCTTTTACAGTACTTTT
CCAGCACTTCTTCTCTTTACTCTACAGCTGAAGAAA
NAV3 Neuron navigator 3 NM_014903.4 AGGCTCATTCAGAGCAAATCCATAAACTGCGGAGA
GAGCTGGTTGCATCACAAGAAAAAGTTGC
GTGTCCTCTAGTGGAAGAAATAGTAGGCTCCGCTA
RCAN2 Regulator of calcineurin 2~ NM_005822.3  TTCAGATGCAGAGCACTGCAGCATCCAGCCTTTCA

AAGCTGACTCTTCTCAATCATCTGTGGGTC
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SH3YL1

SH3 and SYLF domain
containing 1

NM_001159597.1

AAAGGCCTTGCAATTCTGTCTGTGATCAAAGCCGG
GTTCCTGGTGACTEG CAGAGGAGGCAGCGGGATTG
TAGTGGCGCGCCTTCCAGATGGAAAATGGT

SLC38A1

Solute carrier family 38,
member 1

NM_001077484.1

TCTATGACAACGTGCAGTCCGACCTCCTTCACAAA
TATCAGAGTAAAGATGACATTCTCATCCTGACAGT
GCGGCTGGCTGTCATTGTTGCTGTGATCCT

SOX9

SRY (sex determining region
Y)-box 9

NM_000346.2

CAGTGGCCAGGCCAACCTTGGCTAAATGGAGCAGC
GAAATCAACGAGAAACTGGACTTTTTAAACCCTCT
TCAGAGCAAGCGTGGAGGATGATGGAGAAT

THBS2

Thrombospondin 2 NM_003247.2

AAACATCCTTGCAAATGGGTGTGACGCGGTTCCAG
ATGTGGATTTGGCAAAACCTCATTTAAGTAAAAGG
TTAGCAGAGCAAAGTGCGGTGCTTTAGCTG

TMEMZ200A

Transmembrane protein 200. NM_052913.2

CCTTGTGGTTCCTTTGCCCAACACCAGTGAATCCTT
CCAGCCCGTCAGCACAGTGCTACCAAGGAATAATT
CCATTGGGGAGTCGTTGTCGAGTCAGTAC

B2M*

Beta2-microglobulin NM_004048.2

CGGGCATTCCTGAAGCTGACAGCATTCGGGCCGAC
ATGTCTCGCTCCGTGGCCTTAGCTGTGCTCGCGCT!
CTCTCTCTTTCTGGCCTGGAGGCTATCCA

LDHA*

Lactate dehydrogenase A NM_001165414.1

AACTTCCTGGCTCCTTCACTGAACATGCCTAGTCCA
ACATTTTTTCCCAGTGAGTCACATCCTGGGATCCAG
TGTATAAATCCAATATCATGTCTTGTGC

SNX17*

Sorting nexin 17 NM_014748.2

CTTTCCTTGTCCCCTGGGCTGGCTGCACAGAGGAT
GCCCCTTCTCTTTTCAGAGCTGGCCCTCGATGCCAA
ATTAGCATTTAGTATTTTGCACAAAGTC

TBP*

TATA box binding protein NM_001172085.1

ACAGTGAATCTTGGTTGTAAACTTGACCTAAAGAC
CATTGCACTTCGTGCCCGAAACGCCGAATATAATC
CCAAGCGGTTTGCTGCGGTAATCATGAGGA

* Housekeeping gene
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Table 4.2 Patient baracteistics

Characteristics

221

Edmont on Toronto ( pval:!
Recipient age at transplantatiore&), median (IQR) 54.9 (50.958.2) 58.1 (51.760.8) 0.10
Recipient male, n (%) 47 (75.8) 43 (71.7) 0.68
Donor age (ga), median (IQR) 45.3 (27.353.8) 39.8 (25.154.0\ 0.42
Donor male, n (%) 32 (51.6) 32 (55.2% 0.86
Early biopsy
Time from transplantation (day), median (IQR) 183 (143256) 182 (171187) 0.59
Logl0 HCV RNA at biopsy (IU/mL), median (IQR) 6.8 (6.27.3f NA NA
Acute cellular ejection, n (%) 13 (21.0) NA NA
Metavir activity score, n (%) NA NA
0 5(8.1)
1 41 (66.1)
2 15 (24.2)
3 1(1.6)
Metavir fibrosis stage, n (%) 0.12
0 19 (30.6) 22 (36.7)
1 31 (50.0) 33 (55.0)
2 12 (19.4) 4 (6.7)
3 0 (0) 1(1.7)
4 0 (0) 0 (0)
Late biopsy
Time from transplantation (day), median (IQR) 727 (4411208) 1141 (737%1454) <0.001
Log10 HCV RNA at biopsy (IU/mL), median (IQR) 5.5 (0.06.8P NA NA
Acute cellular rejection, n (%) 6 (9.7) NA NA
Metavir activity score, n (%) NA NA
0 6 (9.7)
1 37 (59.7)
2 14 (22.6)
3 5(8.1)



Metavir fibrosis stage, n (%)

0 8 (12.9) 1(1.7)
1 21 (33.9) 23 (38.3)
2 23 (37.1) 28 (46.7)
3 8 (12.9) 4 (6.7)
4 2(3.2) 4 (6.7)
Progress tadverseoutcomes, n (%) 26 (41.9) 8 (13.3)
Follow-up period (ga), median (IQR) 8.4 (5.211.7) 3.1 (2.64.0)
Immunosuppressive therapy, n (%)
Tacrolimus 54 (87.1) 17 (28.8}
Prednisone 28 (45.2) 60 (100)
Mycophenolate 60 (96.8) 51 (85.0)
HCV genotype, n (%)
1 54 (87.0) 39 (65.0)
Other 4 (6.5) 14 (23.3)
Unknown 4 (6.5) 7(11.7)
HCV treatment, n (%) NA
Ribavirin 36 (58.1)
Peginterferon 33 (53.2)
Boceprevir 5(8.1)
Sofosbuvir and ledipasvir 25 (40.3)
Response to HCV treatment, n (%) NA
Sustained virologic sponse 45 (72.6)
Nonresponse 4 (6.5)
Not treated 13 (21.0)

0.09

0.001
<0.001

<0.001
<0.001

0.03
0.01

NA

NA

IQR, interquartile range. NAotavailable Percentage might not add up to 100% because of rounding.
A Data was not available for 1 patient

B Data wa not available for 2 paties

€ Data was not available for 29 patients.

D Data was not available for 23 patients.
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Table 4.3Univariate and multivariate analysef progression tadverseoutcomein 62 Edmonton patients (n=26 events)

Vari abl e HR 95% ClI p-val ue

Univariate analysis
Recipient age at transplantatioeay 1.09 1.001.19 0.04
Recipient gender

Female (reference) 1.00

Male 0.94 0.432.51 0.94
Donor age, ga 1.06 1.031.09 <0.001
Donor gender

Female (reference) 1.00

Male 0.92 0.422.00 0.83
Tacrolimus

No (reference) 1.00

Yes 1.03 0.31-3.46 0.96
Prednisone

No (reference) 1.00

Yes 1.32 0.61-2.88 0.48
Mycophenolate

No (reference) 1.00

Yes 2.45 0.30-20.00 0.40
HCV genotype

Other (reference) 1.00

Genotype 1 0.56 0.132.43 0.44
Log10 HCV RNA at early biopsy 1.16 0.662.03 0.60
HCV treatment

No treatment (reference) 1.00

Non-response 1.79 0.447.25 0.41

Sustained virologic response 0.37 0.140.995 0.049
Acute cellular rejectiongarly biopsy)

No (reference) 1.00

Yes 1.51 0.554.09 0.42
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Metavir activity score (early biopsy)
AO0-Al (reference)
A2-A3

Metavir fibrosis stage (early biopsy)
FO-F1 (reference)
F2

48-gene signature (early biopsy)
Low 48-gene signature (reference)
High 48-gene signature

Multivariate analysis

Model 1

Recipient age at transplantatioreay

Metavir fibrosis stge (early biopsy)
FO-F1 (reference)
F2

48-gene signature (early biopsy)
Low 48-gene signature (reference)
High 48-gene signature

Model 2

Donor age, ga

Metavir fibrosis stage (early biopsy)
FO-F1 (reference)
F2

48-gene signature (early biopsy)
Low 48-gene signature (reference)
High 48-gene signature

Model 3

Recipient age at tranigmtation, ea

Donor age, ga

48-gene signature (early biopsy)
Low 48-gene signature (reference)

1.00
1.87

1.00
4.40

1.00

4.90

1.07

1.00
3.80

1.00
4.83

1.04

1.00
231

1.00
4.29

1.07
1.05

1.00

0.804.38

1.8910.20

1.9612.25

0.991.14

1.609.01

1.91-:12.20

1.01-1.07

0.91:5.85

1.6810.95

0.991.15
1.031.09

0.15

0.001

0.001

0.08

0.002

0.001

0.005

0.08

0.002

0.08
<0.001
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High 48-gene signature
Model 4
Recipient age at transplantatioeay
HCV treatment
No treatment (reference)
Non-response
Sustained virologic response
48-gene signature (early biopsy)
Low 48-gene signature (reference)
High 48-gene signatur
Model 5
Donor age, ga
HCV treatment
No treatment (reference)
Nornresponse
Sustained virologic response
48-gene signature (earlydpsy)
Low 48-gene signature (reference)
High 48gene signature
Model 6
HCV treatment
No treatment (reference)
Non-response
Sustained virologic response
Metavir fibrosis stage (early biopsy)
FO-F1 (reference)
F2
48-gene signature (early biopsy)
Low 48-gene signature (reference)
High 48-gene signature

5.38

1.06

1.00
1.17
0.59

1.00
4.45

1.05

1.00
1.13
0.82

1.00
4.53

1.00
1.32
0.69

1.00
3.59

1.00
4.12

2.11-13.70

0.991.14

0.294.77
0.231.53

1.7411.40

1.021.08

0.284.58
0.31-2.16

1.7511.70

0.325.48
0.261.81

1.51-8.56

1.60-10.64

<0.001

0.09

0.82
0.28

0.002

0.001

0.87
0.69

0.002

0.70
0.44

0.004

0.003
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! Analyzed in 33 patients withvailable data.
To avoidmodel over fitting, raltivariate moded were limited to three variablegnumber of events26). In the multivariate
analyses,ite 48gene signature was analyzed wathothersignificant variables theunivariateanalyses.
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Tabe 4.4 Multivariate analysi®f progression tadverseoutcome including all variables wh p<0.05 in univariate analyse

Variabl e Mul tivariate analys
HR 95% ClI pval ue

Recipient agat transplantation,ea 1.08 1.001.16 0.048
Donor age, ga 1.05 1.01-1.08 0.005
HCV treatment

No treatment (reference) 1.00

Non-response 1.09 0.264.60 0.32

Sustained virologic response 0.61 0.231.62 0.91
Metavir fibrosis stage (early biopsy)

FO-F1 (reference) 1.00

F2 2.61 1.056.50 0.04
48-gene signature (early biopsy)

Low 48-gene signature (reference) 1.00

High 48-gene signature 4.47 1.7011.78 0.002
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Edmonton patients

Toronto patients

HCV liver transplant recipients at University
of Alberta Hospital between January 2004 to
July 2014

HCV liver transplant recipients at Toronto
General hospital between January 2009 to
December 2012

\ 4

Vv

62 recipients with two follow-up liver biopsies
62 early biopsies (Median 183 days post tx)
62 late biopsies (Median 727 days post tx)

n=124 biopsies

63 recipients with two follow-up liver biopsies

63 early biopsies (Median 182 days post tx)

63 late biopsies (Median 1141 days post tx)
n=126 biopsies

Three recipients excluded due
—>to missing histological data for
early or late biopsy

A4
62 early and 62 late biopsies subjected to 60 early biopsies subjected to gene signature
gene signature assay assay

Figure 4.1. Study design
Tx, transplant.
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A Edmonton early biopsies (n=62) B Edmonton early biopsies (n=62)
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Figure 4.3. Edmonton progressors had significantly higher (A) 48&ene signature and
(B) histological fibrosis stagan early biopsy comparedto non-progressors
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Chapter 5: A 48-gene Signature in Clinical Liver
Biopsies Enables Early Prediction oProgression to
Cirrhosis in Patients with Autoimmune Hepatitis at

Disease Onset
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5.17 Introduction

Autoimmune hepatitis (AIH) is a complex and heterogeneous chronic inflammatory
liver disease characterized by high serum immunoglobulin G (IgG) level, positivity for
circulating autoantibodies, interface hepatitis diver histology, and response to
immunosuppressive treatmefi). Despite immunosuppressive treatment induagcell,
laboratory, and histological improvemdnt most patients, cirrhosis still develops in up to
40% of treated patien{®). As cirrhosideadsto poorclinical outcoms, early diagnosis and
prevention of cirrhosis is importa(®). Previous research identified risk factofdibrosis
progressionn AlH, such as presence loiman leukocyte antigen DR®d higher histology
activity index(4). However, no single clinical variabt&an reliablypredict who isat high

risk for progressiorio cirrhosis angboorclinical outcome at disease onset.

Histopathology assessment of liver biopsylisease onsit considered prerequisite
to assesé\IH disease severitin orderto guide treatment decisionkut it cannotprovide
risk stratification for progression to cirrhog§ts. Since AlH had a hugdisease heterogeneity
this limitation made identifyinghigh-risk patientsfor tailored treatment challenginand
caused wide variabn of immunosuppressivigeatment regimens in clinical practi¢e 6,
7). Progression to cirrhosis is present in 3% of patients with treatment per yeeweand
happens in patients with complete treatmermaoase(4, 8, 9) This indicatedhatcurrently
there is no confident clinical indices to identify patients whaaahégh-risk for progression
to cirrhosis. Moreover, the benefits of treatment for mild, asgmatic AIH (alanine
aminotransferase [ALTE 3x upper limit of norral [ULN], histological activity index <4

and absence of advanced fibrosis) aterently debated, as the risk vs. benefit of
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immunosuppressiottreatment for these patients is not cléar 7, 10) Due to these
circumstanceghere is an urgent clinical need for a surrogate biomarkdeidify high-risk
patients for progression to cirrhosighe surrogate biomarkean help guide personalized

treatment regimens that is of greatest efficacy and lowest burden to patients.

Increasing evidence indicates that genetic factors have a major influence on fibrosis
progression, but less is known of the relationship between fibrosis progression and gene
expression alterations in patients with A(H1). Previous studies showed mRN&pression
of several fibrosis genes can predict fibrosis progreqdidnl13) However, these findings
weremostly conducted in other chronic liver diseases and have not been confirmed if these
geneswere applicablén patients with AIH(12, 13) In Chaptel2, | identified and validated
a common48-gene signature thdtad over 936 of accuracyfor advanced liver fibrosis,
independent of etiologies, byicroarraybased whole genomeanscriptomics In this
chapter | aimto analyze if the 48ene signature cgrredictprogression to cirrhosidgiver

decompensation, and liveelated death.

5.21 Materials and Methods

5.2.17 Patients

This chapter retrospectivelyincluded 78 patientsliagnosedwith probable or
definitive AIH (defined by thdnternational Autoimmne Hepatitis Grodpand had a liver
biopsy at disease ondetween 1997 an2016 at University of Alberta, Edmonton, Canada
(Figure 5.1)14). Thisstudy was approved by the institutional review board obhgersity

of Alberta.
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5.2.21 Clinical and laboratory assessments

Baseline factors evaluated in thehapterinclude gender, agejiochemical and
serological markers, body mass index (BMI), liver enzymes, alblawats bilirubin levels
platelet countsigG levels, international normalized ratio (INR), and model ofstade liver

disease (MELD) score.

5.2.31 Histopathological assessment

Histopathologicahssessmermdf representative stained slides were scored according
to the Metavir classification syem for activity grading (scale3) and fibrosis staging (scale

0-4) (15).

5.2.41 Treatment and response

Patients were treated with prednisone or a combination refingsone and
azathioprine according to the international guidel{ig¢sTreatment responses were assessed
everymonth until laboratory resolution, and then anénth interval. Complete response
was defined as normalization of serum ALT, AST, and IgG levels. Incomplete response was
defined as improvement of serum ALT or AST levelsitd WLN or worsening serum ALT
and AST during treatment. Relapse was defined as an increase in serum AST level to more
than thredold ULN with or without the reappearance of symptoms after discontinuation of

the medication

5.2.51 RNA isolation

Three to eight consecutive-20n sectios were obtained from each FFPE block with
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equipment sterilization with RNase away reagent (Ambion, Carlsbad, CA) and microtome
blade replacement between blocks. Sections were then immedliedginto sterile 1.5

mL DNase/RNase free microcentrifuge talder later RNA extraction usingRecoverAll

Total Nucleic Acid Isolation Kit (Ambion, Carlsbad, CA). Total RNA was dissolved in
RNasefree water and the concentration amaglity were measured by NanoDrop 2000

spectrophotometer (Thermo Fisher Scientifigltham, MA)

5.2.61 NanoString gene expression quantification

Details ofNanoString gne expression quantificatiavere previously described in

Chapter 4.2.5.

5.2.77 NanoString data preprocessing

All 78 samples were preprocessed and normalized in klateh. Details of
NanoString data preprocessiagd normalizationwere previously describedn Chapter

4.2.6

5.2.81 Study endpoint

The primary study endpointwas progression to cirrhosiglefined as absence of
cirrhosis in the initial biopsy and had Metafibrosis stage 4 in followp biopsies or
Fibroscan >14 kPa in followp clinical visits(16). The secondary study endpoint was
progression t@oor outcoms, defined asdevelgpment ofany one of the followig: liver
decompensatiomeedfor liver transplantatioyor liver-related death. iker decompensation
was defined as diagnosis of anfythefollowings: ascites, hepatic encephalopathy, variceal

bleeding, or hepatorenal syndrofig). Liver-related death was defined as death caused by
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liver failure: nearest liver function test with total bilirubin > 50 umol/L and INR > 1.7 before

deceasedl8, 19) The time to endpot was calculated using the date of biopsgn@vent

5.2.91 Statistical analysis

Aggregate gene set expression was determined for each biopsy by calculating the
geometric mean of the normalized counts of 48 fibrosis genege@d signature).
Continuaus variables were presented as median and interquartile range (IQR) and categorical
variables were presented as number and percentage. All data were compared between groups
using ManaWhitney Ut est f or conti nuous varigobdales and
variables. Correlation coefficients were analyzed using Spearmarordek correlation.

The receiver operating curveas usedo analyzdahe diagnostic performance of the-g&ne
signature to predigirogression to cirrhosighe best cutoff of #1curve was determined by
Youden index.Survival analyses were performed after biopsies with Kaplari Meier
method using a legank test and univariate and multivariate medelth Cox regression
method. The assumption of proportional hazards over timgewerified using the lddpg
graphic method and met by all covariates. Potential linearity of covariates was investigated
by collinearity diagnostics beforaultivariate survival analysid\ll tests with twesidedp-

value <0.05 were considered significall analyses and figures were performadd
generatedising theSPSS 25 statistical software (IBM, Armonk, NY, USExcel 2010
(Microsoft Corporation, Rednmal, WA), or R-program (version 3.3.2http://www.r-

project.org with the following packages: ggplot2 apOC
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5.37 Results

5.3.171 Patient characteristics

Of 78 RNA samples from 78niquepatients, two were excluded due to lgwality
gene expression profiles (Figure 5.1). Table 5.1 sumnthtige clinical and histological
characteristics othe 76 patients. One patient was diagnosed with primary sclerosing
cholangitis overlap syndrome. Medli age at disease onset was 3e&rs old (IQR: 249
54.4). Seventeight percent patients had pos#tiantinuclear antibodiesand 66% had
positive smooth muse antibodies. Liver tissue examination at disease onset revealed severe
inflammatory (Metavir activity grade=3) in 35 patients (46.1%) and cirrhosis in 11 patients
(14.5%). During a median 8.5 yean$ follow-up (IQR: 4.912.5), 13patients without
cirrhosis at disease onset progressed to cirrhosis. Of all 76 patients, 12 (15.8%) progressed
to poor outcomeduring follow-up. Progressed togor outcomesefer todevelgpment of
any one of the following during followp: liver decompensationneed for liver

transplantatiopor liver-related death

5.3.21 Treatment and response

All patients were tated initially with prednisonand 64 (84%) were treated with
prednisone in combination with azathioprine. Twelve patients developed side &ffdtt
the firstline therapies. Of these 12 patiertair were managed with mycophenolate mofetil.
After a mediarB.5 years of followup (IQR: 4.912.5), 52 (68.4%) patients had achieved a
complete treatment response, 21 (24).6vith incomplete treatment responaad3 (3.9%)

with relapse
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5.3.31 RNA quantity and quality

Adequate RNA was isolated from all liver tissues for NanoString gene expression
assay. Theguality (A2s0/A2s0Spectrophotometry ratiof theisolated RNA wabetween 1.67

and 1.98, which mehanufacturerecommended specifications

5.3.41 Comparison of the 48gene signature with biochemistry and histology

parameters

The48-gene signature was compared with biochemical and histolqgacameters
at disease onseThe levels of the 48-gene signaturevere significantly correlated with
increasedhistologicalfibrosis stage (r=0.467, p<0.001) adlvity score (r=0.266, p=0.020)
as well asncreased levels dfG (r=0.423, p<0.001), INR (r=0.496, p<0.00anhd MELD
score (r=0.421, p=0.004). THevels of the 48-gene signaturavere also significantly
correlatedwith decreasedevels ofalbumin (r=0.389, p=0.005) and platelet counts-(r=

0.377, p=0.005)

5.3.571 Distribution of the histological fibrosis stage and the 4&ene signature

Figure 5.2A showedhk distibution of the 48-gene signaturehistological fibrosis
stage and outcomefor all 76 patientsA 48-gene signature cuff of 113.56for progression
to cirrhosis was derived from receiver operating characteristic curve analysis in patients
without cirrtosis at disease ong&toudenindex = 113.56Figure5.2B). Based on this cutoff,
patientswith a 48gene signature greater thah3.56were assignedshavinga high 48

gene signatur@-igure 5.2A)

Of the 65 patients without cirrhosis at disease on%&{00of 5) with FO fibrosis, 18%
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(4 of 22) with F1 fibrosis, 22% (4 of 18) with F2 fibrosis, and 25% (5 of 20) with F3 fibrosis
progressed to cirrhosuring follow-up. The gobability of progression to cirrhosis was
similar acrossdifferent fibrosis stags (p=0.811). &ients progressed to cirrhosis had
significantly higher 48ene signature compartm patientsvho did not progress (p=0.001,
Figure5.3A), but simlar histological fibrosis stag@=0.298, Figur&.3B) and activity score
(p=0.345, Figure 54A). Patients progressed to cirrhosis had similargé@e signature

compared to patients whiad cirrhosisat disease onsgh=0.505, Figue 5.3).

Of all 76 patients, 0% (O of 5) with FO fibrosis, 5% (1 of 22) with F1 fibrosis, 22%
(4 of 18) with F2 filosis, 15% (3 of 20) with F3 fibrosis, and 36% (4 or 11) with F4 fibrosis
progressed to poor outcomePatients progressed to poor outcantead a marginally
significant higher 48ene signature angdignificantly higher histological fibrosis stage
comparedo patients whalid not progresgp=0.073, 0.027, respectively, Figuse8C and
5.3D). Histological activity score was similar between patients prfogresse@nd did not

progress to poor outcom@=0.289, Figuré&.4B).

5.3.61 The 48gene signaturepredicts progression to cirrhosis, buthistological

fibrosis stageand activity score cannot

Of the 65 patients without cirrhosis at disease ongatientswith a high 48gene
signaturéhad signifcantly higher probabilitypf progressiomo cirrhosis comparet patients
with alow 48-gene signature (53% vs%y/ log-rank p<0.001, Figure 54. However, the
probability of progression to cirrhosis was simiteatween FZF3 vs. FOF1 fibrosis(24%
vs. 15% Jog-rank p=0.420, Figure 58) andA2-A3 vs.Al (24% vs. %6, log-rank p=0.133

Figure 5.6A). Thisshowedthe 48gene signature can predict progression to cirrhasis
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disease onsghbut histological fibrosis stagandactivity scorecannot

5.3.71 Variables associated with progression to cirrhosis

Univariate Coxregression analyses in 65 patients without cirrhosis at disease onset
revealedncomplete treatment response (HR: 498% Q: 1.23-13.41, p=0.02)INR >1.2
at disease ons@tR: 13.04 95% Q: 1.67-101.89, p=0.0Landa high 48gene signaturat
diseasenset(HR: 7.95 95% CI:2.4425.87, p9.00]) were significantly associated with
progression to cirrhosis (Tabbe?). Histological activity grade and fibrosis stagjedisease

onset were not significantly associated with progression to cirrhosis.

Multivariate analyses included the variables with p<0.05 in univariate analysis (48
gene signature, INR, and treatment response). Due to limitedherof patients progressed
to cirrhosis (n=13), to avoid model overfitting, multivariate models were limited to two
variables. Tanalyzethe effect of 48yene signature predicting progression to cirrhosis, two
modelswere built 48-gene signaturevith treatment respons@nodel 1)and 48gene
signaturewith INR (model 2)(Table5.2). In model 1the risk ofprogressingo cirrhosis is
7.63fold higher in patients witla high 48gene signature comparéal patients with dow
48-gene signature after adjustméot treatment response (HR: 7.63, 95% CI: 139403,
p=0.009. In model 2 the risk ofprogressing to cirrhosis 5.65fold higher in patients with
ahigh 48gene signature compartapatients witralow 48-gene signature & adjustment

for INR (HR: 5.65, 95% CI: 1.521.18, p=0.0Q).

Multivariate analysis ngeated with all three variables witkk@O5 in univarite

analysis provided the same conclusions as apbaele 5.2.
| further analyzel INR, which was significantly associated with progression to
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cirrhosis inmodel 2for progression to cirrhosiOf the 65 patients without cirrhosis at
disease onset, 53 (%) had INR measuremenBatients witlanINR >1.2at disease onset
had significantly higher probability girogressiorio cirrhosis comparetb patientswith an

| NR O 1.2 ( 3r@kp=0.002, Figusy). | 0g

5.3.8 T Histological parameters and 48-gene signaturecannot predict poor

outcomes

Of the65 patients without cirrhosis at disease oftbetprobability oforogressiorno
poor outcomswassimilar betveenpatientswith high andlow 48-gene signature2(% vs.
9%, log-rank p=0.113 (Figure 5.8A), between FB3 and FOF1 (18% vs. 4%, logank
p=0.096) (Figure 5.8B), and between-A2 and Al (16% vs. 0%, legank p=0.085) (Figure

5.6B)

5.3.91 Variables associated with progression t@oor outcomes

Univariate Cox regression analyses revealed incomplete treatment response (HR:
4.44,95% CI: 1.24.5.88, p=0.02), decreased platelet coahtlisease ons@iR: 0.99, 95%
Cl: 0.981.00, p=0.01), and cirrhosid disease onset (HR: 3.50, 95% Ql0211.96

p=0.046) were significantly associated with progression to poor ousddiaele5.3).

Due tothelimited numberof patientghatprogressed to poor outcos@=12), only
the top two variables with the mosgsificant pvalue inthe univariae analysis (treatment
response anglatelet countsit disease ongetvere included irthe multivariate analysis. In
multivariate analysis, only decreased platelet coatndssease ons@tiR: 0.99 95% CI: 0.98

1.00, p=0.03was significantly associated with poor outcaratter adjusting for treatment
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response (Tablg.3).

5.47 Discussion

Predicing the risk ofprogression tairrhosis in patients with AIH at disease onset is
an unmet clinical needrlhis chaptershowedfor the first time that a 48brosis gene
signature in clinical liver biopsies predicts progression to cirrhtmig before the event
but histology parameteo® not offer this level ofisk stratification Patientswith ahigh48-
genesignaturehad significantly higher probability of progressiorto cirrhosiscomparedo
patientswith a low 48-gene signature(53% vs. 7%, log-rank p<0.001) The risk of
progressionto cirrhcsis was 6.78old higher in patients witla high 48gene signature
comparedto patiens with a low 48-gene signature after adjusting fother significant
variablesin univariate analysig hisfinding has asignificant clinical relevance becauselg
prediction of cirrhosis can guide physicialmsadjusttreatment regimens and dosages
substantially impact prognodigr individual patientsMoreover,the 48gene signatureest
can be easily applied into a routine clinical assayit can be analyzed istandard

procurement and worlgp of diagnostic liver biopsies

There is an unmaetlinicd need in predicting and monitoring progression of liver
fibrosis at the start and during immunosuppressive thdgdpyCorticosteroids are the first
line treatment for AIH and have aiitbrotic actions. bwever, they are inconsistency in
controlling fibrosis due to corticosteroids are not primarily-&hbtotic agents and they are
lack of sitespecific target action that can be monitored religBly). Current available nen
invasive biomarkers for hepatic fibrosis are limited in predicting fibrosis progre@gn

This chapter showedbn-cirrhotic patients at disease onset with highgé8e signature had
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significantly higher risk ofprogressiorto cirrhosis Therefore, the 48ene signaturean

helpto monitortherisk of progressiorio cirrhosisbefore orduring therapy.

All AIH patients with active disease or advanced fibrosis should be treated; however,
there is a debate about whether mild, asymptomatienqts need immunosuppressive
regimes or not, as the risk.\mnefit of treatment for these patients is not qiepiUntreated
AIH has heterogeneous disease behavior and a proportion of patients progress to cirrhosis
during follow-up (10). As AlH is a lifelong disease, and progression to cirrhosis take years
to decades to become clinically apparent, current publisheerwational studies may have
too short followup to demonstrate the benefit of immunosuppressive treatmeatients
with mild AIH. The 48gene signature may help ¢arly predicimild AIH patientswho are
athigh-risk for developingeirrhosis This candentify asub-groupof mild patientsat disease
onset but at highrisk for disease progression thatould benefit more from
immunosuppressive treatmeMoreover, as progression to cirrhosis usually takes years to
decades in these patientse ¥8gene fggnature may be used as a surrogate endpmgdrly

predictprogression to cirrhosis.

Patients vino progressed to cirrhosis hadsignificantly higher 4&ene signature
comparedto patients whodid not progress, but similavhen compared to patients with
cirrhosis at disease onset (Fig2A). This showedpatients progressed to cirrhoseda
similar molecular phenotype withatientswho had cirrhosisat disease onset asdggested
the 48gene signatureould distinguish betweesubgroups of patientsased onprognosis

(progresgo cirrhosisor nof), and thiscannot be provided by histologyone

Despite neither histological activity score nor fibrosis stage at disease onset can

predict progression to cirrhoseshigh INR (a sign of liver dysfunctiorgt disease onsetas
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a significant determinant fqurogressiorto cirrhosis (Table 2, Figure 5.J. A previous
study found INR >1.2 was significantly associated with cirrhosis at diseasé2Bis@éhese
reallts showed increased INRas associated wittboth cirrhosis at disease onset and
increased risk for progression to cirrhosd. 24 pati ents withinl NR
this cohort only 1 (4%) progressed to cirrhosis during fokap. ThisshowsINR may be

used as a rudeut test for progression to cirrhosis at disease onset.

Therewerelimitations of this study. First, this was a retrospective study with a small
number of patients anelatively short followup time (median 8.5 years) to detect egio
eventsof poor outcome A previous study analyzed 245 AlH patients and found only 9%
and 30% developed liveelated death aneed fortransplantation after 10 and 20 years of
follow-up, respectively24). The small number of patients anelatively short followup
time may be the reason of why the-@géne signature was not significantly associated with
progression to poor outcomeSince the 4&ene signature predicts progression to cirrhosis
and cirrhosigportends poor prognosis in Allthe 48gene signature shouldsobe capable
to predict progression to poor outcaifernore patientsvere included wittalonger follow
up time.Secondas AlH is a rare diseaseglo not have enough patientscansider plitting
of the samplgto two or morandependent ssto validatetheresults. Therefore, validation
in a second larger, independeahortwith longer followup time should be performed to

assure confidence in these initial results.

This chapteshowedthe 48gene signaturm patients with AlHat disease onsearly
predicts progression to cirrhodmit histologycannot Measurement of the 4§ne signature
at the time ofAIH diagnosis should be considered as it can provide additional prognostic

information that cannot berovidedby histology. The prognostic information can provide
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risk stratification and help physicians to tailor treatment regimen for individual patients.
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Table5.1. Patient characteristics

Characteristics

Patients

eval Medi an (I QR

Age at disease onsetey), median (IQR)

76 (100%)

37.3 (24.954.4)

Sex female, n (%) 76 (100%) 54 (71.1)
Ethnicity white, n (%) 31 (41%) 26 (83.9)
BMI at disease onset, median (IQR) 61 (80%) 28.8 (25.333.8)
Biochemistry at diease onset
AST, U/L, median (IQR) 58 (76%) 707 (2811137)
ALT, U/L, median (IQR) 67 (88%) 651 (2781100)
ALP, U/L, median (IQR) 65 (86%) 166 (138236)
Albumin, g/L, median (IQR) 50 (66%) 34 (2940)
Total bilirubin, umol/L, median (IQR) 67 (88%) 46 (17141)
lgG, g/L, median (IQR) 72 (95%) 26.1 (22.135.6)
INR >1.2, n (%) 63 (83%) 34 (54)
MELD, median (IQR) 47 (62%) 17 (1022)
Platelet, 1&L, median (IQR) 65 (86%) 180 (128249)
Serology at disease onset
Positive anti-nuclear antibody n (%) 74 (97%) 58 (78.4)
Positive snooth muscle antibogy (%) 50 (66%) 33 (66.0)
Histology
Metavir activity score, n (%) 76 (100%)
0 0 (0)
1 17 (22.4)
2 24 (31.6)
3 35 (46.1)
Metavir fibrosis stage, n (%) 76 (100%)
0 5 (6.6)
1 22 (28.9)
2 18 (23.7)
3 20 (26.3)
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4
Fibrosis outcome
Cirrhosis at disease onset, n (%)
Progressed to cirrhosis, n (%)
Did not progress to cirrhosis, n (%)
Treatment response
Complete, n (%)
Incomplete, n (%)
Relapse, n (%)
Progressed to poor outcose (%)
Follow-up period aftebiopsy (yea), median (IQR)

76 (100%)

76 (100%)

76 (100%)
76 (100%)

11 (14.5)

11 (14.5)
13 (17.1)
52 (68.4)

52 (68.4)
21 (27.6)
3(3.9)

12 (15.8)
8.5 (4.912.5)

Percentage might not add up to 100% because of rounding.
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Table 5.2.Univariate and multivariate analyses of progression to cirrhosis in 65 patients without cirrhosis at disedseXh

events)
Vari abl e HR 95% ClI p-val ued

Univariate analyses
Age at disease onset, year 1.01 0.98-1.05 0.38
Gender

Male (reference) 1.00

Female 1.24 0.344.53 0.74
Treatment response

Complete (reference) 1.00

Incomplete 4.06 1.2313.41 0.02
ALT at disease onset 0.999 0.9981.000 0.13
AST at disease onset 1.00 0.9991.001 0.91
ALP at disease onset 1.001 0.9961.006 0.69
Albumin at disease onset 0.93 0.841.04 0.22
Total bilirubin at disease onset 1.001 0.99%1.006 0.57
IgG at disease et 1.02 0.991.05 0.29
INR at disease onset

01. 2 1.00

>1.2 13.04 1.67-101.89 0.01
MELD at disease onset 1.14 0.981.32 0.09
Platelet at disease onset 0.993 0.9861.000 0.06
Metavir activity score

Al (reference) 1.00

A2-A3 4.24 0.5532.59 0.17
Metavir fibrosis stage

FO-F1 (reference) 1.00

F2-F3 1.15 0.383.52 0.81
48-gene signature

Low (reference) 1.00

High 7.95 2.4425.87 0.001
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Multivariate analyses

Model 1
Treatment response

Complete (reference) 1.00

Incomplete 2.42 0.71:8.24 0.16
48-gene signature

Low (reference) 1.00

High 7.63 1.9430.03 0.004
Model 2
INR at disease onset

O1. 2 1.00

>1.2 9.08 1.1472.42 0.04
48-gene signature

Low (reference) 1.00

High 5.65 1.51-21.18 0.01

Model with all three significant variables in univariate analysis
Treatment response

Complete (reference) 1.00

Incomplete 1.54 0.42-5.63 0.51
INR at disease onset

01.2 1.00

>1.2 7.10 0.8658.43 0.07
48-gene signature

Low (reference) 1.00

High 6.78 1.3334.56 0.02

To avoid model over fitting, multivariate model was limited to two variables due touimber of events (n=13). The -¢@ne
signature was analyzed with all other significant variables in the univariate analyses.
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Table 5.3Univariate and multivariate analyses of progression to poor ousi@meé6 patients, 12 events)

Uni v aarniaatyesi s

Mul tivari at e

Variable HR 95% CI pval y HR 95% CI pval
Age at disease onset, year 0.98 0.951.01 0.20
Gender
Male (reference) 1.00
Female 1.29 0.354.76 0.70
Treatment response
Complete (reference) 1.00 1.00
Incomplete 4.44 1.2415.88 0.02 4,72 0.8825.22 0.07
ALT at disease onset 0.999 0.9981.001 0.27
AST at disease onset 1.000 0.9981.001 0.64
ALP at disease onset 1.00 0.991.01 0.94
Albumin at disease onset 0.93 0.821.06 0.29
Total bilirubin at disease onset 0.999 0.9931.006 0.80
IgG at disease onset 1.02 0.981.05 0.46
INR at disease onset
01. 2 1.00
>1.2 2.77 0.5613.73 0.21
MELD at disease onset 1.04 0.901.20 0.64
Platelet at disease onset 0.99 0.981.00 0.01 0.99 0.981.00 0.03
Metavir activity score
Al (reference) 1.00
A2-A3 32.75 0.138416 0.22
Metavir fibrosis stage
FO-F1 (reference) 1.00
F2-F4 6.31 0.81-48.90 0.08
Cirrhosis at disease onset
No (reference) 1.00
Yes 3.50 1.0211.96 0.046
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48-gene signature
Low (reference) 1.00
High 2.24 0.71:-7.12 0.17
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84 patients with a initial biopsy at disease onset between 1997
to 2016

6 biopsies were not

retrievable

v
78 clinical liver biopsies subjected to RNA extraction

None excluded due to

insufficient tissue/RNA
V%

78 RNA subjected to NanoString gene expression assay

2 excluded due to poor quality

—> ) .
gene expression profile

A\’
Use the 76 high-quality gene expression profile to predict
progression to cirrhosis and poor outcomes

Figure 5.1. Study design
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disease onset
Ll Progressed to
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Progressed to
poor outcomes

B
1.0
0.8
o 48-gene signature for
E o6 progressionto cirrhosis (n=65):
[2]
o AUROC=0.806, p=0.001
o 04
Sensitivity 77% PPV 53%
0.2 Specificity 83% NPV 94%
Accuracy 82%
0.0
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

* Youden index cutoff=113.56

Figure52.The di st rtihde®@ytein®en sofgnat ure and hi
(A) Thebiopsies were sorted based on thegé8e signature from low (blue) to high (re
(B) The performance of the 4§ene signature prediotj progression to cirrhosis in €
patients without cirrhosis at disease onset
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Figure 5.3. The 48gene signature values and histological fibrosis stage groupe
according to different outcomes.

(A) Patients progressed to cirrhosis had significanjhér 48gene signature compare
to patientavhodid not progress (p=0.001). (B) Patients progressed to cirrhosis had ¢
histological fibrosis stage comparéad patients whodid not progress (p=0.298). ((
Patients progressed to poor outcaimad borddine significantly higher 48ene signature
comparedto patients who dichot progress (p=0.073). (D) Patients progressed to
outcome had significantly higher histological fibrosis stage compargutientsvhodid
not progress (p=0.027)
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Figure 5.4.The histological activity score grouped according to different outconse
(A) Patients progressed to cirrhosis had similar activity sebdesease onsebmparedo
patientswho did not progress (p=0.345B) Patients progressed to poor outcernad
similar activity scorat disease onsebmpared t@atientsvho did not progress (p=0.28¢
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Chapter 6: A 48-gene Signature in Clinical Liver
Biopsies Ehables Early Prediction ofProgression to
Cirrhosis in Patients with Non-alcoholic Fatty Liver

Disease
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6.17 Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease
that affects over 25% of the population worldw{d¢ It is a spectrum of liver damage with
overlapping histology phenotypes that varies from simple steatosis t@lewolic
steatohepatitis (NASH) with presence of lobular inflammation and hepatocytenagjoo
with or without fibrosis. NAFLD is a heterogeneous disease that has very different rates of
disease progression among individuals. Abou8@% of patients with simple steatosis will
develop NASH, of whom 20% will progress to cirrho& Cirrhosisis the final pathway
that leads tgoor clinicaloutcoms (liver decompensation, need for liver transyédion,
premature deaji(3, 4). Therefore, early diagnosis and prevention of cirrhosis is important.
Approximately 20% of patients with NAFLD rapidly progress to advanced fibrosis/cirrhosis,
but there is nodliable method to identify these rapid progres$bysThe characteristics of
subpopulations with rapid or slow fibrosis progression are not well establiBhedous
research identified several common riaktbrs of fibrosis progressi@uch as obesity, type
2 diabetesand genetic predispositiqe). However,currently there isi0 baseline clinical,

histologial, or biochemicaVvariablesthat carpredictprogressiorto cirrhosign early disease
stage(7).

Although currently there is neood and Drug AdministratiofiF-DA)-approved drug
for treating NASH severalongoingphase Il pivotal trials will likely reportinitial results
around2021 (8). Currently accepted endpoiby reguldory authorities for an antifibrotic
drug isfibrosis regressiorwithout worsening NASHevaluated by paired liver histology

one before treatment and another after treatif@niowever, there is a debate on whether
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improvementof fibrosisis a valid surrogate dfbrosis progressionf9). A recent phase Il
NASH therapeutic trial showed more patients had fibrosis improvement on active drug than
on placebo, but the proportiaf patientswith fibrosis progression was similagweenthe

two arms(10). As the impact on the number of patietitat progressetb cirrhosis is only
driven by tke proportion of patients who hawersen fibrosis stage&ot the proportion of
those that imrove fibrosis regression may not be sufficient to serve as a valid surrogate for
progression to cirrhosi®). Due to the aforementioned circutaisce there isan unmet and
urgent clinical needlor a molecular biomarker to accuratatientify high-risk patientsfor
fibrosisprogressionwvho may benefifrom upcomingdrug treatments to prevent further liver

damage(6).

Increagng evidence indicatethat genetic factors have a major influence on fibrosis
progressionn NAFLD. Previous studies showadRNAs expression of several fibrosis
genesand mutation opatatinlike phospholipase domain containing BNPLA3) andthe
transmerbrane 6 superfamily gTM6SF2)were associated with advanced fibrqdis-13).
However the prognostic value of these genes for predicting fibrosis progression is unknown.
NAFLD is a complex disease driven hwltiple pathways. Thereforet is unlikely thata
variable can accurately predict fibrosis progression in all NAFLD patiBntShapter 2]
identified and validated a common-g8ne signature that hawer 936 of accuracy to
predict advanced liver fibgis, independ# of etiologies, bymicroarray based whole
genometranscriptomics The prognostic value of the 4ene signature IMNAFLD is
unknown In this chapter aim to understandithe 48gene signature can predict progression

to cirrhosis liver decompensation, and liveelated death

280



6.2717 Materials and Methods

6.2.17 Patients

This chapteretrospectivelyncluded 105 patients with NAFLD confirmed by liver
biopsy atthe University of Alberta, Edmonton, Canada (Figétg). In addition, 10 normal
livers and 9 explant NASH cirrhotlovers were included as negative and positive controls,
respectively. Of the 10 normal livegntwo were donor liver biopsies argight were liver
tissues with ndnistological abnormality. Thistudy was approved by tiestitutional review

boardof the University of Alberta.

6.2.21 Clinical and laboratory assessments

Baseline factorevaluatedn this study include gender, aggpchemical markes
body mass index (BMIpresence of metabolic syndrorntieer enzymes, l@umin, bilirubin,

platelet countsandHbA1c.

6.2.31 Histopathological assessment

Histopathological evaluation of representative stained slides were scored according
to the Brunt classification system for fibrosis staging (scal¢(@4). Simple steatosis was
defined as steatosis, but no hepgte ballooning or inflammation andASH was defined
as steatosis with hepatocyte ballooning efeggation and inflammation with or without

fibrosis(15).
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6.2.47 RNA isolation

Details of RNA isolatiorwerepreviously described in Chapter244.

6.2.51 NanoString gene expressiomuantification

Details ofNanoStringgene expression quantificatiovere previously described in

Chapter 4.2.5.

6.2.61 NanoString data preprocessing

All 105 NAFLD samples anthe negative and positive contrelgre preprocessed
and normalized in one batch. DetassNanoString data preprocessiagd normalization

werepreviously described in Chapter 4.2.6.

6.2.71 Study endpoint

The primary study endpointwas progression to cirrhosigefined as absence of
cirrhosis in the initial biopsy and had Metavir fibrostage 4 in followup biopsiesor
Fibroscan >10.3 kPa in followp clinical visits(16). The secondary study endpoint was
progression tgoor outcoms, defined asdevelpment ofany one of the followingtiver
decompensationneedfor liver transplantationor liver-related deatl{17). Liver-related
death was defined as death caused by liver failure: nearest liver function test alith tot
bilirubin > 50 umol/L andnternational normalized ratidNR) > 1.7 before deceas€ii8,

19). The time to endpoint was calculated using the date of biopsy ta event

282



6.2.81 Statistical analysis

Aggregate gene set expression was deternfioledach biopsy by calculating the
geometric mean of the normalized counts of 48 fibrosis genege@d signature).
Continuous variables were presented as median and interquartile range (IQR) and categorical
variables were presented as number and pegerdata were compared between groups
using ManaWhitney Ut est f or continuous variables and
variables. The receiver operating characterisfOC) curve was usedto analyzethe
diagnostic performance of the-4@ne sigaturefor NASH. The cutoff of thdROC curveor
NASH was determined by Youden indeurvival analyses were performed after biopsies
with the Kaplar Meier method using a legank test and univariate and multivariate medel
with Cox regressiomrmethod. Multivariate model was built using a backwardstepwise
procedure for selecting variables, retaining those with p<0.05. The assumption of
proportional hazards over time was verified using thelegggraphic method and met by all
covariates. Potential linearityf covariates was investigated by collinearity diagnostics
beforemultivariate survival analysisAll tests with twasidedp-value <0.05 were considered
significant. All analyses and figures were performed using HpeoBram (version 3.3.2;

http://www.r-project.org, SPSS 25 statistical software (IBM, Armonk, NY, U$#é) Excel

2010 (Microsoft Corporation, Redmond, WAy R-program (version 3.3.Attp://www.r-

project.org with thepROCpackage
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6.37 Results

6.3.17 Patient characteristics

Among 105 RNA samples from 1@miquepatients, dur were excluded due to lew
quality gere expression profiles (Figure §.1Table 6.1 summarizd the clinical and
histological characteristics of 101 patients analyzed indhépter Median age at biopsy
was 50.9 years old.Fifty-eight percenthad diabets mellitus and 68% had hypertension.
Liver tissue examination revealed cirrhosis in(16.8%) patients at biopsy. During a median
of 2.6 years ofollow-up (IQR: 1.43.4), 10 (99%) patients without cirrhosis atdmpsy
progressed to cirrhosis. Of all 1@ients, 21 (20.8%) progressed to poor outcane
Progressiorto poor outcomegefers to develpment of any one of the following during

follow-up: liver decompensatiomeedfor liver transplantatioyor liver-related death

6.3.27 RNA quantity and quality

Adequate RNA was isolated from all liver tissues for NanoString gene expression
assay. Theguality (A2s0d/A2s0Spectrophotometry ratiof theisolated RNA was betwedn73

and 1.99, which mtenanufacturerecommended specifications

6.3.317 Comparison d the 48-gene signature with biochemical and histological

parameters

The 48gene signatureras compareavith biochemical and histologicglarameters
at biopsy The levelof 48-gene signaturevas significantly correlated withan increased
histological fibrosis stage (r=0.801, p<0.001) andcreased levels of aspartate
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aminotransferasAST) (r=0.587, p<0.001)gammaglutamyl transferaséGGT) (r=0.313,
p=0.013), total bilirubin (r=0.299, p=0.008s well asdecreasedevels ofalbumin (r=

0.376,p<0.001) ad platelet counts (r8.565, p=0.01).

6.3.47 The expression of 48ene signature increasgwith disease severity

The 48gene signature in liver tissuess compared acrossmple steatosis, NASH
without cirrhosis, ad NASH with cirrhosis (Figure 6)2The expresion of the 48-gene
signature increaseslgnificantly with disease severityhe level of 48-gene signature was
similar betweersimple steatosiandnormal livers (negative controland between NASH
cirrhosis and explant NASH cirrhogjgositive ontrol). The 48gene signature had anea
under thaeceiver operator characteristic cu(@JROC) of 0.89 (95% confidence interval,
0.820.95, p<0.001jor NASH andata Youden index cutofbf 69.34, the 48ene signature
had86% sensitivity, 80% specdity, and 83% of acaacy for NASH (Figure 6.3 Based
on the 69.34utoff, the 48gene signaturevasstratifiedinto two groups, low andigh 48

gene signature (Figure §.4

6.3.571 Distribution of the histological fibrosis stageand 48gene signature

Figure 6.4showed the distribution of the 4f&ne signature, histological fibrosis
stage andlinical outcome for all 101 patients. Seventeen (16.8%) patients had cirrhosis at
biopsy.Of the 84 patients without cirrhosis at biopsy, 9% (3 of@®) FO fibrasis, 8% (2
of 24) with F1 fibrosis, 14% (1 of 7) with F2 fibrosis, and 20% (4 of 20) with F3 fibrosis
progressed to cirrhostiiringthefollow-up period Thepercentage of patients progressed

cirrhosis was similar acrosdifferent fibrosis stages (p=681). Ratients progressed to

285



cirrhosis hada marginallysignificantly higher 4&ene signature comparéealpatientswho
did not progress (p=0.055, Figure B)5 buthistological fibrosis stageas similar between

progressors vs. negprogressorgp=0.269, kgure 6.1).

Of all 101 patients, 3% (1 of 33) with FO fibrosis, 0% (0 of 24) with F1 fibrosis, 14%
(1 of 7) with F2 fibrosis, 25% (5 of 20) with F3 fibrosis, and 83% (14 or 17) with F4 fibrosis
at biopsy progressed to poor outcamiring followup. Patients progressed to poor
outcome had significarly higher 48gene signature aridstological fibrosis stageompared

to patientswho did not progresgboth p<0.001, Figure 6.5C and B)6

6.3.6 7 The 48gene signature predicts progression to cirrhosis, butistological

fibrosis stagingcannot

Of the 84 patients without cirrhosis biopsy, patientswith ahigh 48gene signature
had a marginally significarly higher probability of progressiorto cirrhosis comparetb
patientswith alow 48-gene signature (24 vs. 4%, logrank p=0.05, Figure 64. However,
the probability of progression to cirrhosis was similar betwe&eR3vs. FO-F1(19% vs.9%,
log-rank p=0.172, Figure 68). This supportedhatthe 48gene signaturbas a trend that
canearly predict progession to cirrhosis, buhis was not possibley histological fibrosis

stage

6.3.71 Variables associated with progressiotio cirrhosis

Univariate Cox regression analysis revealed present of diabetes mellitus (HR: 4.88
95% CI: 1.0323.17, p=0.046) anahcreased HbAlc (HR: 1.82, 95% CI: 1.280, p=0.007)

at biopsy were significantly associated with progression to cirrhosis (Table 6.2) ildeere
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a trend that high 48gene signature (HR: 4.20 95% CI. 0-:89.92, p=0.07) and increased
BMI (HR: 1.06 95% . 1.00-1.12, p=0.07) at biopsy were associated with progression to
cirrhosis. Histological fibrosis stage at biopsy was not associated with progression to
cirrhosis. Multivariate analysis was not performed dughtsmall numberof patients

progressed toirrhosiswithin a relatively short followup (n=10)

6.3.81 Both histological fibrosis stage and 48ene signature predict progression

to poor outcomes

The probability ofprogressiorio pooroutcome wassignificantly higher in patients
with a high 48gene signature comparedpatients with dow 48-gene signature (46% vs.
0%, respectively, logank p<0.001) angbatients withhigher fibrosis stages compared to
patients witHower fibrosis stages (F&1: 2%, F2F3: 22%, and FA82%, logrank p<0.001)

(Figure 6.7A and 6 .B).

6.3.91 Variables associated with progressioto poor outcomes

Univariate Cox regression analysis revealed increlesets ofAST (HR: 1.01 95%
Cl: 1.001.01, p=0.04), GGT (HR: 1.001, 95% CI: 1.60002, p=0.02), ALP (HR: 1.00,
95%¢Cl: 1.00-1.01, p=0.046), total bilirubin (HR: 1.00, 95% CI: 1-0@1, p<0.001), and
higherfibrosis stage (FQ vs. F23: HR: 16.09, 95% CI1.87%138.9, p=0.01) andhigh 48
gene signature (HR: 55.71, 95% CI: 1124, p=0.03)as well asdecreasedevels of
albumin (HR: 09, 95% CI: 0.86).95, p<0.001Land platelet (HR: @9, 95% CI: 0.98).99,
p<0.001)at biopsy were significantly associated wittogressiorio poor outcome(Table

6.3).
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In a backwardtepwiseslimination Cox regression modghrtngwith all prognostic
factorswith p<0.05in univariate analysias independent covariatemlyincreased ALTand
decreased platelet counts at biopmyainedassignificantvariablesn the final mode(Table

6.3).

6.47 Discussion

In this retrospectiveohort studythat coveredhe wholediseasespectrum of patients
with NAFLD, | showed a 4&ene signature cagarly predict progression to cirrhosiut
histological fibrosis stagand activity score cannothis finding hasa significant clinical
relevance because the 4f&ne signatureanserve as a surrogate biomarker gmdvide
personalized risk stratification to predict liver cirrhosis at an early time in the disease
trajectory, long before the eveMoreover, the 4&ene signatureanidentify patents who
may benefit fromupcomingdrug treatments to prevent further liver damafggefor clinical
application,the 48gene signature can be easily applied into a routine clinical assay

standard procurement and warg of diagnostic liver biopsies.

Predicting progressive fibrosis in NAFLD is an unmet clinical ne@gkrenty,
NAFLD risk stratificationmainly focused on measurement dhe disease state dtiopsy
(histologicalactivity score and fibrosis stage). Despite presence of NASH reprasente
advanced disease, a portion of patiemish only simple steatosis, behaws rapid
progressors. Simple steatosis was initially recognized as a benign course witbklofv
fibrosis progression. However, a previous study found the proportion ohigatwo had
fibrosis progression was not significantly different between simple steatoeddASH (37%

vs. 43%, p = 0.65§20). They found22% of patients with simple steatosis progressed to
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bridging fibrosis or cirrhosis in a median 6.6 years of follay. Thesesimple steatosis
patients with higkrisk of fibrosis progression cannot be identified by current available
clinical or histological measurementde findings in this chapter suggested that thg&@e
signature in liver tissues can overcome this gap by providing personalizstraisiication

for progression to cirrhosis

One of the ainof this chapteisto detemine if there were any clinicar biochemical
parametersthat could predict fibrosis rpgression among patients with NAFLD.
Unfortunately, conventional liver function tests cannot predict progression to cir@obis.
presence ofidbetes mellitugHR: 4.88, 95% CI11.0323.17 p=0.046)and increased HbAlc
level (HR: 1.82, 95% CI1.182.80, p=0.007)at biopsy were significantly associated with
progressiond cirrhosis.IncreasedBMI (HR: 1.06 95% CI: 1.0Q.12, p=0.07)glsohad a
trend to be associated with progression to cirrhdsies resuls matchedwith a previous
studyand was expéed as theseverity of the metabolic syndronaas reported associated

with fibrosisprogressior(20).

Thischaptethadtwo major limitations that are important to acknowledge. Rinste
is a smallnumber ofpatients that progressed to cirrhosis (n=10) due to a relatively short
follow-up period (median 2.6 year3hisresuledin the 48gene signature hatrend, but
a marginallysignificant pvalue for progression to cirrhosis the survival analysesin a
KaplanMeier analysis, patients with high 48gene signature had higher probability
progressiorto cirrhosis compared to patients waHow 48-gene signature (21% vs. 4%,
p=0.05, Figure 6.6A). In a univariate Cox regression analysis, there was atsul dhat
patients witha high 48gene signaturbad a higher probability gfrogressiorto cirrhosis

(HR: 4.20, 95% CI:0.8919.92 p=0.07) Future studies with more patients and longer
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follow-up periodshould be performed to assure confidence in thesaliresults. Second,
this was not a controlled trial and therefore several potential confounding factors such as
glycemic control or medications (e.g. adiabetic agents) that could impact fibrosis

progression could not be assessed.

In conclusionthe 48-gene signaturén routine clinical liver biopsywith NAFLD
could identify highrisk patients foprogressiorto cirrhosis Measurement of the 4@ene
signature at the time dfiopsyshould be considered as it can provide additional prognostic
information that cannot be identified by histology. The prognostic information can provide
risk stratification and help physicians to tailgpcoming NAFLDtreatment regimen for

individual patients.
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Table6.1. Patient characteristics

Characteristics

Pati enatse de,v a

Medi an

Age at biopsy (yr), median (IQR)
Sex male, n (%)
Ethnicity white, n (%)
BMI, median (IQR)
Diabetes mellitus, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)
Biochemistry at biopsy
AST, U/L, median (IQR)
ALT, U/L, median (IQR)
ALP, U/L, median (IQR)
GGT, U/L, median (IQR)
Total bilirubin, umol/L, median (IQR)
Platelet, 1&L, median (IQR)
HbA1c, %, median (IQR)
Histology
Brunt fibrosis stage, n (%)
0
1
2
3
4
Diagnosis, n (%)
Simple steatosis
NASH without cirrhoss
NASH with cirrhosis
Follow-up (years), median (IQR)

201

93 (92.1%)
92 (91.1%)
91 (90.1%)
75 (74.3%)
89 (88.26)
72 (71.3%)
86 (85.1%)

67 (66.3%)
90 (89.1%)
91 (90.1%)
62 (61.3%)
91 (90.1%)
91 (90.1%)
73 (72.3%)

101(100%)

101 (100%)

101 (100%)

50.9 (43.758.9)
48 (52.2)
84 (92.3)

30.9 (27.536.0)
52 (58.4)
49 (68.1)
80 (93.0)

47 (29.0104.0)
58 (32.899.0)
100 (76.6145.0)
90 (40.8257.8)
10 (13.620.0)
203 (140.6252.0)
6.0 (5.36.9)

33(32.7)
24 (23.8)
7 (6.9)
20 (19.8)
17 (16.8)

46 (45.5)

38 (37.6)

17 (16.8)
2.6 (1.43.4)

(1 QR



Fibrosis outcome, n (%) 101 (100%)

Cirrhosis at biopsy 17 (16.8)
Progressed to cirrhosis 10 (9.9)
Did not progress to cirrhosis 74 (73.3)
Progressed to poor outcome (%) 101 (100%) 21 (20.8)

IQR, interquartile range. Percentage might not add up to 100% because of rounding
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Table 6.2 Variablesassociated with progression to cirrhdsis84 patients, 10 events)

Vari abl e

Uni v aarniaatyesi s

HR 95% CI p-val ue

Age atbiopsy, year 1.00 0.961.04 0.97
Gender

Female (reference) 1.00

Male 0.88 0.243.19 0.88
BMI 1.06 1.001.12 0.07
Hypertension

No (reference) 1.00

Yes 1.98 0.3910.07 0.41
Diabetes mellitus

No (reference) 1.00

Yes 4.88 1.0323.17 0.046
Hyperlipidemia

No (reference) 1.00

Yes 0.76 0.106.03 0.76
ALT at biopsy 1.00 0.991.01 0.88
AST at biopsy 0.99 0.971.01 0.50
GGT at biopsy 1.00 0.991.01 0.48
ALP at biopsy 1.00 1.001.01 055
Albumin at biopsy 0.91 0.801.04 0.17
Total bilirubin at biopsy 0.95 0.851.05 0.30
Platelet at biopsy 1.01 1.001.01 0.28
HbAlc at biopsy 1.82 1.182.80 0.007
Brunt fibrosis stage

FO-F1 (reference) 1.00

F2-F3 2.37 0.66-8.55 0.66
48-genesignature

Low 48-gene signature 1.00

High 48-gene signature 4.20 0.8919.92 0.07
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Table 6.3. Variables associated with progression poor outgm&01 patients, 21 events)

Vari abl e

Uni vari ate an

Mul tivari at e

( b ac kswaerpawlinsien at

HR 95% CI pvalu HR 95% CI pval
Age atbiopsy, year 1.03 1.001.07 0.06
Gender
Female (reference) 1.00
Male 0.41 0.171.03 0.06
BMI 1.01 0.951.06 0.87
Hypertension
No (reference) 1.00
Yes 1.93 0.546.83 0.31
Diabetes mellitus
No (reference) 1.00
Yes 1.97 0.765.11 0.17
Hyperlipidemia
No (reference) 1.00
Yes 1.44 0.1810.32 0.76
ALT at biopsy 0.99 0.981.00 0.06
AST at biopsy 1.01 1.001.01 0.04
GGT at biopsy 1.001 1.000-1.002 0.02
ALP at biopsy 1.00 1.001.01 0.046 1.004 1.0001.008 0.03
Albumin at biopsy 0.90 0.86-0.95 <0.001
Total bilirubin at biopsy 1.01 1.001.01 <0.001
Platelet at biopsy 0.99 0.980.99 <0.001 0.98 0.97-0.99 0.003
HbA1lc at biopsy 1.11 0.861.43 0.41
Brunt fibrosis stage
FO-F1 (reference) 1.00
F2-F3 16.09 1.87-138.9 0.01
F4 96.25 11.02840.9 <0.001
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48-gene signature
Low 48-gene signature 1.00
High 48-gene signature 55.71 1.61-1924 0.03
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105 clinical liver biopsies from 105 NAFLD patients subjected to
RNA extraction

None excluded due to

insufficient tissue/RNA
v

105 RNA subjected to NanoString gene expression assay

4 excluded due to poor quality

gene expression profile
\Z

Use the 101 high-quality gene expression profile to:
1. Understand the relationship between gene expression and
histopathological changes of different severity of NAFLD
2. Predict progression to cirrhosis and poor outcomes

Negative controls: 10 normal Positive controls: 9 explant
liver biopsies NASH cirrhosis tissues

Figure 6.1. Study design
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Figure 6.2.The 48gene signature increasewvith disease severity.
N.S., nonsignificant (p>0.05).
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1.0
0.3
48-gene signature to predict
fg I NASH (n=101):
E .I] AurROC=0.89, p<0.001

Sensitivity 86% PPV 84%
02 Specificity 80% NPV 82%
Accuracy 83%

0.0
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity
Youden index cutoff=69.34
Figure 6.3. The performance of48-gene signaturefor NASH.
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NASH

Brunt fibrosis stage

FoJi| r2] 4
Filf F3

Cirrhosis at
biopsy

Progressed to
cirrhosis

Progressed to
poor outcomes

Figure 6.4. The distribution of 48-gene signature histological fibrosis stage and
outcomes of all 101 NAFLD patients
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Figure 6.5. The 48gene signature values and histological fibrosis staggrouped

according to different outcomes.

(A) Patients progressed to cirrhosis hadmarginally significantly higher 48&ene
signature comparetb patientsvho did not progress (p=0.055B) Patients progressed

cirrhosis had similar histological fibrosis stage compaoguhtientsvho did not progress
(p=0.269. (C) Patients progressed to poor outcsrad significantly highed8-gene
signature compared patientsvho did not progress (3001). (D) Patients progressed

poor outcoms had significantly higher histological fibrosis stage comparepattents
whodid not progress (<001).

300



1.0 A
R
@ Log-rank p=0.050
<
£ 08+
o
Y
o
0] High 48-gene signature (n=39, events=8)
2 06 —
)
i)
o
£
o 04
=
K
= .
€ 02— Low 48 -gene signature
> =4 2
o (n=45, events=2)
0.0 —
I I I I I I I
0 2 4 6 8 10 12
Number at risk Time from biopsy (years)
Low 48-gene signature 45 35 9 2 1 1 0
High 48-gene signature 39 26 6 2 0 0 0
B
1.0 -
L2
)
2
£ 087 Log-rank p=0.172
©
Y
o
3
2 0.6 —
)
Re)
1)
£ F2-F3 (n=27, events=5)
o 04 — .
=
K —+ ,
>
€ FO-F1 (n=57, events=5)
S 02
o
0.0 —
I I I I I I I
0 2 4 6 8 10 12
Number at risk Time from biopsy (years)
FO-FL 57 33 13 3 1 1 0
Fo-Fs3 27 18 2 1 0 0 0

Figure 6.6. Cumulative incidenceof cirrhosis in patients without cirrhosis at biopsy
stratified by (A) the 48-gene signature and (B) histological fibrosis stage

301



A @ 1.0
= Log-rank p<0.001
o
e
3 08—
S
o)
o
S 06—
(0]
Qo
c
(o)
S 04—
=
'q‘) High 48 -gene signature (n=56, events=21)
'c_% 0.2 -
=
S Low 48-gene signature (n=45, events=0)
O 0.0 o Ht—r—t it '
I I I I I I I
0 2 4 6 8 10 12
Number at risk Time from biopsy (years)
Low 48-gene signature 45 26 9 2 1 1 0
High 48-gene signature 56 26 7 3 0 0 0
B
8 1.0
e F4 (n=17, events=14)
o
&)
= Log-rank p<0.001
O 0.8 -
S}
o)
o
“—
O 06—
[4)
&)
c
(@)
9
Q 044
£
2
‘—§ 0.2 A —— F2-F3 (n=27, events=6)
£
S
O e ——t :
0.0 4 _H_,_,,_HMWWJ FO-F1 (n=57, events=1)
I I I I I I I
0 2 4 6 8 10 12
Number at risk Time from biopsy (years)
FO-F1 57 34 14 4 1 1 0
F2-F3 27 15 2 1 0 0 0
F4 17 3 0 0 0 0 0
Figure 67.Cumul ati ve i nci desime paftipondrs cu-

48 ene signatur ecaandf i(bB)o shiiss tsotlaoggei

302



6.51 References

1. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver diseaetaanalytic assessment of

prevalence, incidence, and outcomespdtelogy 2016 Jul;64(1):784.

2. Bataller R, Rombouts K, Altamirano J, Marra F. Fibrosis in alcoholic and nonalcoholic

steatohepatitis. Best Pract Res Clin Gastroenterol 2011 Apr;25(24281
3. Bataller R, Brenner DA. Liver fibrosis. J Clin Invé05 Feb;115(2):20218.

4. Ekstedt M, Hagstrom H, Nasr P, Fredrikson M, Stal P, Kechagias S, et al. Fibrosis
stage is the strongest predictor for disegsecific mortality in NAFLD after up to 33

years of followup. Hepatology 2015 May;61(5):154554.

5. Singh S, Allen AM, Wang Z, Prokop LJ, Murad MH, Loomba R. Fibrosis progression
in nonalcoholic fatty liver vs nonalcoholic steatohepatitis: a systematic review and
metaanalysis of pairediopsy studies. Clin Gastroenterol Hepatol 2015

Apr;13(4):643654.

6. Friedman SL, Neuschwandg&etri BA, Rinella M, Sanyal AJ. Mechanisms of NAFLD

development and therapeutic strategies. Nat Med 2018 Jul;24(-D2208

7. Nasr P, Ignatova S, Kechagias S, Ekstedt M. Natural history of nonalcoholic fatty liver
disease: A prospective followp study with serial biopsies. Hepatol Commun 2018

Feb:2(2):19910.

8. Sanyal AJ. Past, present and future perspectives in nonalcoholic fatty liver disease. Nat

Rev Gastroenterol Hepatol 2019 Jun;16(6):388.

303



10.

11.

12.

13.

14.

15.

16.

Ratziu V.A critical review of endpoints for neairrhotic NASH therapeutic trials. J

Hepatol 2018 Feb;68(2):35861.

Friedman SL, Ratziu V, Harrison SA, Abdelmalek MF, Aithal GP, Caballeria J, et al.
A randomized, placeboontrolled trial of cenicriviroc fotreatment of nonalcoholic

steatohepatitis with fibrosis. Hepatology 2018 May;67(5):1Y5d7.

Moylan CA, Pang H, Dellinger A, Suzuki A, Garrett ME, Guy CD, et al. Hepatic gene
expression profiles differentiate presymptomatic patients with mild vessuere

nonalcoholic fatty liver disease. Hepatology 2014 Feb;59(2)4821

Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, et al. Genetic
variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat

Genet2008 Dec;40(12):1461465.

Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, TyHitergen A,
et al. Exomewide association study identifies a TM6SF2 variant that confers

susceptibility to nonalcoholic fatty liver disease. Nat Genet Z2q##46(4):352356.

Brunt EM, Janney CG, Di Bisceglie AM, Neuschwandletri BA, Bacon BR.
Nonalcoholic steatohepatitis: a proposal for grading and staging the histological

lesions. Am J Gastroenterol 1999 Sep;94(9).224674.

Yeh MM, Brunt EM. Pathological features of fatty liver disease. Gastroenterology

2014 Oct;147(4):75464.

Wong VW, Vergniol J, Wong GL, Foucher J, Chan HL, Le BB, et al. Diagnosis of
fibrosis and cirrhosis using liver stiffness measurement in nonalcoholic fatty liver

disease. Hepatology 2010 Feb;51(2) 4%2.

304



17.

18.

19.

20.

Lens S, Torres F, Puigvehi M, Marino Z, Londono MC, Martinez SM, et al. Predicting
the development of liver cirrhosis by simple modelling in patients with chronic

hepatitis C. Aliment Pharmacol Ther 201€bf43(3):364374.

Manousou P, Burroughs AK, Tsochatzis E, Isgro G, Hall A, Green A, et al. Digital
image analysis of collagen assessment of progression of fibrosis in recurrent HCV after

liver transplantation. J Hepatol 2013 May;58(5):5&%3.

Friedman LS. Surgery in the patient with liver disease. Trans Am Clin Climatol Assoc

2010;121:192204.

McPherson S, Hardy T, Henderson E, Burt AD, Day CP, Anstee QM. Evidence of
NAFLD progression from steatosis to fibrosispatohepatitis using peaat biopsies:
implications for prognosis and clinical management. J Hepatol 2015 May;62(5):1148

1155.

305



Chapter 7: Protein Level Validation of the Fibrosis Gene

Signature by Objective Immunostaining Quantification
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7.17 Introduction

In Chaptes 4, 5, anl 6, | showeda 48gene signature in clinical liver biopsies can
predict fibrosis progression in patiemtgh recurrent viral hepatiti€ (HCV), autoimmune
hepatitis (AlIH), andnontalcoholic fatty liver disease (NAFLDYespectively However,
MRNA levelsmay or may not correspond to the protein content in the tissueaspratein
is the key molecule that mediatesatgtic and enzymatic functiong,is critical to assure
that the observed mRNA expression changes were accompanied by changes in exgiressio
the respective proteindf mRNA levels and protein expression levels in tissues are
correlated, this knowledge could potentially be used to develop immunohistochemical
analysis of tissue sections and automated quantification of the staining asnhasticag

ancillarytest.

Hepatic stellate celldHSCs)andhepatigorogenitor cell§HPCs)areproposed atvo
main contributors to liver fibrosign nonbiliary diseasegl, 2). Majority of the 48gene
signaturewere expressed by HPC#efinedasepithelial cell adhesion molecu[&PCAM)
positive cells(Table 2.9) During liver injury, quiescent HPCs become activated cadse
ductular reactioncharacterized by the proliferation of reactive bile d¢8jsThe degree of
ductular reactiomorrelated closely with the severity of fibrosis across different chronic liver
diseases, includingCV (4), alcoholic hepatitig5), andNAFLD (3). EPCAM andkeratin 7
(KRT7) are well defined HPC markers that marks newly derived hepatocytes and bile ducts
from HPCs(6, 7) Thesetwo genes were preseantthe 48gene signature. A previous study
reported that protein expressioh EPCAM and KRT7 can predict 9fays mortality in

patients with alcoholic hepatit{8). However, it is totally unknown if HPC markers have a
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prognostic value for predicting fibrosis progression in many of the chronic liver diseases

ImmunohistochemistrylHC) revealsthe presencdocationand cellular origirof a
specific proteinin tissue sectionslt allows study of the distribution and localization of
specific cellular components by providing supplemental information to the routine
morphological assessment of tissu@dis could provide additional @gnostic and
prognosticinformationrelative to disease status and biologlge target protein expression
canbe quantifiedoy computerized image analysishichmeasures the area sthiningand
the area of remaining liver tissue and produces the proportion of the area of the biopsy
occuped by the stainThis technique can be adapted in routine pathology workflowhis
chapter, lusedthe clinical liver biopsies in kaptes 4, 5, and 6 with available tissue after
NanoString gene expression assay andlyzed the protein expression of &M and
KRT7 by IHC. This chapter aim$o understand the relationship betweéka mRNA and
protein expression of EPCAM and KR&3 representative markensclinical liver biopsies
and to analyze if protein expression can predict progression to citrhioses
decompensation, and liveelated deathysinga simple IHC experiment that can be easily

applied irto clinical pathology labs

7.217 Materials and Methods

7.2.171 Liver samples and histological examination

| analyzed 94 clinical liver biopsies frof# patients in Chapter4, 5, and 6 with
available tissue after routine clinical diagnosis and NanoString gene expressiqiragsay
7.1). Additional four cirrhotic explant livers were includedeagreme phenotype samplds

with HCV, 1 with primary bliary cirrhoss, 1with alcoholic steatohepatitis, andwvith non
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alcoholic steatohepatitis)The liver biopsy specimens witecurrent HCV and AlHvere
staged for fibrosis according to Metavir staging sys{@yand NAFLD was staged according

to Brunt staging systeifi0).

7.2.21 Immunohistochemistry

The IHC staining was performed bgb technicias at Alberta Health Services,
Edmonton zone, immunohistochemistry .|léBoth EPCAM and KRT7 staining were
performedon Dako Autostainer Link 4§Agilent, Santa ClaraCA). Fourpm section of
formalinfixed paraffirembedded tissueerecut and subsequently mounted othieica
APEX slides and baked at @@greedor 1 hour. The tissue sections wedeparaffinized
with xylene rehydrated with graded alcohpnd washed in distilled watdétPCAM slides
were retieved with Envision Flex Target Retrieval Solution, Low pH (Dako, K8005) in the
Dako PT Link for 20 minutes at 97 degre&RT7 sections were retrieved with Envision
Flex Target Retrieval Solution, High pH (Dako, K8000) in the ®@BR Link for 20 minutes
at 97 degreesTissue sections were thenmersed in 3%ydrogen peroxiden methanol to
inactivate endogenous peroxidagdter blocking ron-specific antibody EPCAM slides
were stained with mouse monoclonal M@C (Dako M3525) at a 1/25 dilution for 20
minutes at room temperature followed by Mouse Linker (Dako, SM804) forid&es and
then horseradish peroxidase (Dako, SM802) for 20 miraridsKRT7 slides were stained
with mouse monoclonal OVL 12/30 (Dako, IR619) prdilute applied to slides for 20
minutes at room temperature followeg horseradish peroxidag®ako, SM802) for 20
minutes Visualizgion was performed usinyentana Ultraview 3@&diaminobenzidine
(DAB) (Dako, SM803)chromogen detectiorfor 10 minutes The slides werethen

counterstaiadon the DAKO Autostainer using Hematoxylin Gill | (Leica, 30801500) for 3
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minutesand mountedA positive and a negative control slide per batch for each stain were
included In each casebile ductswere used asnternal positive controlsHistologically
normal livers were usedas baseline controls angrrhotic explant liversas extreme

phenotype samples.

7.2.31 Whole slide image scanning

High-resolution digial whole slide images were generated using ApgcanScope
CS (Aperio Technologies, Inc., VistaCA) at 20x magnification (resolution of 0.50
pm/pixel). All slides had a quality factor >90 (rangel00) and | did ranual quality checks
of all slides to ensurthat the scanned imagiverefaithful to the original glasslide with
appropriate backgrouanstainingand were in-focus. Analysis alterations caused by tissue
folds and staining artifactsere eliminated from the analysis boxes vatiegative pen tool
The scanned liver tissues were traralyzed byAperio Imagescop@ositive Pixel Count
algorithm v9, witha hue value = 0.0 and hue width = 0.4The algorithm automatically
analyzd the positive DAB staining of the selected regions into three diffeoptned pixels:
strong positive (red), positive (orangend weak positive (yellowjFigure 72). The
hematoxylin counterstain was represented by blue negagpixels. The percentage of
positive pixelswascalculatedpositivity (%) = (weak positive + positive + strong positive

pixels) / (total number of positive and negative pixedsh0Q

7.2.47 RNA isolation and NanoString gene expression quantification

Details of RNA isolation and gene expression quantification were previously

described in ChapteB.2.4 and 3.2.5, respectively.
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7.2.51 NanoString quality control and data preprocessing

Details of NanoString quality control and data preprocessing were previously

described in Chapter 3.2.6.

7.2.61 Study endpoint

The primary study endpointwas progression to cirrhosiglefined as absence of
cirrhosis in the initial biopsy and had Metavir fibrosisge 4 in followup biopsiesor
Fibroscar>12.5 kPa (recurrent HCV}14 kPa(AlH), or >10.3 kPa (NAFLD)n follow-up
clinical visits (11-13). The secondary study endpoint was progressiopotor outcoms,
defined asany one of the followingdevelgpment of liver decompensationeedfor liver
transplantationor liverrelated deatli14). Liver-related death was defined as death caused
by liver failure: nearest lier function test with total bilirubin > 50 umol/L aimternational

normalized ratiqINR) > 1.7 before deceas¢ts, 16)

7.2.71 Statistical analysis

Continuous variables were presented as median and iatglgjuange (IQR) and
categorical variables were presented as number and percentage. Correlation coefficients
were analyzed using Spearman ramer correlation Sensitivity, specificity, positive
predictive value, negative predictive value, accuracg,aea under the receiver operating
characteristic curvg AUROC) values of EPCAM and KRT7 protein expression for
predictingprogression to cirrhosisere calculatedCumulative incidence of progression to
cirrhosis or poooutcoma was calculated usingaplan-Meier methodwith log-rank test.

All tests with twasidedp-value <0.05 were considered significant. All analyses and figures
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were performed using SPSS 25 statistical software (IBM, Armonk, NY, USA).

7.37 Results

7.3.11 Patient characteristics

The 94 liverbiopsy specimensom 94 patientgonsisted of eighcases of recurrent
HCV, 21 AIH, 62 NAFLD, andhreelivers with normal histology (Table 7.1)Table 7.2
listed he disease andibrosis stageof 94 liver biopsiesOf 94 patients, 15 (16%) had
cirrhosis at biopsy and 11 (11.7%) progressedimdnosisduring follow-up (Table 7.1).
Nineteen (20.2%) patients progressed to poor outcomes, whichaefrelgpment of any
one of the following during followup: liver decompensatiomeedfor liver transplantation

or liver-related death

7.3.21 Significant positive correlation between mRNA and protein expressioof

EPCAM and KRT7

There was a significant positiveorrelation betweeithe mRNA andthe protein
expression of EPCAM (r=0.667, p<0.001)wsll as between thenRNA andthe protein
expression of KRT7 (r=0.788, p<0.001) (Figure 7.3A and 7.3B). This confirms that
upregulation of EPCAM and KRT7 mRNA expression led to an increase of the protein

expression of EPCAM and KRT7 in most of the biopsysias.

7.3.317 EPCAM protein expression predicts progression to cirrhosis and poor

outcomes

Of all 94 patients, 15 (16%) had cirrhosis at biopsy. Of the 79 patients without
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cirrhosis at biopsy, patients who progressed to cirrhosis had significantly Eg@kxM
protein expression compared patientswho did na progress (p<0.001, Figure 7.4A).
Protein expression of EPCAM had AWROC of 0.82 (95% confidence interval, 06797,
p=0001)for predicting progression to cirrhogiBigure 7.4B. The Youden ind& cutoff of
theROC curveat 2.55%as an immunostaining cutdifid73% sensitivity, 91% specificity,
and 896 of accuacyfor predicting progression to cirrhosBased orthe 2.55%cutoff, the

patientswerestratifiedinto two groups, low andigh EPCAM exression

Non-cirrhotic patientsat biopsywith a high EPCAM expressiorhad significantly
higher probability ofprogressionto cirrhosis comparetb patientswith a low EPCAM

expression (5% vs. 5%, logrank p<0.001, Figure 749.

Patients with a high EPCAM expression at biopsyhad significantly higher
probability of progressionto poor outcoms comparedto patientswith a low EPCAM

expression (4% vs. 13%, logrank p<0.001, Figure 7.5B

7.3.47 KRT7 protein expression predicts progression to cirrhosis ad poor

outcomes

Of the 79 patients without cirrhosis at biopsy, patients who progressed to cirrhosis
had significantly higher KRT7 protein expression comparguatientsvho did not progress
(p<0.001, Figure 7.6A). Protein expression of KRT7 hadAahROC of 0.82 (95%
confidence interval, 0.68.99, p=0001) for predicting progression to cirrhos(&igure
7.6B). The Youden index cutofof the ROC curveat 1.46%as an immunostaining cutoff
had 73% sensitivity, 87% specificity, and &b of accuacy for prediding progression to

cirrhosis Based orthe 1.46%cutoff, patientswerestratifiedinto two groups, low andigh
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KRT7 expression

Non-cirrhotic patientsat biopsywith a high KRT7 expressiorhad significantly
higher probability ofprogressionto cirrhosis comparedto patientswith a low KRT7

expression (4% vs. 5%, logrank p<0.001, Figure 74j.

Patients with a high EPCAM expressionat biopsy had significantly higher
probability of progressionto poor outcoms comparedto patientswith a low KRT7

expressn (436 vs. 11%, logrank p<0.001, Figure 7.79B

7.47 Discussion

This chapteranalyzed the protein expression of two HPC markers (EPCAM and
KRT7), whichwere in the 48ibrosis gene signaturen liver tissues with different diseases
and confirmedhatan increase of mMRNA expressionEPCAM and KRT7ed toanincrease
of EPCAM and KRT7protein expressiornthe results supported thdPC proliferation is a
shared feature of progressive liver disease in different etiologies and the protein expression
EPCAMand KRT7 could serve as potential surrogate markers for predicting progression to
cirrhosis liver decompensation, and livezlated death This surrogate marker and

guantification method can be easily applieddatine diagnostic liver biopsies

This isthe first studythatshowedthe protein expression of EPCAM and KRT7 can
predict progression to cirrhosis in patients with chronic liver disease of different etiologies.
Previous studies only reported that HPC proliferation was associated with theysef erit
liver fibrosis(3-5), but had noaddressed if HPC proliferation was associated with fibrosis
progression. A previous study analyzed 59 patients with alcoholic hepatitis and showed

increased gene and pristeexpression of EPCAM and KRT7 in liver biopsies were
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associated with 98ays mortality(8). However, most of their patients were cirrhotic (74%)
ard were in acut®n-chronic condition. Currently little is kman about the prognostic value
of HPC makersin ealy stage liver diseaseThe unique finding of thishapteris HPC
proliferation may occunot only in late stage, but alsoealy stage of chronic liver disease
and the degree of HPC proliferatiotan prelict progression to cirrhosis before fibrosis

deposit in the liver.

Currently there is a debate on whether fibrosis deposition leads teabCiated
regenerative response or whetfibrosis is exacerbated by tipeofibrogenic factors from
theHPCsduring ductular reactioii17). In thischaptey | found patientén early stage of liver
diseasavith high EPCAM and KRT7 protein expression had significantly higher probability
of progressiorto cirrhosis (Figure 7.5 and 7.7)his result supported that ianyy stage of
liver disease, HPC proliferation might contribute more to fibrosis exacerbation rather than

fibrosis regressian

This chapteshowedthatthe protein expression of EPCAM and KRT7 can predict
progression to cirrhosis and poor outcanmeearly stage offifferent chronic liver diseases.
This suggestd that HPC proliferation plays an important role in fibrosis progression and
could serve as @rognosticmarker forfibrosis progression in routine diagnostic liver

biopsies.
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Table7.1. Patient chracteristics

Pat iheanrtacct eri sti c¢ Patients eval ua
Disease
Normal 3(3.2
Recurrenviral hepatitis C 8 (8.5)
Autoimmune hepatitis 21 (22.3)
Non-alcoholic fatty liver disease 62 (66.0)
Fibrosis outcome
Cirrhosis at biopsy ﬁ g?%
Progressed to cirrhosis 68 (72'3)
Did not progress to cirrhosis '
Progressed to poor outcose 19 (20.2)
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Table 72. Biopsy characteristics

Di sease F O F1 F2 F3 FA4 Tot al
Normal, n 3 0 0 0 0 3
Recurrenvwiral hepatitis Cn 2 3 2 1 0 8
Autoimmune hepatitisn 3 6 4 5 3 21
Simple steatosis, n 12 10 1 0 0 23
Non-alcoholic steatohepatitis, n 0 10 5 12 12 39
Total, n 20 29 12 18 15 94
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94 clinical liver biopsies with available tissue after NanoString gene
expression assay was subjected to IHC (EPCAM and KRT7)

Use the 94 high-quality gene expression and IHC profile to:
1. Understand the relationship between mRNA and protein expression
2. Predict progression to cirrhosis and poor outcomes

Figure 7.1 Study design
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Figure 7.2. Imaging analysis using Aperio Imagescope PositivePixel Count
algorithm.

(A) Digital image ofEPCAM-stained liver biopsy slide and (B) corresponding anal
mark-up image (Aperio ImageScope Positive Pigelunt algorithm, hue value 0.0, hi
width 0.4, giginal 20x magnification, 100 um measurement)b@t) Digital image of
KRT7-stained liver biopsy slide and j@orresponding analysis madp image (Aperic
ImageScope Positive Pix@ount algorithm, hue value 0.0, hue width 0.dgioal 20x
magnification, 100 um measurement)bar

i
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